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Thesis Summary
This dissertation addresses two broad topi
s in the �eld of international e
o-nomi
s and therefore 
onsists of two parts. The �rst part is devoted to in-ternational migration of labor. This topi
 has been extensively debated bypoli
ymakers and the media in the last few de
ades, espe
ially in the re
eiving,mostly advan
ed, 
ountries. Migration �ows from the developing and transi-tion e
onomies to the industrialized e
onomies have in
reased drasti
ally and
ontributed to the growing 
on
ern about the 
hange in fa
tor rewards in there
eiving 
ountries. That led the latter to introdu
e various barriers to entry,espe
ially of unskilled workers. With the in
reasing 
omplexity of over
omingthese barriers, migrants rely more and more on servi
es of illegal enterprizesspe
ialized in moving humans a
ross international borders. This, in turn,led to a surge in undo
umented migration and also debt-bonded migration -when the migrant was unable to pay for the moving 
ost upfront. Migrationof skilled individuals has also been a hot topi
 of publi
 debate. Develop-ing 
ountries, who heavily subsidize edu
ation of their population, point to aproblem of losing their highly edu
ated people when they get attra
tive work
ontra
ts in the developed e
onomies. This 
on
erns, for instan
e, the healthse
tor. Part I of the thesis 
onsists of three 
hapters, whi
h are devoted, re-spe
tively, to the analysis of (i) saving behavior of undo
umented migrants,(ii) optimal 
hoi
e between debt-bonded and self-�nan
ed migration, (iii) 
o-operation between sour
e and host 
ountries on skilled-worker migration.The se
ond part deals with issues related to (i) investment in resear
h anddevelopment of renewable substitutes for a non-renewable resour
e under un-IX




ertainty; and (ii) 
onditions for a voluntary 
omplian
e with environmentalregulations by developing 
ountries. Invention of a substitute (or a ba
kstop)is un
ertain by de�nition. The question is then: What is the optimal invest-ment rate in an R&D proje
t whi
h may lead to a breakthrough, given thatthe investment rate 
an a�e
t the probability of su

ess? History providesexamples of 
ountries that initiated investments in new te
hnologies but werenot able to follow through, while other 
ountries were able to su

eed. This isthe 
ase, for instan
e, of Holland whi
h started ambitious investment in wind-mills but due to the la
k of �nan
ing had to abandon the ongoing proje
ts.By 
ontrast, Germany and Denmark designed their investment strategy insu
h a way that the most innovative �rms 
ould obtain the ne
essary funds.These two 
ountries then be
ame the leaders of wind power produ
tion andeven built their windmills in Holland. Thus, a

ess to �nan
ing may playan important role for a su

ess of a proje
t under un
ertainty. One of thearti
les of this dissertation looks at the role of a

ess to international lendingand borrowing when a 
ountry is engaged in development of a renewable sub-stitute whose arrival follows a sto
hasti
 pro
ess. The last 
hapter dis
ussesthe 
ondition/poli
ies that should be in pla
e in order to indu
e a developing
ountry to voluntarily 
omply with environmental regulation.

X



Résumé
Cette thèse porte sur deux grands thèmes dans le domaine de l'é
onomie inter-nationale et se 
ompose don
 de deux parties. La première partie est 
onsa
réeà la migration internationale de main-d'oeuvre. Ce sujet a été au 
entre desdébats politiques et dans les médias pendant quelques dernières dé
ennies, enparti
ulier dans les pays d'a

ueil dont la plupart sont les pays avan
és. Les�ux migratoires en provenan
e des é
onomies en voie de développement eten transition aux é
onomies industrialisées ont 
onsidérablement augmentéet ont 
ontribué à l'inquiétude 
roissante 
on
ernant le 
hangement de larémunération des fa
teurs de produ
tion dans les pays d'a

ueil. Cela a 
on-duit 
es derniers à introduire diverses barrières à l'entrée, en parti
ulier destravailleurs non quali�és. Ave
 la 
omplexité 
roissante de surmonter 
es ob-sta
les, les migrants s'appuient de plus en plus sur les servi
es d'entreprisesillégales spé
ialisées dans le dépla
ement des humains à travers les frontièresinternationales. Ce
i, à son tour, a 
onduit à une forte augmentation de lamigration 
landestine et de la migration par endettement (souvent pro
hede l'es
lavage) - lorsque les migrants n'étaient pas 
apable de payer le 
oûtde migration à l'avan
e. La migration des personnes quali�ées a égalementété un sujet de grands débats publi
s. Les pays en voie de développement,qui subventionnent fortement l'édu
ation de leur population, pointent surun problème de perte de leurs personnes hautement quali�ées quand ellesobtiennent des 
ontrats de travail attra
tifs dans les pays développés. Cela
on
erne, par exemple, le se
teur de la santé. Partie I de 
ette thèse se 
om-pose de trois 
hapitres qui sont 
onsa
rés, respe
tivement, à l'analyse de (i)XI




omportement d'épargne des migrants illégaux, (ii) le 
hoix optimal entrela migration par endettement et l'auto�nan
ement de la migration, (iii) la
oopération entre les pays d'origine et les pays d'a

ueil sur la migration destravailleurs quali�és.La deuxième partie traite des questions liées à (i) l'investissement dans lare
her
he et le développement de substituts renouvelables pour une ressour
enon-renouvelable dans une situation d'in
ertitude, et (ii) les 
onditions d'unrespe
t volontaire des réglements environnementaux par les pays en voie dedéveloppement. L'invention d'un substitut (ou d'un ba
kstop) est par déf-inition in
ertaine. La question est alors: Quel est le taux d'investissementoptimal dans le R&D qui pourrait 
onduire à une invention, étant donné quele taux d'investissement peut in�uen
er la probabilité de su

ès? L'histoirefournit des exemples de pays qui ont lan
é des investissements dans les nou-velles te
hnologies, mais n'ont pas pu aller jusqu'au bout, tandis que d'autrespays ont réussi. C'est le 
as, par exemple, de la Hollande qui a 
ommen
éd'ambitieux investissements dans les éoliennes, mais en raison du manque de�nan
ement a dû abandonner les projets en 
ours. En revan
he, l'Allemagneet le Danemark ont 
onçu leur stratégie d'investissement de manière à 
e queles entreprises les plus innovantes pourraient obtenir les fonds né
essaires.Ces deux pays sont alors devenus les leaders de la produ
tion d'énergie éoli-enne et même 
onstruit leurs moulins à vent en Hollande. Ainsi, l'a

ès au�nan
ement peut jouer un r�le important pour le su

ès d'un projet in
er-tain. Un des arti
les de 
ette thèse se pen
he sur le r�le de l'a

ès aux mar
hésdes 
apitaux quand un pays est engagé dans le développement d'un substi-tut renouvelable dont l'arrivée suit un pro
essus sto
hastique. Le dernier
hapitre examine les 
onditions/politiques qui devraient être mises en pla
ea�n d'in
iter les pays en voie de développement à se 
onformer volontairementà la réglementation environnementale.
XII



Chapter 1
Introdu
tion
This dissertation studies two broad topi
s, ea
h of whi
h is a frequently dis-
ussed and, to some extent, a sensitive issue in 
urrent poli
y debate. The�st topi
 
on
erns with movement of people a
ross international borders. These
ond topi
 
on
erns with preservation of global environment. Both topi
s,although seemingly unrelated, have in 
ommon the problem of optimal man-agement of a resour
e, be it the problem of allo
ating a sto
k of labor a
ross
ountries, or a sto
k of a non-renewable resour
e in time, and 
onsequently,the te
hniques of analysis employed to study these problems are similar. Letme �rst dis
uss the issues related to the �rst topi
 and de�ne the resear
hquestions addressed in this study.International MigrationMigration �ows from one 
ountry to another have witnessed a surge ever sin
ethe means of transport improved drasti
ally, thereby bringing down the 
ostof moving. The main motivation for the move is, in most 
ases, a sear
h forbetter employment opportunities and improvement in the standard of living.Why are we - resear
hers - interested in international migration? The reasonsare multiple. The �rst, and the most obvious, reason is that, at the ma
rolevel, migration of people represents a reallo
ation of inputs of produ
tion -1



unskilled and skilled labor - from one 
ountry to another, leading to a 
hangein the aggregate supply of these inputs. Consequently, all the fa
tor rewardsare a�e
ted. Se
ondly, at the mi
ro level, a migrant is also a 
onsumer anda saver. Consumption pattern of a migrant is in general very di�erent froma 
onsumption pattern of a native worker1 and the same is true about thesaving pattern. The di�eren
e depends, to a large extent, on how long the mi-grant 
an or expe
ts to stay in the foreign 
ountry. If migration is temporary,migrants will tend to save more but also remit money to their families leftbehind in the sour
e 
ountry. The volume of these asset �ows is 
onsiderableand undoubtedly has impa
t on the e
onomies that re
eive them. A

ordingto the World Bank, in El Salvador, Haiti, Jamai
a and Jordan, for example,they rea
hed more than 20% of GDP in 2007, while in Tajikistan they madeup as mu
h as 45.5%.2 In 2008, 192 million foreign workers sent $328 billionfrom developed to developing 
ountries, whi
h is almost triple the amountof o�
ial aid �ows from OECD member states (World Bank, 2009). Remit-tan
es and repatriated savings �nan
e not only everyday 
onsumption butalso investment in physi
al and human 
apital, thus a�e
ting both dire
tlyand indire
tly the re
eiving 
ountry's development path.3 It is therefore im-portant to improve our understanding of the determinants of these �ows andhen
e the saving behavior of migrants who generate them.Immigration of people, however, is not always unrestri
ted, espe
iallynowadays. The largest migration �ows observed today are from the develop-ing to the developed e
onomies. In an e�ort to 
ontrol these �ows advan
ed
ountries have introdu
ed over the last 
ouple of de
ades various barriers to in-ternational mobility, espe
ially with respe
t to low-skilled workers. And evenhighly-skilled individuals fa
e various quotas or 
onstraints on the duration of1See, e.g., Djaji¢ (1989).2World Bank http://blogs.worldbank.org/peoplemove/remittan
e-�ows-to-developing-
ountries.3See Adams (1991), Durand et al. (1996), Lu
as (2005), Massey and Parrado (1998),M
Cormi
k and Wahba (2001), and Taylor (1987).2



stay and employment abroad. With the in
reasing 
omplexity of over
omingthese barriers, migrants are relying more and more on the servi
es of humansmuggling organizations to help them rea
h their desired destination. Thelast 
ouple of de
ades have witnessed a surge in illegal immigration to thedeveloped 
ountries but also to rapidly growing developing e
onomies in EastAsia and elsewhere. The International Organization for Migration estimatesthat up to one half of migrant workers in developed 
ountries are unautho-rized (IOM 2003). Ea
h year, the sto
k of undo
umented migrants in theEU is estimated to be growing by 500'000 individuals (IOM 2004). In�owsof similar magnitude are reported for the U.S.A., with the sto
k of undo
u-mented immigrants estimated at roughly 10.8 million in the �rst quarter of2009 (Center for Immigration Studies 2009). As reported by Petros (2005),the fees for smuggling servi
es vary depending on the distan
e traveled, themeans of transport, and the entry strategy. They range from hundreds ofdollars for an assisted 
rossing of a single border to tens of thousands of dol-lars on 
ertain long-haul routes. Although the amounts paid to smugglersmay not be very large in relation to the expe
ted in
ome abroad, from theperspe
tive of low-skilled workers in the poor developing 
ountries, the 
ost ofmigration represents a big obsta
le that stands in the way of their migrationplans.4 A key question is how to pay for the 
ost of migration. One possibility4There is a growing empiri
al literature that o�ers eviden
e on the e�e
ts of liquidity
onstraints on international migration. Angelu

i (2004) uses data from the Progresa pro-gram in Mexi
o to study the impa
t of transfers to liquidity-
onstrained, rural householdson both internal and international migration. She �nds that un
onditional 
ash transfersare asso
iated with a 60% in
rease in the average migration rate, while the likelihood ofhaving migrants in the household is a positive fun
tion of the amount re
eived through theprogram. In the 
ase of El Salvador, Halliday (2006) reports that higher household wealthis positively asso
iated with migration to the U.S.A. For internal migration in Russia, An-drienko and Guriev (2004) �nd eviden
e that inter-regional migration is 
onstrained byla
k of liquidity and that it rises with an in
rease in in
ome. All these studies point tothe importan
e of liquidity 
onstraints in restri
ting 
ontemporary international migration,
on�rming what we already know about the role of su
h 
onstraints in the 18th and 19th
enturies (see, e.g., Hatton and Wiliamson (1992, p.7) and Chiswi
k and Hatton (2006,3



is to a

umulate enough savings out of in
ome earned in the sour
e 
ountry.We would expe
t this "self-�nan
e" solution to be attra
tive when the 
ostof migration is low in relation to the sour
e-
ountry wage. When the 
ost isin the tens of thousands of dollars, as in the 
ase of undo
umented migrationfrom China to Western Europe and North Ameri
a, there may be no s
opefor a

umulating the required amount out of the in
ome earned at home. Insu
h 
ases it would be ne
essary to borrow in order to migrate. Borrowing 
antake pla
e from a network of family and friends, part of whi
h may alreadybe lo
ated in the host 
ountry, or by getting indebted to a human smugglingorganization. When borrowing from relatives or friends, the loan agreementis typi
ally informal, with the interest obligations (if any) and the 
ontra
t-enfor
ement me
hanism varying from one 
ulture to another. By 
ontrast,when a migrant borrows from a smuggling organization, enfor
ement is verystri
t and the rates of interest are often 20%, 30% or even 60% per annum.5These rates re�e
t not only the risk in
urred by the lender but also the hightransa
tions and enfor
ement 
osts. As a way of 
ontrolling these 
osts, thesmuggler typi
ally obliges the migrant to be
ome a bonded laborer with (apartner of) the smuggling organization until the loan is paid o�. While inbondage, the migrant's freedom of movement is limited and the wage earnedis usually lower than the free-market wage in the host 
ountry.6p.2)). See also Grubb (1985), Galenson (1984), and Hatton and Williamson (1994, 1998).5 See Kwong (1997, p.38), Gao (2004, p.11) and Sobiesz
zyk (2000, p.412). In the 
aseof Chinese migrants to the West, interest rate of 2% per month is most 
ommon.6As noted by the US State Department, indentured migrants were put to work "...atlower than minimum wage and used most of their savings to pay down their debt at usuriousinterest rates." [United States Department of State (2006)℄. A

ording to Jordan (2011):"An example of a debt bondage situation is a person who agrees to repay a debt of $5000for re
ruitment fees and travel 
osts allegedly paid by the employer/enfor
er. The workeragrees to sew 
lothes until this 'debt' is repaid. The market wage for the work is $50 per daybut the employer/enfor
er only dedu
ts $20 a day from the debt..." See Gao and Poisson(2005), Human Rights Wat
h (2000), Kwong (1997), Salt (2000), Sobiesz
zyk (2000), Stein(2003), Surtees (2003), and Vayrynen (2003) for informative dis
ussions of the 
onditionsfa
ing migrants in debt bondage. 4



Another key question is whether the saving behavior of an illegal immi-grant di�ers from that of a legal one and how. The answer to this questionhas dire
t impli
ations for the design of immigration poli
ies and in parti
-ular poli
ies related to 
ontrolling illegal in�ows. Deportation poli
ies andlevels of enfor
ement vary a
ross nations. The somewhat lenient measuresapplied in the U.S.A. and 
ountries of Western Europe are in sharp 
ontrastwith the very stri
t poli
ies on illegal immigration in the Gulf CooperationCoun
il (GCC) States and East Asian e
onomies, su
h as Hong Kong, Sin-gapore, Malaysia, South Korea, Taiwan, and Japan. An illegal immigrant insu
h states is therefore subje
t to un
ertainty with respe
t to the duration ofstay, while the legal one is not.Migration of skilled workers is also a highly debated issue. It is re
ognizedthat developing 
ountries indu
e a loss of their highly edu
ated people whenthe latter de
ide to move to an advan
ed e
onomy o�ering a high wage anda better standard of living. This problem is often referred to in the literatureas "brain drain" (see, e.g., Bhagwati and Hamada (1974)). By re
ruitingskilled professionals from the developing 
ountries, where edu
ation is heav-ily subsidized by the publi
 se
tor, the advan
ed 
ountries are widely viewedas pursuing poli
ies detrimental to the sour
e 
ountries.7 When migrationof skilled workers is permanent, the bulk of the potential bene�ts stemmingfrom publi
 expenditures on training are lost from the perspe
tive of the tax-payers.8 When it is temporary, there is more s
ope for gains, espe
ially if the7 It is well re
ognized that the problem is not only �s
al in nature. The presen
eof skilled workers in an e
onomy is thought to generate positive externalities at variouslevels, in
luding te
hnologi
al, so
ial, politi
al and e
onomi
. If we take the example ofan important se
tor su
h as health 
are, massive emigration of professionals 
an have adevastating impa
t on the health status of the population in the short run and a strongnegative in�uen
e on produ
tivity and welfare in the long run.8 Note that even permanent migration 
an generate bene�ts for the sour
e 
ountrythrough network e�e
ts, by developing business links at home, and through remittan
e�ows. See, e.g., Grubel and S
ott (1966), Bhagwati and Hamada (1974), M
Cullo
h andYellen (1977), Djaji¢ (1986), Lopez and S
hi� (1998), Rau
h and Casella (2003), Kugler5



returnees bring with them produ
tive human 
apital a

umulated while work-ing abroad [see, e.g., Wong (1997), Dustmann (2001), Domingues Dos Santosand Postel-Vinay (2003), Meyr and Peri (2009), Dustmann et al. (2011), andDo
quier and Rapoport (forth
oming)℄.The vast majority of skilled migrants 
ome from the developing and tran-sition e
onomies with the main poles of attra
tion being the U.S.A. andCanada, but also the e
onomies of Western Europe [see Lu
as (2005)℄. Re
ente�orts to measure the magnitudes of these �ows, in
luding the works of Salt(1997), Carrington and Detragia
he (1998), Do
quier and Marfouk (2006),and Beine et al. (2007), reveal that the brain drain is a parti
ularly a
uteproblem for the relatively small developing 
ountries. In terms of regions,island e
onomies of the Caribbean and the Pa
i�
, as well as 
ountries inCentral Ameri
a, Sub-Saharan Afri
a, and South-East Asia have the highestskilled-emigration rates in proportion of their skilled populations.9In the 21st 
entury, emigration of skilled workers from the less developedparts of the world 
ontinues with a growing number of advan
ed 
ountrieso�ering fast-tra
k labor-market a

ess for skilled migrants through spe
ialtemporary visa programs, su
h as the H1-B visa in the U.S.A. or the �BlueCard� in the EU.10 In response to a severe shortage of health-
are workers,and Rapoport (2007), and Javor
ik et al. (2011). In addition, a number of papers examinehow the prospe
t of emigration 
an 
ontribute to the a

umulation of human 
apital inthe sour
e 
ountry by indu
ing individuals to invest more in their edu
ation [see, e.g.,Mountford (1997), Wong (1997), Stark et al. (1997), Vidal (1998), Beine et al. (2001),Bertoli and Brü
ker (2011), and Mountford and Rapoport (2011)℄. In an important re
entstudy of this relationship, Beine et al. (2008) analyze data for 127 developing e
onomiesand �nd that doubling the emigration rate of the highly skilled indu
es the population ofthe sour
e 
ountry to in
rease its human 
apital formation on the average by 5%.9 See Commander et al. (2004) and Do
quier and Rapoport (2008) for very usefulsurveys of the various issues and eviden
e related to the brain drain.10In the 
ase of the European Blue Card initiative, highly-skilled non-EU nationals aregranted renewable 2 year work permits. In addition, a holder of su
h a permit, who returnsba
k to his/her 
ountry of origin after having worked in the EU for an extended period oftime, has the possibility to reenter and work in the EU in the future without going through6



Japan has entered into bilateral agreements with Indonesia, the Philippines,and Vietnam to re
ruit a 
ertain number of nurses on the basis of three-year
ontra
ts.11 Other 
ountries aim to in
rease their sto
ks of highly trainedworkers by means of permanent immigration programs. The Canadian pointssystem is a prominent example of this poli
y, also followed in slightly di�erentforms by Australia, New Zealand and, more re
ently, Great Britain. In theU.S.A., spe
ial permanent residen
e visas for highly talented individuals havebeen available for de
ades.These pra
ti
es and poli
ies 
learly have an impa
t on the �ows of highlytrained migrants from the developing e
onomies. The out�ows of skilled work-ers redu
e, in turn, the in
entive for the authorities to provide publi
 subsidiesfor higher edu
ation [see Justman and Thisse (1997)℄. In an important re
entpaper, Do
quier et al. (2008) examine this question both theoreti
ally andempiri
ally. On the basis of a sample of 108 middle-in
ome and low-in
ome
ountries they �nd a negative relationship between edu
ation subsidies andskilled emigration rates. An obvious 
onsequen
e is that the level of trainingand human 
apital possessed by the graduates (and thus skilled emigrants) islikely to be lower than it would be otherwise. Lower skills of migrants, in turn,a�e
t the relationship between the 
osts and bene�ts of immigration from theperspe
tive of the host 
ountries. This 
an and does in�uen
e their immigra-tion poli
ies. The points systems of Canada, Australia and New Zealandare designed to �lter out those with low training and skills. In the U.S.A.,whether an H1-B worker 
an renew her temporary three-year visa dependson the willingness of the employer to sponsor a renewal, whi
h depends to alarge extent on the worker's training and ability. This is why it is importantthe appli
ation pro
edure over again (Coun
il Dire
tive 2009/50/EC).11In theory, the foreign nurses 
an stay longer if they pass a Japanese nursing examwithin the three-year period. As �uen
y in the Japanese language is di�
ult to a
hievefor these foreign workers within su
h a limited period of time, only one Philippino and twoIndonesians out of a total of 251 managed to pass the exam in 2010 (see Asahi Shimbun(2010)). 7



to understand the determinants of the sour
e 
ountry's de
ision to providepubli
 training and host 
ountry's de
ision to hire foreign skilled labor, andhighlight the s
opes for 
ooperation and mutual gains. Part I of this disser-tation will address this question. It will also dis
uss two other issues: Thedi�eren
e in saving behavior of legal as opposed to illegal immigrants; andthe 
hoi
e between debt-bonded and self-�nan
ed migration. Next subse
tionwill de�ne the resear
h questions addressed in Part II.
Environmental PreservationThe se
ond broad sets of issues addressed in this dissertation 
on
ern withthe preservation of the global environment. One of the arti
les investigatesthe questions related to optimal investment in an un
ertain renewable sub-stitute for a non-renewable resour
e. The other arti
le examines what 
on-ditions/poli
ies should be in pla
e in order to indu
e developing 
ountries tovoluntarily 
omply with environmental regulations.Interest in private and publi
 investment proje
ts devoted to resear
h anddevelopment of renewable energy sour
es ("ba
kstops") is primarily based on
on
erns about exhaustion of non-renewable energy resour
es and their everin
reasing market pri
e. If we look a
ross 
ountries at the leading investorsin energy R&D in per 
apita terms, we �nd Japan o

upying the �rst pla
e(IEA 2006). Not surprisingly, this 
ountry is also well known for its heavydependen
e on energy imports.12 Within the European Union, the e
onomiesleading the way in terms of their share of national in
ome devoted to re-newable energy sour
es are Denmark, Finland, the Netherlands, and Sweden(European Commission 2004). These are again 
ountries that do not possesslarge sto
ks of fossil fuels, making them dependent on imports (ex
ept for12Although Japan is only the se
ond largest oil importer after the United States, it meetsa larger share of its energy needs through imports of oil than the U.S. does (U.S. EnergyInformation Administration, http://www.eia.doe.gov/
ountry/index.
fm).8



the Netherlands whi
h do possess large reserves of natural gas and Denmark,whi
h is expe
ted to 
ontinue its North Sea produ
tion of oil and gas in ex
essof its own demand until 2018.)13One of the 
hapters of this dissertation studies the problem fa
ing aresour
e-importing 
ountry (RIC for short) whi
h seeks to a
hieve energyindependen
e by developing a substitute for a non-renewable importable in-put. This is assumed to require sustained investment in an R&D program.Arrival of the substitute follows a sto
hasti
 pro
ess with the probability ofa su

essful out
ome per unit of time being a non-de
reasing fun
tion of therate of investment in R&D. Apart from trade in the resour
e market, RIC 
analso parti
ipate in the global �nan
ial market. This latter dimension is mostoften overlooked in the literature on ba
kstop te
hnology and resour
e man-agement in general. As we shall see, however, a

ess to international lendingand borrowing is important in several dimensions, espe
ially if a 
ountry isheavily dependent on imports of an essential input.The literature on ba
kstop-te
hnology adoption has its origins in the wakeof the oil pri
e sho
k of 1973. The early 
ontributions fo
us on a 
losede
onomy, endowed with a known sto
k of an exhaustible resour
e, seekingto sustain its 
onsumption in the long run by appropriately substituting arenewable ba
kstop for the non-renewable essential input. The arrival date ofthe substitute is assumed to be either known with 
ertainty or un
ertain butgoverned by an exogenous sto
hasti
 pro
ess (see, e.g., Dasgupta and Heal1974, Dasgupta and Stiglitz 1981). The seminal 
ontribution of Kamien andS
hwartz (1978) extends this analysis by endogenizing the un
ertain arrivaldate through investment in R&D. Hung and Quyen (1993) go further todetermine the optimal time to initiate the R&D proje
t, although their R&Dinvestment poli
y is simpli�ed to a single-date expenditure, after whi
h aba
kstop may arrive with a 
onstant Poisson rate. Tsur and Zemel (2003)propose an alternative (deterministi
) framework of analysis, where the 
ost of13Denmark is also a major produ
er and exporter of wind energy (see Sherman (2009)).9



the ba
kstop falls 
ontinuously as the knowledge base a

umulates throughR&D. This ensures a 
ontinuous transition from the non-renewable to theba
kstop. Their model advo
ates an R&D poli
y 
hara
terized by the mostrapid approa
h path to the target-knowledge pro
ess whi
h should then befollowed forever. The work of Dasgupta, Gilbert and Stiglitz (1983) shows,also in the 
ontext of a deterministi
 model, that the intention to developa substitute and its eventual arrival 
an trigger a strategi
 response fromresour
e owners. Harris and Vi
kers (1995) study a similar dynami
 game,ex
ept that the substitute's arrival is random and exponentially distributed.Although the two latter 
ontributions are 
on
erned with open e
onomies,their analysis is limited to ex
hange of the resour
e for the 
onsumption good,while the possibility of international lending and borrowing is ruled out. Thetrade-theoreti
 literature, on the other hand, deals with problems related toexhaustible resour
e management and, in some 
ases, for 
ountries that havea

ess to foreign 
redit, but it does not addressed the problem of optimalinvestment in the development of a ba
kstop te
hnology.14 Moreover, these
ontributions 
onsider purely deterministi
 models and therefore ex
lude thepossibility of un
ertainty a�e
ting behavior.15 The purpose of the presentstudy is to bridge the existing gap between the 
losed-e
onomy analysis ofinvestment in a ba
kstop te
hnology and open-e
onomy models of trade ingoods and �nan
ial assets within a fully dynami
 sto
hasti
 optimization14Kemp and Long (1984) do 
onsider resour
e repla
ement but in a deterministi
 setting,where the resour
e pri
e is exogenous and 
onstant and there is no possibility to parti
ipatein the international �nan
ial markets. Djaji¢ (1988) 
onsiders a two-
ountry world, whereboth 
ountries are endowed with some sto
k of the resour
e and 
an lend or borrow fromea
h other at an endogenously determined rate of interest. The dynami
s of his modelare, however, limited to only two time periods and neither 
ountry intends to develop aba
kstop.15An ex
eption is Dasgupta, Eastwood and Heal (1978) who do 
onsider un
ertaintyrelated to future energy demand. They also introdu
e a possibility to a

umulate a foreignasset yielding a 
onstant rate of return but fo
us on a resour
e-exporting e
onomy, whi
his not engaged in any R&D a
tivity. 10



framework. This will make it possible for us to examine the role of inter-national �nan
ial markets in in�uen
ing optimal investment strategies in asto
hasti
 environment, an issue of in
reasing importan
e in a world whereenergy pri
es and international indebtedness are be
oming dominant themes.This is done in Chapter 5.Subsequently, Chapter 6 examines what and how poli
ies should be formu-lated in order to indu
e developing 
ountries to 
omply with environmentalregulations. There is a global agreement that e�orts should be made to dealwith 
limate 
hange. However, there is no unanimous view on how the burdenof these e�orts should be shared between developed and developing 
ountries.Many advan
ed 
ountries, and notably the European Union, already have inpla
e various s
hemes to 
ontrol their emissions, while none of the developing
ountries do. The reasons are multiple, in
luding weak environmental poli-
ies and legislation, insu�
ient �nan
ing and, most importantly, lower pri-ority atta
hed to issues related to 
limate 
hange when 
ompared to povertyredu
tion, standard of living and health improvement, and e
onomi
 growth.Given the asymmetry in the 
limate legislation, some developed 
oun-tries fear the loss of 
ompetitiveness of their energy-intensive industries: Agood produ
ed by their domesti
 �rms be
omes more expensive as the 
ostsof produ
tion rise when emissions permits need to be pur
hased. Europeanpoli
ymakers expressed on several o

asions their readiness to apply traderestri
tions on 
ountries whi
h do not apply emissions standards similar totheirs. For instan
e, Manuel Barroso in his interview to The Times said:"We do not want to put our energy-intensive industries in a situation of dis-advantage in 
ompetition terms, that is why we will have measures that weare ready to take if there is not a global 
limate agreement" (Mar
h 2008).Former Fren
h president Ni
olas Sarkozy said that EU must examine thepossibility of "taxing produ
ts imported from 
ountries that do not 
om-ply with the Kyoto proto
ol. We have imposed environmental standards onour produ
ers. It is not normal that their 
ompetitors should be 
ompletelyexempted...Environmental dumping is not fair" (O
tober 2007). In parti
u-11



lar, the so-
alled "border-adjustment measures" were a hot dis
ussion topi
and were viewed as indispensable for a 
limate legislation to pass in the USCongress. "Only sti
ks" approa
h, however, may turn out not to be feasible,as it may fail to 
omply with WTO rules. For example, a

ording to WTOagreement, trade provisions should be pre
eded by major e�orts to negoti-ate with partners within a reasonable timeframe. Thus, proposed measuresmay not only in
lude "sti
ks" but also "
arrots", as in the Montreal Proto-
ol (1987) or "
lean development me
hanism", where trade measures werea

ompanied by �nan
ing arrangements and te
hnology transfers. Develop-ing 
ountries, however, will have to demonstrate a "meaningful" 
ommitment(Zhang 2009), i.e., they are not required to 
omply with environmental reg-ulations immediately but should take some a
tions towards 
omplian
e atsome future date. This is akin to the "gra
e" period granted to LDCs underthe Montreal Proto
ol.The e�e
tiveness of "sti
ks and 
arrots" poli
y is yet to be assessed butundoubtedly one 
annot do so without �rst taking the prospe
tive of a less de-veloped 
ountry (LDC). Certain 
onditions must be in pla
e in order for LDCto 
omply voluntarily with the regulation, otherwise it will not. The purposeof the study is to establish the minimum 
onditions for voluntary 
omplian
eand to analyze the LDC's optimal response to any 
hanges in the 
onditions itfa
es. I purposely do not model any restri
tive/retaliative measures, su
h astrade restri
tions or environmental taxes, sin
e their a

eptable legal format,for example 
ompatible with WTO rules, has not yet been 
learly established.By 
ontrast, I fo
us on supporting/stimulating measures, su
h as monetarytransfers. More spe
i�
ally, I analyze two types of regulation: One where aprede�ned transfer is initiated on the date of 
omplian
e with emissions tar-get; and the other where the amount transferred is tied to emissions-
ontrole�ort.
12



Thesis Outline and Summary of ResultsThis dissertation 
onsists of two parts. The �rst part is devoted to issuesrelated to migration of people a
ross international borders. It 
onsists ofthree 
hapters, ea
h addressing a distin
t question in the �eld of interna-tional migration. Chapter 2 
ompares the saving behavior of migrants withlegal and illegal status abroad in the 
ontext of a dynami
 sto
hasti
 life-
y
lemodel. The main di�eren
e between the two types of migrants is that the for-mer are allowed to stay in the host 
ountry for a pre-spe
i�ed period of timeand are obliged to leave when their work permit expires.16 By 
ontrast, thelatter 
an stay until they are 
aught by the immigration authorities and sub-sequently deported. In e
onomies that rely heavily on temporary migrationprograms, su
h as the Gulf Cooperation Coun
il (GCC) states, Hong Kong,South Korea, Taiwan, Brunei, and Israel, deportation is a key instrumentof immigration 
ontrol. It also plays an important role in 
ountries su
h asJapan and Singapore, where the preservation of the existing ethni
 stru
tureof the population is an obje
tive of publi
 poli
y. An illegal immigrant insu
h states is therefore subje
t to un
ertainty with respe
t to the duration ofstay, while the legal one is not.The present study is the �rst to explore the impli
ations of a migrant'slegal status for the time path of her propensity to save and for the amountof assets she repatriates to the 
ountry of origin. The analysis employs a dy-nami
 sto
hasti
 optimization framework in whi
h undo
umented immigrantsfa
e deportation (arriving with a Poisson rate), while do
umented migrants16This is the stru
ture of typi
al guest-worker programs operated in Taiwan, SouthKorea, and Singapore, with durations of stay limited to 2 - 5 years. Contra
t-
ompletion
lauses in guest-worker 
ontra
ts of numerous host e
onomies in Asia allow (in some 
asesrequire) employers to withhold a part of a worker's salary until the time of departure.This serves to prevent 
ontra
t workers from remaining in the host 
ountry illegally. Theseasonal guest-worker programs in Western Europe and North Ameri
a typi
ally allow forpermits valid for less than a year. 13



work on a �xed-term 
ontra
t. The �ndings 
ontribute to our understandingof how the distin
tion between "legal" and "illegal" status of migrant work-ers a�e
ts their behavior both at the mi
ro level (as it relates to the optimal
onsumption and saving) and the ma
ro level (in in�uen
ing the average �owof savings per worker ba
k to the sour
e 
ountry). Spe
i�
ally, I show that ifthe host 
ountry's deportation poli
ies are su
h that an illegal alien fa
es anexpe
ted duration of stay abroad equal to the length of the work permit of ado
umented guest-worker, the former saves at a higher rate than the latterdoes in the initial phase of their foreign stay. However, should both of themhappen to remain abroad for an identi
al period of time, the former repa-triates less savings ba
k to the sour
e 
ountry than the latter does. Whilethis result may seem 
ounterintuitive at �rst, it stems from the fa
t that anundo
umented worker's saving rate de
lines 
ontinuously over time, as longas she does not get deported. It qui
kly falls below the saving rate of a do
-umented migrant after an initial phase of intensive pre
autionary saving.17The model assumes that the Poisson deportation rate is 
onstant. If it wereto de
rease with the duration of stay abroad (e.g., as a result of learning howto avoid dete
tion), this tenden
y for the saving rate of an undo
umentedmigrant to de
line over time would be even more pronoun
ed.When 
omparing expe
ted repatriated assets of the two types of migrants,I show that undo
umented workers always bring ba
k less savings, on average,than do
umented workers do, assuming the expe
ted duration of an illegalstay is equal to the duration of the work permit. I also show the 
ombinationsof the expe
ted duration of an undo
umented stay and the length of a guest-worker 
ontra
t su
h that the two types of migrants repatriate, on average,identi
al amounts of savings. These two immigration poli
y variables of thehost 
ountry are shown to have an important in�uen
e in determining whi
htype of migration - do
umented or undo
umented - generates a larger per-migrant in�ow of foreign ex
hange into the sour
e 
ountry.17Pre
autionary saving motive has been studied by, e.g., Skinner (1987), To
he (2005),Wälde (1999), and Zeldes (1989), to mention just a few.14



At a more general level, the model helps explain the apparently paradoxi-
al empiri
al �nding that, in spite of the pre
autionary saving motive, peoplewith relatively more risky in
omes save less than people with relatively lessrisky in
omes. As noted by Skinner (1987, p.3): "Empiri
al 
omparisons ofsavings rates among o

upations with di�erent in
ome un
ertainty providelittle support for the view that pre
autionary savings are important. Datafrom the 1972-73 Consumer Expenditure Survey imply that self-employedand sales persons, those typi
ally thought to have the most risky in
ome,a
tually save less than other groups..." The prin
ipal �nding of the presentpaper that the pre
autionary saving phenomenon is short-lived helps explainthe paradox and shows that Skinner's observations are perfe
tly 
onsistentwith optimizing behavior.Chapter 3 investigates the problem fa
ing liquidity-
onstrained 
andidatesfor migration and 
hara
terizes the 
onditions under whi
h they 
hoose debtbondage as the optimal mode of �nan
ing their migration 
osts. This analysisis essential to an informed debate on what fa
tors 
ontribute to the growingin
iden
e of debt-bonded migration and how immigration poli
ies, in
ludingborder 
ontrols and internal enfor
ement measures of the host 
ountries, af-fe
t migration �ows. Our obje
tive is to determine how a worker's optimalmigration strategy is related to the 
ost of migration, the 
onditions in thelabor markets at home and abroad, the interest rate 
harged by the smugglingorganization, and the proportion of the migration 
ost that 
an be 
overedby initial liquid asset holdings or borrowing from a family network. We �ndthat debt bondage is the preferred option when the international wage dif-ferential is su�
iently large in relation to migration 
osts. More restri
tiveborder-
ontrol measures are shown to redu
e the in
iden
e of debt-bondedmigration. Depending on the wage gap between the host and sour
e 
oun-tries, however, su
h measures may merely indu
e migrants to swit
h fromdebt-bonded to self-�nan
ed migration, rather than redu
e the total �ow ofundo
umented immigrants. Tougher internal enfor
ement measures that in-
rease the 
osts and risks fa
ing employers of bonded laborers are found to15



redu
e the in
iden
e of debt-bonded migration, in
rease the in
iden
e of self-�nan
ed migration and redu
e the overall in�ow of undo
umented workers.Our model suggests that the redu
tion in the in�ow is likely to be from therelatively poorer of the sending 
ountries.The possibility of borrowing from family and friends (or �nan
ial institu-tions) on reasonable terms always makes migration more attra
tive in relationto the "no-migration" option. Under the self-�nan
e arrangement, it enablesthe migrant to get abroad earlier and earn the high foreign wage over a longerperiod of time. In the 
ase of bonded migration, a family loan allows the in-dividual to get out of bondage sooner and repay the family loan while earningthe free-market wage rather than the bonded wage. Interestingly, with partial�nan
ial support from the family, debt bondage be
omes more attra
tive, notonly in relation to no migration, but also with respe
t to self �nan
e. Higherinitial asset holdings are found to have similar impli
ations for the optimalmigration strategy.Chapter 4 examines the brain-drain problem within a game-theoreti
framework, where both the immigration poli
y of the host 
ountry and theoptimal provision of higher edu
ation and training in the sour
e 
ountry areendogenously determined.We solve for the Nash equilibrium values of the poli
y instruments ofboth 
ountries and examines how they respond to 
hanges in the model'sparameters. It is found that the host 
ountries with relatively higher taxrates on in
ome, where the authorities atta
h a relatively larger weight toemployers' interests in their obje
tive fun
tion, and where the publi
 se
torprovides individuals with lower levels of so
ial servi
es, are 
ountries that havestronger in
entives to allow their skilled immigrants to work in the e
onomyfor a longer period of time. Whether a longer duration of stay raises or lowersthe optimal level of training provided by the sour
e 
ountry depends primarilyon the rate at whi
h immigrants a

umulate skills while working abroad andthe valuation of those skills after return. It is also found that an in
rease in the
ost of providing publi
 edu
ation redu
es the equilibrium level of training and16



the amount of time immigrants are allowed to work in the host 
ountry. Anin
rease in the home-
ountry valuation of skills a
quired by migrant workersabroad has the opposite e�e
ts on the two poli
y instruments: The sour
e
ountry provides more training and the host 
ountry allows migrants to staylonger. Finally, if the host 
ountry 
hooses to in
rease its sto
k of immigrants,this will either lower or in
rease the level of training provided by the sour
e
ountry, depending on the parameters of the model.If both 
ountries set their poli
ies to maximize joint welfare, the levelof training provided by the sour
e 
ountry is higher in 
omparison with itsNash equilibrium value, while the duration of stay of immigrants in the host
ountry may be either higher or lower.The se
ond Part of this dissertation 
onsists of two 
hapters. The �rst,
hapter 5, is devoted to the analysis of the optimal investment rate in arenewable substitute for a non-renewable resour
e under un
ertainty. Thekey results of the paper are the following. A

ess to international lending andborrowing is shown to allow for a more e�
ient intertemporal allo
ation ofresour
es and a higher lifetime welfare as 
ompared with the 
ase of �nan
ialautarky. While this is generally to be expe
ted, a 
omparison of the optimalinvestment rates under �nan
ial autarky and with a

ess to foreign 
reditenables us to address a number of entirely new issues. First, there is thequestion of how the degree of dependen
y on imported energy resour
es a�e
tsthe e
onomy's optimal investment in the development of a ba
kstop. On theone hand, greater dependen
y makes it more urgent to dis
over a substitute.On the other hand, it also implies a larger import bill prior to invention, whi
htightens the e
onomy's budget 
onstraint and makes any given investmentprogram relatively more burdensome. My analysis shows that for empiri
allyplausible values of the elasti
ity of intertemporal 
onsumption substitution,greater dependen
y on resour
e imports entails a lower investment rate, witha

ess to foreign 
redit having a moderating in�uen
e.With a

ess to foreign 
redit the e
onomy 
hooses a very di�erent timepath of 
onsumption from the one obtained under �nan
ial autarky. Due to17



the presen
e of un
ertainty, i.e., a possibility of a su

essful R&D out
ome,the e
onomy dissaves during an initial phase of its planning horizon and runsa negative foreign asset position, even when the rate of interest is slightlyhigher than the rate of time preferen
e. This type of behavior is exa
tlythe opposite of pre
autionary saving in an environment with negative in
omesho
ks (see, e.g., To
he (2005) for the 
ase of a job loss).When it 
omes to the optimal 
hoi
e of the R&D investment rate, hav-ing a

ess to 
apital markets does not ne
essarily imply that the e
onomysystemati
ally invests more than it does without su
h a

ess. The out
omedepends 
ru
ially on the value of the elasti
ity of intertemporal 
onsumptionsubstitution (EICS). Numeri
al simulations show, however, that for empir-i
ally relevant range of EICS, R&D investment rate with a

ess to 
reditmarkets always ex
eeds the investment rate under �nan
ial autarky.Another key element in�uen
ing the optimal 
hoi
e of the R&D investmentrate is the e
onomy's dependen
e on foreign energy sour
es, as measured bythe share of GDP absorbed by the expenditure on resour
e imports. In the
ontext of the present model, energy dependen
e is determined by the marketpri
e of the resour
e and the distributive share of energy in the produ
tionof �nal goods. An in
rease in the resour
e pri
e may either boost or de
reasethe investment rate depending on EICS. The numeri
al results show that inthe empiri
ally relevant range of values for EICS an in
rease in the resour
epri
e leads to a lower optimal investment rate. This result holds regardlessof whether or not the e
onomy has a

ess to borrowing and lending. Havinga

ess to global 
apital markets, however, is shown to be equivalent to aredu
tion in the distributive share of energy resour
es in produ
tion of �nalgoods.Several interesting results emerge when we look at what role the 
ost of
redit, r, plays in determining the optimal investment 
hoi
e and the e
on-omy's net foreign asset position (NFA). First, it is shown that, dependingon the relationship between r and the rate of time preferen
e ρ, RIC maybe either a borrower or a lender, and in parti
ular, the lending phase may18



pre
ede the phase of borrowing. Se
ond, a su

essful R&D out
ome 
ausesan improvement in the NFA when r is not too low in relation to ρ but adeterioration in the NFA for low enough interest rates. Third, the e
onomy'sexpe
ted lifetime welfare with a

ess to 
redit always ex
eeds the one ob-tained under �nan
ial autarky, regardless of the value of r. Moreover, thewelfare with a

ess to 
redit is U-shaped in r due to the dual role of the lat-ter in the resour
e and 
apital markets. Finally, the optimal investment rateresponds di�erently to variations in r depending on whether a

ess to 
reditis available or not: it is an in
reasing fun
tion of r under �nan
ial autarkybut a de
reasing fun
tion of r under openness.The 
on
luding 
hapter 6 of the thesis studies 
onditions for 
omplian
ewith environmental regulations. The main result of the paper is that o�eringonly one regulation type is ine�
ient. The 
han
es that an LDC 
ompliesvoluntarily with environmental standards are higher when a menu of optionsis on the table. The dire
t impli
ation of this result is that the number and/ordiversity of 
ountries willing to 
omply with environmental standards is alsohigher when a variety of alternatives is available instead of just one regulationtype.
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Part I
International Migration:Undo
umented, Debt-Bonded,and Skilled
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Chapter 2
Legal and Illegal Immigrants: AnAnalysis of Optimal SavingBehavior
2.1 Introdu
tionThe last 
ouple of de
ades have witnessed a surge in illegal immigration to thedeveloped 
ountries but also to rapidly growing developing e
onomies in EastAsia and elsewhere. The International Organization for Migration estimatesthat up to one half of migrant workers in developed 
ountries are unautho-rized (IOM 2003). Ea
h year, the sto
k of undo
umented migrants in theEU is estimated to be growing by 500'000 individuals (IOM 2004). In�owsof similar magnitude are reported for the U.S.A., with the sto
k of undo
u-mented immigrants estimated at roughly 10.8 million in the �rst quarter of2009 (Center for Immigration Studies 2009). Although illegal immigration isoften a sour
e of 
on
ern for the re
eiving e
onomies, it 
an generate 
ertainbene�ts for the sending 
ountries, where migrants' remittan
es and repatri-ated savings represent important in�ows of foreign ex
hange. A

ording tothe World Bank, in El Salvador, Haiti, Jamai
a and Jordan, for example,these in�ows rea
hed more than 20% of GDP in 2007, while in Tajikistan21



they made up as mu
h as 45.5%.1 In 2008, 192 million foreign workers, in-
luding those without proper do
umentation, sent $328 billion from developedto developing 
ountries, whi
h is almost triple the amount of o�
ial aid �owsfrom OECD member states (World Bank, 2009). Remittan
es and repatri-ated savings �nan
e not only everyday 
onsumption but also investment inphysi
al and human 
apital, thus a�e
ting both dire
tly and indire
tly there
eiving 
ountry's development path.2 It is therefore important to improveour understanding of the determinants of these �ows and hen
e the savingbehavior of migrants who generate them.In the present study I investigate the saving behavior of temporary foreignworkers in the 
ontext of a dynami
 sto
hasti
 life-
y
le model, emphasizingthe distin
tion between legal and illegal immigrants. The main di�eren
ebetween the two is that the former are allowed to stay in the host 
ountryfor a pre-spe
i�ed period of time and are obliged to leave when their workpermit expires.3 By 
ontrast, the latter 
an stay until they are 
aught bythe immigration authorities and subsequently deported. In e
onomies thatrely heavily on temporary migration programs, su
h as the Gulf CooperationCoun
il (GCC) states, Hong Kong, South Korea, Taiwan, Brunei, and Is-rael, deportation is a key instrument of immigration 
ontrol. It also plays animportant role in 
ountries su
h as Japan and Singapore, where the preser-vation of the existing ethni
 stru
ture of the population is an obje
tive of1World Bank http://blogs.worldbank.org/peoplemove/remittan
e-�ows-to-developing-
ountries2See Adams (1991), Durand et al. (1996), Lu
as (2005), Massey and Parrado (1998),M
Cormi
k and Wahba (2001), and Taylor (1987).3This is the stru
ture of typi
al guest-worker programs operated in Taiwan, SouthKorea, and Singapore, with durations of stay limited to 2 - 5 years. Contra
t-
ompletion
lauses in guest-worker 
ontra
ts of numerous host e
onomies in Asia allow (in some 
asesrequire) employers to withhold a part of a worker's salary until the time of departure.This serves to prevent 
ontra
t workers from remaining in the host 
ountry illegally. Theseasonal guest-worker programs in Western Europe and North Ameri
a typi
ally allow forpermits valid for less than a year. 22



publi
 poli
y. An illegal immigrant in su
h states is therefore subje
t to un-
ertainty with respe
t to the duration of stay, while the legal one is not. Ishow that this key distin
tion with respe
t to the legality of status abroadis responsible for di�erent saving behavior of the two types of migrants. Anillegal alien, who is subje
t to deportation, has an in
entive to a

umulate"pre
autionary" savings. While this result is rather intuitive and has alreadybeen analyzed in the literature on the optimal saving under un
ertainty,4 thenew �nding that emerges from my dynami
 analysis is that the pre
aution-ary motive is short-lived. An undo
umented migrant's saving rate falls overtime as her expe
ted lifetime earnings are adjusted upwards every day thatshe avoids apprehension. Moreover, if a legal guest worker and an illegalimmigrant fa
e the same expe
ted duration of stay abroad, the latter alwaysrepatriates less savings ba
k to the home 
ountry, provided that both happento remain abroad for identi
al periods of time.This paper builds on two strands of the literature: the one whi
h examinesthe optimal 
onsumption under un
ertainty, on the one hand, and the optimalsaving behavior of temporary migrants, on the other hand. The 
ontributionsto the �rst strand typi
ally seek to estimate the share of aggregate savings at-tributable to in
ome un
ertainty (see, e.g., Caballero 1991 and Skinner 1987),while the vast literature on migrants' 
onsumption-saving de
isions fo
usesprimarily on the di�eren
es between permanent and temporary workers orforeigners and natives,5 or various fa
tors in�uen
ing the optimal saving rateof a temporary foreign worker.6 None of these studies takes into a

ount amigrant's legal status in the host 
ountry, although the legality of status is
ru
ial for optimal de
ision-making as it determines whether a migrant oper-ates in an un
ertain environment or not. The risk of deportation fa
ing illegal4See, e.g., Skinner (1987), To
he (2005), Wälde (1999), and Zeldes (1989), to mentionjust a few.5See, e.g., Djaji¢ (1989).6See Djaji¢ (2010), Djaji¢ and Milbourne (1988), Dustmann (1995, 1997), Kirdar (2010),and Mesnard (2004). 23



immigrants is modeled expli
itly by Friebel and Guriev (2006) but their fo-
us is on how it a�e
ts the relationship between human smugglers and their
lients, rather than on the saving behavior of the latter. The present study istherefore the �rst to provide a theoreti
al analysis of the relationship betweena migrant's legal status in the host 
ountry and her optimal saving behavior.The remainder of the paper is organized as follows. In Se
tion 2, I solve theoptimization problem of a legal guest worker and an undo
umented alien. Tohighlight the role of deportation risk fa
ed by the latter, I stru
ture the prob-lem so as to set aside other fa
tors that a�e
t a migrant's saving rate, su
has international 
ommodity-pri
e di�erentials, interest di�erentials, lo
ationpreferen
es, entrepreneurial opportunities, et
., whi
h have been treated ex-tensively in the aforementioned literature. In Se
tion 3, I 
ompare the savingrates as well as the �ows of expe
ted repatriated assets of do
umented andundo
umented foreign workers and dis
uss how the host 
ountry's migrationpoli
ies a�e
t the sour
e 
ountry's in�ows of foreign ex
hange. Finally, I
on
lude the paper in Se
tion 4 by summarizing its main results.
2.2 The Two Types of MigrantsIn a very stylized way, I �rst de�ne the problem fa
ing a do
umented guestworker and subsequently that of an undo
umented immigrant subje
t to de-portation. In both 
ases I assume that the worker migrates at the beginning ofthe planning horizon, time t = 0, and maximizes expe
ted dis
ounted utilityof 
onsumption over a lifetime T .2.2.1 Legal Guest WorkerConsider a migrant who is admitted to work abroad as a legal guest worker(G) on a 
ontra
t that extends over τ units of time. De�ning ct as herinstantaneous 
onsumption rate, G's optimization problem may be written24



as
max
ct

∫ T

0

u(ct)e
−δtdt,subje
t to the budget 
onstraint

∫ τ

0

(w∗ − ct)e
−rtdt+ a0 +

∫ T

τ

(w − ct)e
−rtdt = 0, (2.1)where T is the length of the planning horizon, and δ is the 
onstant rate oftime preferen
e. In order to fo
us on the role of legal status of a worker ratherthan other fa
tors that may in�uen
e saving behavior, I assume that the pri
elevels are equal at home and abroad and normalized to unity. The real wagerates abroad and at home, w∗ and w, respe
tively, are assumed 
onstant and

w∗ > w. Eq. (2.1) states that the assets a

umulated abroad (dis
ounted atthe 
onstant risk-free rate of interest, r, assumed identi
al in both 
ountries)plus a0, the initial asset holdings net of migration 
ost, must be equal to thedis
ounted ex
ess of 
onsumption over wage in
ome after return.7 The utilityfun
tion is assumed to take the iso-elasti
 form u(x) = x1−θ

1−θ , where 1
θ
is theelasti
ity of intertemporal 
onsumption substitution (EICS).G's optimal 
onsumption path satis�es8

ct = c0e
r−δ
θ
t, c0 =

[

w∗1− e−rτ

r
+ a0 + w

e−rτ − e−rT

r

] r−δ
θ

− r

e(
r−δ
θ

−r)T − 1
.(2.2)This optimal ct re�e
ts the migrant's desire to enjoy a time path of 
onsump-tion that is smoother than the time path of earnings, 
onsisting of a higherwage abroad and a relatively lower one after return. De�ning at as the guestworker's asset position at time t and g ≡ r−δ

θ
− r, we have

at = a0e
rt + w∗ e

rt − 1

r
− c0

e
r−δ
θ
t − ert

g
, a0 > 0, t ∈ [0, τ

−
], (2.3)

at = aτe
r(t−τ) + w

er(t−τ) − 1

r
− cτ

eg(t−τ) − 1

g
, aT = 0, t ∈ [τ+ , T ].(2.4)7I assume that initial assets are large enough to 
over migration 
osts, i.e. a0 ≥ 0. Itherefore rule out the 
ase of borrowing to �nan
e migration. On this issue see Djaji¢ andVinogradova (2010).8The derivations of all the equations are relegated to the Appendix.25



The amount of assets repatriated at the time of return to the home 
ountryis
RAG ≡ aτ =

egT − egτ

egT − 1

[

a0e
rτ + w∗ e

rτ − 1

r
− w

(egτ − 1)(1− er(τ−T ))

r(egT − egτ )

]

.(2.5)Later in the paper RAG will be 
ompared with the magnitude of savingsrepatriated by an illegal immigrant. The obje
tive is to see how the savingpatterns of the two types of migrants di�er and, ultimately, to explain anysu
h di�eren
es.
2.2.2 Illegal ImmigrantConsider next a migrant who goes abroad as an undo
umented alien (U).Assume for simpli
ity that U and G have the same initial asset holdings netof migration 
ost and fa
e the same wage rate abroad. The only di�eren
e isthat due to the illegality of her status, U may be deported ba
k home at anytime. The event of deportation is assumed to follow a Poisson pro
ess with a
onstant mean arrival rate λ. If U is 
aught by the immigration authoritiesat time t (with probability λdt), she is deported and earns the sour
e-
ountrywage, w, until the end of her planning horizon without subsequent migrationattempts. Alternatively, if U is not 
aught (with probability 1 − λdt), sheearns the higher host-
ountry wage, w∗. U's 
onsumption rate while abroadis denoted by cut and the one after deportation by cdt . The following di�er-ential equations des
ribe the evolution of U's asset position over time (by
onvention, a dot over a variable denotes the derivative with respe
t to time):
ȧut = raut + w∗ − cut , au0 > 0, (2.6)while U is abroad, and
ȧut = raut + w − cdt , auT = 0, (2.7)26



in the event that U is deported ba
k to the 
ountry of origin. The opti-mal 
onsumption path after deportation 
an be easily obtained by solvingthe standard deterministi
 optimization problem, whi
h is presented in Ap-pendix 2.5.2. The sto
hasti
 
ontrol problem pertaining to the initial phase(i.e., while U is abroad) is solved with the aid of the Hamilton-Ja
obi-Bellmanequation and yields the following di�erential equation for U's 
onsumptionrate (see Appendix 2.5.2)
ċut
cut

=
1

θ

{

λ

[

(

cdt
cut

)−θ

− 1

]

+ r − δ

}

, (2.8)where
cds =

[

aus +
w

r

(

1− e−r(T−s)
)

] g

eg(T−s) − 1
(2.9)if deportation o

urs at time s. Note that if there is no un
ertainty, i.e.

λ = 0, the �rst term in the 
urly bra
es in eq. (2.8) vanishes and the usualEuler equation for 
onsumption growth rate applies. Furthermore, it is easyto see that the term in the square bra
kets is unambiguously positive (seeAppendix), so that the presen
e of un
ertainty results in a higher 
onsumptiongrowth rate relative to the 
ertainty 
ase. This higher growth rate 
an besustained only with a higher saving rate at the beginning of the planninghorizon, implying that un
ertainty triggers pre
autionary saving.9 As will beshown later, however, the pre
autionary saving is short-lived and the totalrepatriated assets of U are lower than those of G if both end up stayingabroad for an identi
al period of time.Eqs. (2.8) - (2.9) in 
ombination with the laws of motion of the assetposition (2.6) - (2.7) form a system whi
h 
an be solved (not analyti
allythough) for the optimal paths of cut and aut .9To
he (2005) obtains a similar result in the 
ontext of a model with a random employ-ment status. See also Wälde (1999). 27



2.3 Migrants' Saving BehaviorIn this Se
tion I numeri
ally solve for U's optimal 
onsumption/saving pro-gram. In the next subse
tion I 
ompare U's saving rate with that of G andillustrate the pre
autionary saving phenomenon as well as its relatively shortduration. I also analyze the evolution of the optimal asset position of the twotypes of migrants and explain the key �nding of the paper: The total repa-triated assets of the guest worker always ex
eed those of the undo
umentedworker if both happen to remain in the host 
ountry for identi
al periods oftime. In the se
ond subse
tion I dis
uss the 
onditions under whi
h the twotypes of migrants repatriate identi
al amounts of savings.The numeri
al simulations are performed for the following values of themodel's parameters. The length of a migrant's planning horizon is assumedto be 30 years to roughly 
orrespond to the remaining working life of an Asianmigrant from, say, Thailand, whose average age at the time of migration isreported to be in the early thirties.10 The length of the guest-worker permitis set at 4 years. In fa
t, 
onditions of guest-worker programs vary a
rosshost 
ountries. The United States Government A

ountability O�
e (2006,p.26) reports that the duration of a permit may vary from 3 months to 5years in the 
ountries 
overed by their study. In Japan, Korea, Hong Kong,and Singapore the permits are typi
ally issued for 2 or 3 years (see, e.g.,OECD 2002 and Spen
er 1992). OECD (2002) also provides an extensivedis
ussion of immigration poli
ies in Asian 
ountries, in
luding deportationmeasures aimed at illegal immigrants. For example, in the 
ase of Malaysia,the sto
k of undo
umented Indonesian migrants is estimated to be 450'000and 10'000 are deported every month (OECD 2002, p.254). These �guresimply a deportation rate of 0.26 per year. In Japan, the sto
k of illegal10See Jones and Pardthaisong (1999) and Sobiesz
zyk (2000). Amuedo-Dorantes etal. (2004) report that the average age of Mexi
an migrants to the U.S. in the Mexi
anMigration Proje
t (MMP93) was 33 years and their average length of stay was 
lose to 3years. 28



aliens was estimated at 193'745 with 33'192 deportations in 2005 (Vogt 2007),implying a deportation rate of roughly 0.17. In line with these �gures, theparameter λ is 
alibrated at 1/4 per year, implying that U's expe
ted stayabroad is equal to 4 years (by the property of the Poisson pro
ess). Theassumption that U's expe
ted duration of stay abroad is equal to the lengthof the guest-worker permit will allow us to make meaningful 
omparisons oftheir saving behavior: the behavior of G 
an be interpreted as the 
ertainty-equivalent behavior of U.An important parameter of the model is θ, whi
h is the inverse of the elas-ti
ity of intertemporal 
onsumption substitution (hereafter EICS). Althoughthere is not an unanimous view in the literature on the magnitude of thisparameter, many empiri
al studies of EICS 
on
lude that the relevant val-ues lie below 2, whi
h 
orresponds to θ above 0.5.11 I 
alibrate θ at 0.75for the ben
hmark 
ase and 
he
k the sensitivity of the results to 
hanges inthis parameter. It turns out that even for a wide range of 
alibrations, from
θ = 0.25 to θ = 5, the qualitative 
on
lusions remain una�e
ted and even thequantitative results are not signi�
antly a�e
ted, as we shall see below.The relative real wage di�erential is set at 2, whi
h roughly 
orrespondsto the 
ase of Thai migrants in South Korea. The real risk-free interest rate,
r, is 3% per year. The rate of time preferen
e, δ, is for simpli
ity set equal to
r.12 The parameter values used in the ben
hmark simulation are summarizedin Table 1:11Vissing-Jørgensen (2002) estimates EICS for sto
k- and bondholders, distinguishingamong 3 wealth groups, as well as for non-sto
kholders. Her estimates range from 0.29 forsto
kholders to 1.38 for bondholders with higher estimates for top wealth layer householdsand 
lose to zero estimates for non-sto
kholders. See also Epstein and Zin (1991), Hansenand Singleton (1982), and Keane and Wolpin (2001).12With δ = r the time path of guest worker's 
onsumption is �at at the level c0, whilethat of the undo
umented migrant is upward sloping when she is lo
ated abroad and �atafter deportation. When δ < r (δ > r) the time paths of 
onsumption of both G and Urotate 
ounter
lo
kwise (
lo
kwise), whi
h results in a larger (smaller) amount of savingsrepatriated to the sour
e 
ountry. 29



planning horizon, years T 30guest worker permit, years τ 4relative real wages w∗/w 2risk-free interest rate r 0.03rate of time preferen
e δ 0.03Poisson deportation rate λ 1/4elasti
ity of marginal utility θ 0.75initial assets net of migration 
ost a0 0Table 2.1: Ben
hmark 
alibration.2.3.1 Comparing Saving RatesSaving dynami
s are illustrated in �gure 2.1, with the ben
hmark 
ase shownby the bold lines. U's time pro�le of saving (bold dashed line) is drawn underthe assumption that deportation o

urs pre
isely at t = 4 (
orresponding tothe average waiting time until deportation), so that U and G leave the host
ountry simultaneously. The pre
autionary saving phenomenon 
an be 
learly
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t = 5.68Figure 2.1: Saving rates, τ = 4 (thi
k), τ = 10 (thin).re
ognized: U's saving rate ex
eeds that of G (shown by the bold solid line)30



during the �rst year abroad. Note, however, that U's saving rate de
linesmonotoni
ally until the time of deportation and by then falls well below G'srate, re�e
ting the higher 
onsumption growth rate under un
ertainty derivedin eq. (2.8).What a

ounts for this lower pa
e of wealth a

umulation in spite of thepositive e�e
t of deportation risk on the saving rate in the early phase of U'splanning horizon? The apparent paradox 
an be easily explained. As thetime spent abroad by an illegal immigrant in
reases without dete
tion, hertotal expe
ted lifetime in
ome 
ontinuously grows. She therefore has a weakerand weaker in
entive to save, so that her saving rate de
lines monotoni
allyto fall short of G's rate at the point of return. In fa
t just prior to beingapprehended and deported, U still expe
ts to remain in the host 
ountry foranother 1/λ years.As a 
omparative stati
s exer
ise, I use thin lines in �gure 2.1 to show themigrants' saving paths when the deportation poli
y is less stringent, with λ =

0.1, akin to what we observe, for example, in the EU. To have a meaningful
omparison, τ is set at 1/λ = 10. The 
orresponding saving s
hedules followexa
tly the same pattern as in the ben
hmark 
ase, ex
ept for the downwarddispla
ement. The saving rate abroad is redu
ed for both U and G as theirexpe
ted duration of stay (and therefore their lifetime earnings) are in
reased.Also note that U's dissaving rate after return is lower than that of G sin
eU has not a

umulated as mu
h wealth abroad as G has. The dis
repan
y ismore pronoun
ed for lower Poisson deportation rates.Di�eren
es in the saving rates of U and G translate into di�erent timepaths of their asset positions. Figure 2.2 shows the evolution of asset holdingsof U (dashed line) and of G (solid line) for the 
ase of τ = 10 and λ = 0.1.The pre
autionary saving phenomenon 
an be re
ognized again by noting thatthe undo
umented migrant's asset position ex
eeds that of the guest workeruntil approximately t = 5.68. Re
all that the growth rate of a migrant's assetposition is just the interest earned on the sto
k of assets plus the saving rate.At time t = 5.68 the asset positions of G and U are equalized but the saving31
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Figure 2.2: Total assets.rate of U is lower than that of G by the amount AB in �gure 2.1, so that thegrowth rate of U's asset position (the slope of the dashed line in �gure 2.2)is lower than the growth rate of G's asset position (the slope of the solidline). By the time of deportation at t = 10, U's asset holdings are 16.55%lower than those of G. The di�eren
e in repatriated wealth, shown by thedistan
e CD, 
orresponds to the shaded surfa
e in �gure 2.1. Should U belu
ky enough to never get deported, her sto
k of assets would evolve alongthe dotted line.The saving rates, and 
onsequently the magnitude of a

umulated assets,depend on the 
hosen value of the elasti
ity of intertemporal 
onsumptionsubstitution (EICS). In the next �gure I show, however, that EICS plays aminor role, in the sense that none of the qualitative results 
on
erning thesaving rates are a�e
ted by a large 
hange in EICS. Moreover, even the quan-titative results are not signi�
antly a�e
ted.13 Figure 2.3 shows the saving13As noted earlier, in order to fo
us on the impli
ations of deportation risk on savingbehavior, I have assumed that 
ommodity pri
es and interest rates are identi
al a
ross
ountries. What makes saving rates highly sensitive to 
hanges in θ in other models oftemporary migration are pri
e level and interest rate di�erentials whi
h trigger intertem-poral substitution of sour
e-
ountry for host-
ountry 
onsumption (e.g., Djaji¢ 2010).32



dynami
s of U and G for the ben
hmark 
ase θ = 0.75 (EICS=1/θ=1.33) withbold lines, while the thin lines show U's saving rate for θ = 0.25 (bottom line),
θ = 1.75 (thin dashed line), and θ = 5 (thin solid line).
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Figure 2.3: Saving rates and EICS: ben
hmark θ = 0.75 (bold), θ = 0.25 (bottom),
θ = 1.75(thin dashed), θ = 5 (thin solid).The simplifying assumption that r = δ implies that θ does not a�e
t theoptimal 
onsumption path of G (see eq. (2.2)) but it does a�e
t the optimal
onsumption path of U (re
all eq. (2.8)) and 
onsequently the position ofthe dashed line. Figure 2.3 demonstrates that the di�eren
e between U'ssaving rate under alternative 
alibrations of θ is quite small with a slightlyhigher saving rate asso
iated with a greater degree of 
on
avity of the utilityfun
tion. For instan
e, at the moment just before deportation (t = 10) Usaves 11.61% of her in
ome with θ = 0.75 and 12.35% of her in
ome with

θ = 1.75. The repatriated assets are only 4.55% higher with a higher θ andare still 12.74% below those of G.The assumption that deportation of U o

urs pre
isely on the date that
oin
ides with the expiration of the work permit for G is a useful expositionaltool that enables us to highlight the di�eren
es between saving behavior of thetwo types of migrants under spe
i�
 
onditions. In reality, deportation may33



o

ur at any time and, in addition, there is no reason to expe
t that a host
ountry's 
hoi
e of τ is identi
al to its 
hoi
e of 1/λ. In the next subse
tion I
onsider the general 
ase where the fo
us of the analysis is on the determinantsof the aggregate �ows of repatriated assets that a sour
e 
ountry 
an expe
tto re
eive for any given sto
k of migrants employed abroad.
2.3.2 Comparing Repatriated AssetsAs noted in the Introdu
tion, repatriated savings of temporary migrants playa very important role at the ma
roe
onomi
 level in the 
ountries of emigra-tion. Tens of billions of dollars �ow every year ba
k to 
ountries like China,India, Mexi
o, and the Philippines. For less populous labor-exporting 
oun-tries, the dollar �gures are more modest, but in many instan
es 
onstitutea large per
entage of GDP.14 Mu
h of these �ows stem from the savings ofundo
umented migrant workers. Center for Immigration Studies (2007) es-timates that 55% of all Mexi
an migrants residing in the U.S.A. are illegal.For Central Ameri
ans the �gure is 47% and for South Ameri
ans 33%. Inlight of these numbers, my analysis of the optimizing behavior of U and Gnaturally raises some important questions that have not been addressed inthe theoreti
al literature: Does a larger proportion of do
umented to undo
u-mented migrants 
ontribute to a larger or smaller in�ow of repatriated savingsper worker? How is this relationship a�e
ted by the host 
ountry's deporta-tion poli
y and its restri
tions on the maximum duration of a guest-worker
ontra
t? In the analysis that follows I develop a basis for addressing thesequestions by �rst 
omparing the magnitude of repatriated assets of a guestworker, RAG, with the expe
ted repatriated assets of an illegal immigrant,
ERAU .1514For example, in 2009 remittan
es and repatriated assets represented 22.4% of GDP inMoldova and 35.11% in Tajikistan (The World Bank Data).15Sin
e G does not fa
e any un
ertainty with respe
t to her duration of stay abroad, hera
tual and expe
ted RA are identi
al. Due to the risk of deportation, however, those of U34



The amount that a guest worker repatriates at the point of return is givenby eq. (2.5). In the 
ase of an undo
umented migrant, the expe
ted amountof repatriated assets is de�ned as ERAU =
∫ T

0
asfsds, where fs = λe−λs

1−e−λTis the density of a trun
ated-exponentially distributed random variable.16Figure 2.4 shows ERAU (dashed line) and RAG (solid line) as fun
tions ofthe (expe
ted) duration of stay abroad: 1/λ for U and τ for G. For instan
e,point C in �gure 4 
orresponds to point C in �gure 2.2.
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Figure 2.4: Expe
ted repatriated assets.The value of assets 
orresponding to point F in �gure 4 is, however, theaverage �ow of repatriated assets per deported undo
umented worker when
λ = 0.1. It is lower than that marked by D in �gure 2.2, whi
h is the amountof assets that a deportee repatriates under the assumption that λ = 0.1 andthat deportation o

urs pre
isely at t = 1/λ.Considering realisti
 durations of stay abroad, �gure 2.4 demonstratesthat, on average, the savings brought ba
k by a deported undo
umentedare not.16Given that the event of deportation follows the Poisson pro
ess, the waiting time untildeportation is an exponentially-distributed random variable. The trun
ation is ne
essarysin
e the migrant's planning horizon is �nite (equal to T ). With an in�nite horizon, thedensity is just the numerator of fs. 35



worker are always lower than those of a do
umented one if the deportationpoli
y is su
h that λ = 1/τ .17 For the ben
hmark values of the model pa-rameters, an average undo
umented migrant repatriates 14.83% less than ado
umented worker when the expe
ted duration of stay abroad for both typesof workers amounts to 3 years. This per
entage in
reases monotoni
ally withthe expe
ted duration of stay, rea
hing 43.37% when the duration is 10 years.Thus, an average undo
umented deportee will bring ba
k the same amountof savings as a do
umented guest worker only if λ < 1/τ . In parti
ular, if
τ is set at three years, as is often the 
ase, for example, in South Korea,Singapore and Taiwan, an undo
umented immigrant earning the same wageas a do
umented guest worker will repatriate an identi
al amount of savings(shown by point E in �gure 2.4) only if her expe
ted duration of stay abroadis 3.71 years.This analysis of the links between immigration poli
ies of a host 
ountryand the migrants' saving behavior 
an be extended further to identify 
ombi-nations of the maximum 
ontra
t duration (τ) and the deportation rate (λ)su
h that the two types of migrants bring ba
k identi
al amounts of expe
tedrepatriated assets. These 
ombinations are tra
ed by the hump-shaped 
urvein �gure 2.5, showing the values of τ (on the verti
al axis) and 1/λ (on thehorizontal axis) su
h that RAG = ERAU . Anywhere above (below) the 
urve,G repatriates more (less) assets than U does. Note that the RAG = ERAUs
hedule lies to the right of the 45-degree line, 
on�rming what has been es-tablished in �gure 2.4: For any expe
ted duration of an illegal stay abroad,whi
h is equal to (or less than) the maximum duration of a guest-workerpermit, U repatriates less assets, on average, than G does.For realisti
 expe
ted durations of undo
umented stay, whi
h are arguably17For very high expe
ted durations of stay abroad (λ → 1/T ) and the 
orrespondinglengths of the permit (τ → T ), G behaves as a permanent migrant and her repatriatedsavings are then approa
hing zero, while U's expe
ted RA are positive due to the presen
eof deportation risk. These values of τ are, however, far beyond realisti
 values and thereforeruled out from the rest of the analysis. 36
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Figure 2.5: Combinations of τ and λ su
h that ERAU = RAG.to the left of the peak of the 
urve, one 
an identify whi
h migrant type
ontributes more to the aggregate in�ow of foreign ex
hange from a givenhost 
ountry. For instan
e, undo
umented Indonesian migrants in Malaysiafa
e a deportation rate of 0.26 or their expe
ted length of stay is 3.84 years.If an Indonesian guest worker is allowed to work in Malaysia for only 2 years(point H in �gure 2.5), he will repatriate less assets than an undo
umentedworker; if allowed to work for 3 years (point I), the two types of migrantswill repatriate almost identi
al amounts; while if the 
ontra
t is for 4 years(point J), G's repatriated savings will ex
eed those of U. A

ordingly, ifMalaysia's immigration poli
ies 
orrespond to point H (point J), the modelpredi
ts that an in
rease in the proportion of undo
umented to do
umentedIndonesian migrants will result in an in
rease (de
rease) in Indonesia's in�owof repatriated savings per migrant worker.As a �nal point, note that an in
rease in the foreign wage rate, w∗, shiftsthe RAG = ERAU s
hedule up. Thus the greater the international wagedi�erential, the greater the value of ERAU relative to RAG. Figure 2.6 showsthe RAG = ERAU s
hedule for w∗ = 2 (ben
hmark 
ase), w∗ = 4, and
w∗ = 6, with the sour
e-
ountry wage, w, normalized to unity. The main37
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Figure 2.6: E�e
t of 
hange in foreign wage.message 
onveyed by the �gure is that 
hanges in w∗ do not have a largequantitative impa
t on RAG relative to ERAU for empiri
ally relevant valuesof the immigration poli
y parameters τ and λ. This is parti
ularly true in theEast Asian 
ontext where deportation measures are quite stri
t and guest-worker 
ontra
ts limited in duration to just a few years.
2.4 Con
lusionThe present study is the �rst to explore the impli
ations of a migrant's legalstatus for the time path of her propensity to save and for the amount of assetsshe repatriates to the 
ountry of origin. The analysis employs a dynami
sto
hasti
 optimization framework in whi
h undo
umented immigrants fa
edeportation (arriving with a Poisson rate), while do
umented migrants workon a �xed-term 
ontra
t. The �ndings 
ontribute to our understanding ofhow the distin
tion between "legal" and "illegal" status of migrant workersa�e
ts their behavior both at the mi
ro level (as it relates to the optimal
onsumption and saving) and the ma
ro level (in in�uen
ing the average �ow38



of savings per worker ba
k to the sour
e 
ountry). Spe
i�
ally, I show thatif the host 
ountry's deportation poli
ies are su
h that an illegal alien fa
esan expe
ted duration of stay abroad equal to the length of the work permitof a do
umented guest-worker, the former saves at a higher rate than thelatter does in the initial phase of their foreign stay. However, should bothof them happen to remain abroad for an identi
al period of time, the formerrepatriates less savings ba
k to the sour
e 
ountry than the latter does. Whilethis result may seem 
ounterintuitive at �rst, it stems from the fa
t that anundo
umented worker's saving rate de
lines 
ontinuously over time, as longas she does not get deported. It qui
kly falls below the saving rate of ado
umented migrant after an initial phase of intensive pre
autionary saving.The model assumes that the Poisson deportation rate is 
onstant. If it wereto de
rease with the duration of stay abroad (e.g., as a result of learning howto avoid dete
tion), this tenden
y for the saving rate of an undo
umentedmigrant to de
line over time would be even more pronoun
ed.When 
omparing expe
ted repatriated assets of the two types of migrants,I show that undo
umented workers always bring ba
k less savings, on average,than do
umented workers do, assuming the expe
ted duration of an illegalstay is equal to the duration of the work permit. I also show the 
ombinationsof the expe
ted duration of an undo
umented stay and the length of a guest-worker 
ontra
t su
h that the two types of migrants repatriate, on average,identi
al amounts of savings. These two immigration poli
y variables of thehost 
ountry are shown to have an important in�uen
e in determining whi
htype of migration - do
umented or undo
umented - generates a larger per-migrant in�ow of foreign ex
hange into the sour
e 
ountry.At a more general level, the model helps explain the apparently paradoxi-
al empiri
al �nding that, in spite of the pre
autionary saving motive, peoplewith relatively more risky in
omes save less than people with relatively lessrisky in
omes. As noted by Skinner (1987, p.3): "Empiri
al 
omparisons ofsavings rates among o

upations with di�erent in
ome un
ertainty providelittle support for the view that pre
autionary savings are important. Data39



from the 1972-73 Consumer Expenditure Survey imply that self-employedand sales persons, those typi
ally thought to have the most risky in
ome,a
tually save less than other groups..." The prin
ipal �nding of the presentpaper that the pre
autionary saving phenomenon is short-lived helps explainthe paradox and shows that Skinner's observations are perfe
tly 
onsistentwith optimizing behavior.
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2.5 Appendix2.5.1 Legal Guest WorkerThe obje
tive is to maximize
V G =

∫ T

0

u(ct)e
−δtdt,subje
t to the budget 
onstraint

∫ τ

0

(w∗ − ct)e
−rtdt+ a0 +

∫ T

τ

(w − ct)e
−rtdt = 0. (2.10)The Lagrangian fun
tion is given by

L =

∫ T

0

u(ct)e
−δtdt+ µ

[
∫ τ

0

(w∗ − ct)e
−rtdt+ a0 +

∫ T

τ

(w − ct)e
−rtdt

]and the �rst order 
ondition with respe
t to 
onsumption 
hoi
e
∂L

∂ct
= u′(ct)e

−δt − µe−rt = 0. (2.11)Eq. (6.5) implies that 
onsumption rate is equal to ct = c0e
r−δ
θ
t, with c0 =

µ−1/θ and where we used the iso-elasti
 utility spe
i�
ation u(x) = x1−θ

1−θ .Using this in the budget 
onstraint (2.10) we obtain
∫ τ

0

(w∗ − c0e
r−δ
θ
t)e−rtdt+ a0 +

∫ T

τ

(w − c0e
r−δ
θ
t)e−rtdt = 0.Solving for c0, we obtain eq. (2) in the text.

2.5.2 Illegal ImmigrantThe problem of a migrant fa
ing a risk of deportation is a sto
hasti
 optimal
ontrol problem whi
h 
an be addressed by writing the Hamilton-Ja
obi-Bellman equation
Max

{

u(cut ) +
∂Vt
∂at

(rat + w∗ − cut )

}

+ λ(V d
t − Vt)− δVt = 0, (2.12)45



where the supers
ript d stands for "deportation" and Vt is U's value fun
tion.The �rst order 
onditions with respe
t to cut and at yield
u′(cut )−

∂Vt
∂at

= 0, (2.13)
∂2Vt
∂a2t

ȧt + r
∂Vt
∂at

+ λ

(

∂V d
t

∂at
−
∂Vt
∂at

)

− δ
∂Vt
∂at

= 0. (2.14)Di�erentiating (2.13) with respe
t to time and using the result in (2.14) yields
u′′(cut )

u′(cut )
ċut + r + λ

(

u′(cdt )

u′(cut )
− 1

)

− δ = 0.After rearranging terms and using u′(cit) = (cit)
−θ (i = d, u) we obtain

ċut
cut

=
1

θ

{

λ

[

(

cdt
cut

)−θ

− 1

]

+ r − δ

}

. (2.15)Note that the term in the square bra
kets is unambiguously positive asthe 
onsumption rate in deportation, cdt , is always smaller than cut , other-wise migration would not have taken pla
e. Thus the ratio cdt/cut raised to anegative power is always greater than unity.It is obvious from the above equation that the solution depends on themigrant's 
onsumption in "deportation", cdt . But cdt 
an be easily obtainedby solving the deterministi
 optimization problem of an individual who isdeported at an arbitrary time, say ξ ∈ [0, T ]. His obje
tive is to maximize
∫ T

ξ

u(cdt )e
−δ(t−ξ)dtsubje
t to

ȧt = rat + w − cdt , (2.16)the terminal 
ondition aT = 0 and the initial 
ondition given by aξ, i.e. theamount of assets a

umulated abroad up to time ξ whi
h the migrant bringswith him to the sour
e 
ountry at the time of deportation.The present value Hamiltonian is
H = u(cdt )e

−δ(t−ξ) + νt[rat + w − cdt ],46



where νt is the 
o-state variable, and the �rst order 
onditions are
∂H

∂cdt
= 0 => u′(cdt )e

−δ(t−ξ) = νt (2.17)
∂H

∂at
= −ν̇t => rνt = −ν̇t (2.18)Taking the time derivative of (2.17) and using the result in (5.4) we obtainthe usual Ramsey type 
ondition for 
onsumption growth rate

ċdt
cdt

=
r − δ

θ
, t ∈ [ξ+, T ].This equation implies the following 
onsumption path

cdt = cdξe
r−δ
θ

(t−ξ),where cdξ is determined by solving the di�erential equation for asset a

umu-lation (2.16):
cdξ =

[

aξ +
w

r

(

1− e−r(T−ξ)
)

] g

eg(T−ξ) − 1
, (2.19)Now eq. (2.19) 
an be substituted in (2.15) to yield the law of motion forthe illegal immigrant's 
onsumption. The next step is to solve the systemof two di�erential equations, one for 
onsumption and the other for assetsa

umulation, whi
h is done numeri
ally.
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Chapter 3
Liquidity-Constrained Migrants∗
3.1 Introdu
tionIn an e�ort to 
ontrol immigration over the last 
ouple of de
ades, the ad-van
ed 
ountries have introdu
ed new barriers to international mobility oflow-skilled workers. With the in
reasing 
omplexity of over
oming these bar-riers, migrants are relying more and more on the servi
es of human smugglingorganizations to help them rea
h their desired destination. As reported byPetros (2005), the fees for smuggling servi
es vary depending on the distan
etraveled, the means of transport, and the entry strategy. They range fromhundreds of dollars for an assisted 
rossing of a single border to tens of thou-sands of dollars on 
ertain long-haul routes. Although the amounts paid tosmugglers may not be very large in relation to the expe
ted in
ome abroad,from the perspe
tive of low-skilled workers in the poor developing 
ountries,the 
ost of migration represents a big obsta
le that stands in the way of theirmigration plans.1

∗This paper is 
o-authored with Slobodan Djaji¢ from the Graduate Institute, Geneva.It is being revised for Journal of International E
onomi
s.1There is a growing empiri
al literature that o�ers eviden
e on the e�e
ts of liquidity
onstraints on international migration. Angelu

i (2004) uses data from the Progresa pro-gram in Mexi
o to study the impa
t of transfers to liquidity-
onstrained, rural householdson both internal and international migration. She �nds that un
onditional 
ash transfers48



A key question is how to pay for the 
ost of migration. One possibilityis to a

umulate enough savings out of in
ome earned in the sour
e 
ountry.We would expe
t this "self-�nan
e" solution to be attra
tive when the 
ostof migration is low in relation to the sour
e-
ountry wage. When the 
ost isin the tens of thousands of dollars, as in the 
ase of undo
umented migrationfrom China to Western Europe and North Ameri
a, there may be no s
opefor a

umulating the required amount out of the in
ome earned at home. Insu
h 
ases it would be ne
essary to borrow in order to migrate.Borrowing 
an take pla
e from a network of family and friends, part ofwhi
h may already be lo
ated in the host 
ountry, or by getting indebted to ahuman smuggling organization. When borrowing from relatives or friends, theloan agreement is typi
ally informal, with the interest obligations (if any) andthe 
ontra
t-enfor
ement me
hanism varying from one 
ulture to another. By
ontrast, when a migrant borrows from a smuggling organization, enfor
ementis very stri
t and the rates of interest are often 30% or even 60% per annum.2These rates re�e
t not only the high degree of risk in
urred by the lenderbut also the high transa
tions and enfor
ement 
osts. As a way of 
ontrollingthese 
osts, the smuggler typi
ally obliges the migrant to be
ome a bondedlaborer with (a partner of) the smuggling organization until the loan is paido�. While in bondage, the migrant's freedom of movement is limited and thewage earned is usually lower than the free-market wage in the host 
ountry.3are asso
iated with a 60% in
rease in the average migration rate, while the likelihood ofhaving migrants in the household is a positive fun
tion of the amount re
eived through theprogram. In the 
ase of El Salvador, Halliday (2006) reports that higher household wealthis positively asso
iated with migration to the U.S.A. For internal migration in Russia, An-drienko and Guriev (2004) �nd eviden
e that inter-regional migration is 
onstrained byla
k of liquidity and that it rises with an in
rease in in
ome. All these studies point tothe importan
e of liquidity 
onstraints in restri
ting 
ontemporary international migration,
on�rming what we already know about the role of su
h 
onstraints in the 18th and 19th
enturies (see, e.g., Hatton and Wiliamson (1992, p.7) and Chiswi
k and Hatton (2006,p.2)). See also Grubb (1985), Galenson (1984), and Hatton and Williamson (1994, 1998).2 See Kwong (1997, p.38), Gao (2004, p.11) and Sobiesz
zyk (2000, p.412).3A

ording to the US State Department, indentured migrants were put to work "...at49



To many observers, debt-bonded migration involves gross violations ofhuman rights and 
orresponds to a modern-day form of slavery. As its in
i-den
e has grown over the last 
ouple of de
ades, it has attra
ted an in
reasingamount of attention in poli
y 
ir
les, both at the national and multilaterallevels, with the aim of 
urbing this form of international labor mobility.4 Thepurpose of the present study is to 
hara
terize the 
onditions under whi
h
andidates for migration 
hoose debt bondage as the optimal mode of �nan
-ing their migration 
osts. This analysis is essential to an informed debate onwhat fa
tors 
ontribute to the growing in
iden
e of debt-bonded migrationand how immigration poli
ies, in
luding border 
ontrols and internal enfor
e-ment measures of the host 
ountries, 
an help deter it. The s
ope of ourstudy is limited to voluntary debt-bondage 
ontra
ts, whi
h are entered intoon the basis of more or less perfe
t information.5 An analysis of human traf-�
king, whi
h involves de
eption, strategi
 behavior, 
oer
ion, kidnapping,and violen
e, is beyond the s
ope of our paper.6lower than minimum wage and used most of their savings to pay down their debt at usuriousinterest rates." [United States Department of State (2006)℄. See Gao and Poisson (2005),Human Rights Wat
h (2000), Kwong (1997), Salt (2000), Sobiesz
zyk (2000), Stein (2003),Surtees (2003), and Vayrynen (2003) for informative dis
ussions of the 
onditions fa
ingmigrants in debt bondage.4 See Andrees (2008), Human Rights Wat
h (2000), and United States Department ofState (2006). The Palermo Proto
ols, adopted by the United Nations in 2000, address theproblems of migrant smuggling and human tra�
king. Although they draw a distin
tionbetween human tra�
king and smuggling through the element of exploitation, de
eptionand 
oer
ion, Andrees (2008, p.13) notes that, with respe
t to debt-bonded migration,"The la
k of viable e
onomi
 alternatives that makes people stay in an exploitative workrelationship... may 
onstitute a position of vulnerability as de�ned by the Palermo Proto-
ol."5In light of some media reports on the experien
e of illegal immigrants, it may seemodd that we should think of human smuggling and debt-bonded migration in the 
ontextof a perfe
t-information framework. As we shall see below, whether su
h a framework isa reasonable approximation depends largely on the 
hara
teristi
s of the market and therole of a smuggler's reputation in enabling him to attra
t new 
lients.6The problem of tra�
king is analyzed from a theoreti
al perspe
tive by Tamura (2010).50



The present study is not the �rst to analyze the role of liquidity 
onstraintsin a model of international migration. A paper by Friebel and Guriev (2006)models expli
itly the intera
tion between wealth-
onstrained migrants andsmugglers, with a fo
us on the 
onditions under whi
h the latter are willing too�er 
redit to the former. They 
on�ne their analysis, as we do, to voluntarydebt-bondage arrangements and provide a number of important new �ndingson the e�e
tiveness of border 
ontrols and deportation measures in deterringillegal immigration of liquidity-
onstrained individuals. Friebel and Guriev(2006), however, do not expli
itly model saving behavior. Their 
andidatesfor migration are endowed with a 
ertain initial sto
k of assets, whi
h 
an beeither greater or smaller than the 
ost of migration. If it is smaller, they 
anmigrate only as bonded laborers. By 
ontrast, the fo
us of the present studyis on the optimizing behavior of liquidity-
onstrained individuals, in
ludingtheir saving behavior. This opens up a wider range of options for a potentialmigrant, both with respe
t to the mode of �nan
ing and the optimal timingof departure from the sour
e 
ountry.Our obje
tive is to determine how a worker's optimal migration strategy isrelated to the 
ost of migration, the 
onditions in the labor markets at homeand abroad, the interest rate 
harged by the smuggling organization, and theproportion of the migration 
ost that 
an be 
overed by initial liquid assetholdings or borrowing from a family network. We �nd that debt bondageis the preferred option when the international wage di�erential is su�
ientlylarge in relation to migration 
osts. More restri
tive border-
ontrol mea-sures are shown to redu
e the in
iden
e of debt-bonded migration. Depend-ing on the wage gap between the host and sour
e 
ountries, however, su
hHe examines the equilibrium degree of migrant exploitation by the smugglers in a modelwhere the migrants are not liquidity 
onstrained, but have enough personal savings to paythe smuggling fee on arrival at the destination. A re
ent empiri
al study by Mahmoud andTrebes
h (2010) examines the fa
tors that in�uen
e the in
iden
e of tra�
king within amigrant population. This work, as well, does not tou
h on the issue of migrant indebtednessor whether the debt is owed to a smuggling organization or family and friends.51



measures may merely indu
e migrants to swit
h from debt-bonded to self-�nan
ed migration, rather than redu
e the total �ow of undo
umented im-migrants. Tougher internal enfor
ement measures that in
rease the 
osts andrisks fa
ing employers of bonded laborers are found to redu
e the in
iden
eof debt-bonded migration, in
rease the in
iden
e of self-�nan
ed migrationand redu
e the overall in�ow of undo
umented workers. Our model suggeststhat the redu
tion in the in�ow is likely to be from the relatively poorer ofthe sending 
ountries.The remainder of the paper is organized as follows. Se
tion 2 des
ribes themarket for human smuggling and de�nes the migrant's optimization problemin the debt-bondage and self-�nan
e s
enarios. Se
tion 3 
ompares the utilityof remaining at home with the utilities of migrating under these two alterna-tive �nan
ing s
hemes and 
hara
terizes the 
onditions under whi
h one orthe other is more attra
tive. Se
tion 4 introdu
es the possibility of borrowingfrom a family network in order to 
over a part of migration 
osts. The linksbetween our model and some stylized fa
ts are dis
ussed in Se
tion 5. Finally,Se
tion 6 
on
ludes the paper by summarizing its main results.
3.2 Self-Finan
ed vs Debt-Bonded MigrationWe 
ompare two alternative ways of paying for migration 
osts: By a

umu-lating savings out of sour
e-
ountry in
ome (self-�nan
ed migration) and byborrowing from a smuggler with a 
ommitment to repay the loan out of in-
ome earned in the destination 
ountry (debt-bonded migration). Either way,on
e the migration 
ost is paid, we assume that the smuggling organizationguarantees passage to the destination.77This is usually the 
ase in the Chinese market for human smuggling. The 
lient isinitially required to make a fra
tional down payment. If a smuggling attempt is unsu

ess-ful, the 
ontra
t 
alls on the smuggling organization to try again to bring the 
lient to thedestination. Full payment for smuggling servi
es is made only after the 
lient arrives safelyat the destination. 52



Human smuggling operations take many di�erent shapes and forms. Someare run by genuine travel agents, who gradually entered the smuggling busi-ness in the pro
ess of trying to help their 
lients realize their travel planswithout proper do
umentation. Enterprizes of this type 
an be found, forexample, throughout South, South-East, and East Asia. They 
harge a feefor providing business or a
ademi
 
redentials, letters of invitation, false ormodi�ed stolen passport, and other do
umentation needed for travel to thedesired destination. They seem to operate 
ompetitively in areas where their
ustomers live, their tra
k re
ord is well known in the 
ommunity, and theydepend very mu
h on their reputation in attra
ting new 
lients. Smugglingof Chinese undo
umented migrants into Western Europe and North Ameri
ahas similar features in that the reputation of the servi
e provider is a keyasset. This limits the s
ope for 
lient abuse and opportunisti
 behavior onthe part of the smugglers.8By 
ontrast, the situation is very di�erent in the market for human smug-gling in the Balkans, North Afri
a, and Turkey. In those 
ases migrants fromdistant 
ountries, poorly informed, and eager to get to their �nal destination,end up involved in arrangements with opportunisti
 smugglers who are in fa
texploitative 
riminals. In su
h markets, where a solid reputation of the ser-vi
e provider is not essential for getting new 
lients, be
ause poorly informedmigrants arrive spontaneously to the market to be mat
hed almost at randomwith the smugglers, transport servi
es and 
riminal abuse are often parts of asingle pa
kage, as analyzed very 
arefully and dis
ussed in papers by Tamura8Chin (1999) reports on the basis of his New York survey that smuggled Chinese nation-als often 
onsidered their smugglers (or "snakeheads") as philanthropists. Another surveybased on 129 interviews with snakeheads in New York City, Los Angeles, and Fuzhou,
ondu
ted by Zhang and Chin (2002), provides details on the stru
ture of Chinese human-smuggling operations into the United States and on the relationship between the smugglersand their 
lients. There is a 
lear sense that the smugglers are genuinely 
on
erned aboutthe responsibilities to their 
lients. See Djaji¢ and Vinogradova (2012) for further dis
us-sion. 53



(2010, 2011).9 Better informed or more experien
ed migrants fare better inthese markets than the ones who are not (see Gathmann (2008)). FollowingFriebel and Guriev (2006), however, we fo
us on purely human-smuggling a
-tivities that do not involve exploitation of 
lients through strategi
 behavior,de
eption, and physi
al abuse. A 
ompetitive smuggling organization o�ersthe migrant a 
ontra
t and honors it in full.10 This is the type of frameworkthat we 
onsider in the present study.The advantage of self-�nan
ed in relation to debt-bonded migration inthis setting is not having to pay ex
essive interest 
harges and not beingsubje
ted to the 
onstraints of bondage on arrival in the host 
ountry. Theadvantage of debt-bondage is that it allows the migrant to rea
h the host
ountry sooner. This means being able to sell his labor servi
es at a wagehigher than that of the sour
e 
ountry, although the bonded wage may belower than the free-market wage at the destination.9Similar 
onditions prevail in the markets for human smuggling servi
es along the US-Mexi
o border. Migrants arrive there after a long journey from the interior of Mexi
o oryet another 
ountry and often la
k knowledge of the market 
onditions or servi
e providers.There is 
onsiderable s
ope then for rent extra
tion through strategi
 behavior on the partof smugglers, who may be heterogeneous in terms of their 
apa
ity to exploit 
lints (seeTamura (2011) and the related papers on migrant smuggling by Auriol and Mesnard (2012)and Halliday and de Paula (2011)).10This type of relatively orderly arrangement in an industry employing debt-bondedworkers resembles the 17th and 18th 
entury institution of indentured servitude in 
olonialAmeri
a. Migrants who 
ould not a�ord to pay for their passage to the 
olonies fromBritain or 
ontinental Europe would indenture themselves, agreeing to repay the loan witha number of years of labor at the destination. The 
ontra
ts that the migrants enteredinto were stri
tly regulated and supported by the 
olonial governors, eager to meet laborshortages in the growing toba

o and grain se
tors. Enfor
ement of the 
ontra
ts bythe authorities limited worker abuses, but also dis
ouraged workers from violating the
ontra
ts by, for example, running away from their employer and hiding with the Indians(see Galenson (1984)).
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3.2.1 Self-Finan
ed MigrationConsider �rst the problem fa
ing a migrant who pays for migration 
ost outof a

umulated savings in the sour
e 
ountry. His obje
tive is to maximizeutility of 
onsumption over a planning horizon whi
h is assumed to extendfrom time 0 to T . During the period [0, φ] he earns the sour
e-
ountry wage,
w, 
onsumes ct at ea
h instant, and saves the rest of his in
ome to pay forthe 
ost of migration, K, at the optimally-
hosen time of departure, φ. Fromtime φ until T , he stays in the host 
ountry, earns w∗ > w, 
onsumes at therate c∗t , and is able to lend and borrow at the host-
ountry risk-free interestrate r∗.The migrant's problem is to 
hoose the 
onsumption rates at home andabroad, ct and c∗t , respe
tively, and the duration of the pre-departure, asset-a

umulation period, φ, given δ, w∗, w, r∗, and K, all of whi
h are assumed
onstant. Migration takes pla
e instantaneously and the migrant has no initialasset holdings. This last assumption is relaxed in Se
tion 4.The obje
tive fun
tion 
an be written as

max
ct,c∗t ,φ

∫ φ

0

u(ct)e
−δtdt+

∫ T

φ

u(c∗t )e
−δtdt. (3.1)In maximizing (3.1), the migrant fa
es two budget 
onstraints. First, overthe pre-migration period, his undis
ounted savings must sum up to the 
ostof migration:11

∫ φ

0

(w − ct)dt = K, (3.2)11In the absen
e of more attra
tive alternatives, the migrant is assumed to keep hissavings hidden at home until the point of departure. For very poor sour
e 
ountries withunderdeveloped �nan
ial markets, this seems to be the most realisti
 assumption. Lendingout the money may not be pra
ti
al if there are risks of default or delay in loan repayment.Assuming, instead, that he 
an get some interest rate ρ on his savings prior to migration,would rotate 
ounter-
lo
kwise the negatively-sloped time path of his sour
e-
ountry 
on-sumption and enable him to migrate slightly sooner.55



Se
ond, his net savings while abroad, dis
ounted at the foreign risk-freerate r∗, must be equal to zero in the absen
e of a bequest motive:
∫ T

φ

(w∗ − c∗t )e
−r∗tdt = 0. (3.3)Let us assume the utility fun
tion takes the following CRRA form, u(ct) =

c1−θt

1−θ , where 1/θ is the elasti
ity of intertemporal 
onsumption substitution(EICS). Then the 
onsumption path during the period of asset a

umulation
[0, φ] is given by (all the derivations are relegated to the Appendix)
ct = c0e

− δ
θ
t, (3.4)so that the migrant's 
onsumption rate, while in the sour
e 
ountry, de
linesat a proportional rate equal to the produ
t of EICS and the migrant's rateof time preferen
e. Substituting (6.11) in the budget 
onstraint (3.2) we get

φw −
θc0
δ
(1− e

−δ
θ
φ) = K, (3.5)whi
h equates the migrant's savings in the sour
e 
ountry to the 
ost ofmigration.If we assume for simpli
ity, as is usually done in the related literature,that the migrant's rate of time preferen
e, δ, equals the risk-free rate, r∗,then the migrant's 
onsumption abroad is 
onstant (c∗t = c∗) and equal tohis in
ome, w∗. With c∗ = w∗ the optimality 
ondition with respe
t to thedeparture date 
an be written as

[

u(w∗)− u(cφ)
]

e−δφ − c−θ0 (w − cφ) = 0, (3.6)where cφ = c0e
− δ
θ
φ. Thus at the optimal time of departure from the sour
e
ountry, the utility sa
ri�
ed by staying at home an instant longer, [u(w∗)−

u(cφ)
]

e−δφ, must be equal to the bene�t, c−θ0 (w − cφ), whi
h is the utilityvalue of the savings a

umulated over that unit of time. Note that on arrivalin the host 
ountry, the migrant's 
onsumption jumps instantaneously from
cφ to w∗. 56



Eqs. (3.5) and (3.6) 
an be solved for the two key endogenous variables,
c0 and φ, as fun
tions of the exogenous variables that des
ribe the environ-ment fa
ing the migrant: w, w∗, and K. The 
omparative stati
s results areprovided in Appendix 3.7.1.Of greater interest to us is the level of dis
ounted lifetime utility, USF ,enjoyed by a migrant under the self-�nan
e arrangement:
USF =

1

δ(1− θ)

[

θc1−θ0 (1− e−
δ
θ
φ) + (w∗)1−θ(e−δφ − e−δT )

]

, (3.7)where both c0 and φ are optimally 
hosen. We will subsequently 
ompare thisutility with the levels enjoyed under alternative arrangements to determinewhi
h of the available options is superior.
3.2.2 Debt-Bonded MigrationInstead of saving at home, a liquidity-
onstrained agent may 
hoose to borrowfrom a smuggling organization in order to pay for the 
ost of migration. Inthat 
ase he gets smuggled into the destination 
ountry at time 0, where hestays until T , but 
ommits to repay the entire debt by the time τ ∈ (0, T ).The interest rate on the debt, r, is assumed to be greater than the foreign risk-free rate, r∗. During the period [0, τ ] he works for (a partner of) the smugglingorganization at the bonded wage, wb. We assume that w < wb < w∗ whi
h, inreality, 
orresponds to most 
ases of debt-bonded migration. On
e the debtis repaid, the migrant is released from bondage and is free to earn w∗, as wellas to lend and borrow at the rate r∗. As it is rarely the 
ase that a migrantis able to default on a loan from the smuggling organization, we assume thatthe loan is always paid ba
k.1212Numerous media reports seem to suggest that debt-bonded migrants, espe
ially in thesex industry, are 
oer
ed, subje
ted to violen
e and sometimes even inde�nite slavery. Anextensive, 132 page report by Human Rights Wat
h (2000) on the experien
e of debt-bonded Thai sex workers in Japan, provides strong indi
ations that 
ases of abuse are57



The migrant's obje
tive is to maximize his lifetime utility
∫ τ

0

u(cbt)e
−δtdt+

∫ T

τ

u(cb∗t )e
−δtdt, (3.8)with respe
t to the duration of the debt-repayment period, τ , his 
onsumptionrates while indebted, cbt , and after being released from bondage, cb∗t , subje
t totwo budget 
onstraints: First, during the bondage period, the present valueof his savings, dis
ounted at the smuggler's rate of interest, r, must be equalto the size of the debt:

∫ τ

0

(wb − cbt)e
−rtdt = K (3.9)Se
ond, on
e the debt is repaid, the migrant's savings over the remainder ofhis planning horizon, dis
ounted at the risk-free rate, must sum up to zero:

∫ T

τ

(w∗ − cb∗t )e
−r∗tdt = 0. (3.10)Following the standard optimization te
hniques, we derive the migrant'soptimal 
onsumption path during the period of indebtedness as

cbt = cb0e
r−δ
θ
t, (3.11)so that the 
onsumption rate while in bondage grows at a proportional rateequal to the produ
t of the EICS and the di�eren
e between the rate ofinterest 
harged by the smuggler and the migrant's rate of time preferen
e.Combining (3.11) with (3.9) we obtain

wb

r
(1− e−rτ )−

cb0
g
(egτ − 1) = K, (3.12)where g ≡ r−δ

θ
− r is the proportional growth rate of the dis
ounted (time 0)value of the 
onsumption rate cbt .an ex
eption rather than the rule. The vast majority of migrants are fully aware of the
onditions of employment abroad before entering into their 
ontra
ts, whi
h in turn (atleast in the 
ase of Japan) are largely respe
ted by the employers. It is also important tonote that debt-bonded migrants are employed in a wide range of industries throughout theworld and do not only 
onsist of sex workers.58



Having assumed that δ = r∗, the 
onsumption rate abroad of a debt-freemigrant (i.e., after time τ), is 
onstant at cb∗ = w∗. Then the optimality
ondition with respe
t to the debt-repayment date 
an be written as
[

u(w∗)− u(cbτ )
]

e−r
∗τ − (cb0)

−θ(wb − cbτ )e
−rτ = 0, (3.13)whi
h states that when τ is optimally 
hosen, the 
ost (in terms of utility)of remaining in bondage an instant longer, [u(w∗) − u(cbτ )]e

−r∗τ , must beequal to the bene�t, (cb0)−θ(wb − cbτ )e
−rτ , whi
h is the utility value of netsavings a

umulated during this extra instant. Noting that cbτ = cb0e

r−δ
θ
τ ,eqs. (3.12) and (3.13) 
an be solved for the optimal length of the repaymentperiod, τ , and the initial 
onsumption rate, cb0, as fun
tions of the exogenousvariables (see Appendix 3.7.2 for 
omparative stati
s results and Djaji¢ andVinogradova (2012) for a more detailed analysis a debt-bonded migrant'sbehavior). At the time of release from bondage the migrant's 
onsumptionjumps instantaneously from cbτ to w∗.The dis
ounted lifetime utility of a debt-bonded migrant is given by

UDB =
(cb0)

1−θ

1− θ

[egτ − 1

g

]

+
(w∗)1−θ

1− θ

[e−δτ − e−δT

δ

]

, (3.14)when cb0 and τ are optimally 
hosen.
3.2.3 No MigrationAnother option available to a potential migrant is simply to remain perma-nently in the sour
e 
ountry and work for the wage w. On the assumptionthat he fa
es a 
onstant rate of interest, ρ, equal to his rate of time preferen
e,
δ, the time path of his 
onsumption is �at with ct = w.13 The dis
ounted13 Assuming that ρ 6= δ would a�e
t the time pro�le of the agent's 
onsumption butwould not alter the prin
ipal �ndings of this paper. Note the distin
tion we make betweenthe opportunities in the 
redit market fa
ing a non-migrant and a worker intending tomigrate. We assume that the latter 
annot borrow in the lo
al market at the interest rate59



lifetime utility stemming from his optimal 
onsumption program is then givenby
UNM =

w1−θ

1− θ

[1− e−δT

δ

]

, (3.15)where NM stands for "no migration".In the next se
tion we 
ompare the three options by means of numeri
alsimulations. Our aim is to (i) identify the 
onditions under whi
h interna-tional migration is optimal and, (ii) when migration does in
rease lifetimewelfare, under what 
onditions do migrants prefer debt-bondage over self-�nan
e as a way of meeting migration 
osts.
3.3 Comparing the AlternativesThe 
hoi
es available to a potential migrant are: (a) no migration (NM),resulting in utility UNM , (b) self-�nan
ed migration (SF), resulting in utility
USF , and (
) debt-bonded migration (DB), giving rise to a utility level UDB.The relationship among these options is illustrated in �gure 3.1, where wehave the ratio of the host- to home-
ountry wage on the verti
al axis andthe ratio of the migration 
ost to the home-
ountry wage on the horizontalaxis. The SF = NM lo
us shows 
ombinations of w∗/w and K/w su
hthat a potential migrant is indi�erent between self-�nan
ed migration and nomigration.14 The s
hedule is drawn for T = 30 years, θ = 0.95, δ = ρ = r∗ =

ρ be
ause enfor
ement of a loan agreement with the borrower abroad is more 
ostly forthe lo
al money lenders. See Taylor (2006). Note, in addition, that a non-migrant withoutany a

ess to �nan
ial markets is 
onstrained to 
onsume his 
urrent in
ome (ct = w).14Migration 
osts in our model are represented by K, the monetary 
ost of moving tothe host 
ountry. In reality, migration 
osts involve mu
h more than simply paying for amove. There are also the non-pe
uniary 
ost of separation from family and friends, the
ost of depre
iating so
ial 
apital, et
. (see S
hi�, 2006). These non-pe
uniary 
osts are60



5% per annum, while wages w∗ and w are measured as �ows per week, with wnormalized to 1. These same values are used in our 
al
ulations throughoutthe paper.15 Anywhere above and to the left of the SF = NM s
hedule,
USF > UNM , so that a worker is better o� migrating under the self-�nan
earrangement rather than staying permanently at home. In the region belowand to the right of SF = NM it does not pay to migrate if migration has tobe self-�nan
ed.The SF = DB lo
us shows 
ombinations of w∗ and K su
h that a poten-tial migrant is indi�erent between self-�nan
ed migration and debt-bondedmigration under the assumptions that the smuggling organization 
harges
r = 40% per annum and o�ers a bonded wage whi
h is only two thirds ofthe market wage in the host 
ountry (i.e, wb = (1 − σ)w∗, where σ = 1/3).What 
an make bondage appealing to potential migrants, in spite of the highinterest rate 
harged by the smuggling organization and the prospe
t of be-ing underpaid abroad, is that this �nan
ing mode gets them sooner to theforeign, high-wage 
ountry. For any given σ, getting abroad sooner has agreater impa
t on welfare, the larger the international wage di�erential. Highinterest 
harges on loans provided by the smuggling organization are, on theother hand, a disadvantage, the weight of whi
h is heavier, the higher thewithout a doubt large, although very little empiri
al eviden
e is available on this issue.Let K be the total migration 
osts, 
onsisting of monetary (M) and non-pe
uniary 
osts(N). If only M needs to be �nan
ed, we would have to repla
e K by M in the migrant'sbudget 
onstraint and subtra
t the utility value of N from USF and UDB in 
omparing thevarious options available to potential migrants in the �gure. The value of N may dependon the mode of migration as well as the time of departure from the sour
e 
ountry.15We have tried a wide range of values for T and θ in our simulations, only to �nd thatthe main results of the paper remain una�e
ted. With a longer time horizon, T , an in
reasein K 
an be shown to require a smaller in
rease in w∗ to keep the utility of SF equal tothat of NM, making the SF = NM s
hedule �atter. By 
ontrast, an in
rease in the degreeof 
on
avity of utility fun
tion makes the SF = NM s
hedule steeper. That is, for anygiven in
rease in K, it requires a larger in
rease in future in
ome (and hen
e w∗) to keepthe agent indi�erent between SF and NM. Similar analysis 
an be 
ondu
ted for the othertwo s
hedules in �gure 3.1. 61
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Figure 3.1: Optimal arrangements for �nan
ing migration 
osts.
ost of migration. For a given r and σ, this implies a positive relationshipbetween the foreign wage and the 
ost of migration that makes potential mi-grants indi�erent between self �nan
ing their migration 
osts and borrowingfrom a smuggling organization. For any 
ombination of the foreign wage andmigration 
ost that is above or to the left of the SF = DB lo
us, DB ispreferred over SF.Finally, agents are indi�erent between debt-bonded migration and "nomigration" along the DB = NM s
hedule. Above it, UDB > UNM , whilebelow it, debt-bonded migration is less attra
tive than the NM option. Thethree s
hedules interse
t at point A and serve to identify the 
ombinations of
w∗ and K for whi
h ea
h of the three options is optimal.16 Sour
e-
ountryworkers will opt for debt-bonded migration when 
ombinations of w∗ and Kfall into the dotted area above the SF = DB s
hedule to the left of point Aand above the DB = NM s
hedule to the right of A. Self-�nan
e is optimalwhen 
ombinations of w∗ and K fall into the white, unshaded area between16All three s
hedules must always interse
t at the same point. Consider a point ofinterse
tion between SF = DB lo
us and the SF = NM lo
us. For that 
ombination of
w∗ and K it must also be the 
ase that DB = NM .62



the SF = DB and the SF = NM s
hedules below and to the left of pointA. No migration is optimal in the remaining area shaded by thin lines.The �gure illustrates some obvious points, but it also reveals a number ofinteresting impli
ations of our analysis. First, it shows that NM is optimalwhen migration 
osts are high, while the foreign wage is not attra
tive enoughto warrant moving abroad. By 
ontrast, when migration 
osts are low andthe foreign wage is high, debt-bonded migration is optimal. The low K andhigh w∗ ensure, respe
tively, that the debt burden is not too heavy and thatthe loan 
an be repaid relatively qui
kly out of earnings abroad, even at anexorbitant rate of interest 
harged by the smuggler. For somewhat highermigration 
osts and/or lower foreign wage, the self-�nan
e option dominatesdebt-bondage in the unshaded region to the left of point A. This is be
ause ahigher K imposes a larger debt that must be servi
ed under DB at a high rateof interest, while a redu
tion in w∗ relative to w erodes the only advantage ofbe
oming a bonded laborer. Self-�nan
e is then the optimal way to pay formigration 
osts.An important impli
ation of this analysis is that, by in
reasingK, tougherborder 
ontrols help redu
e the in
iden
e of debt-bondage.17 This goes againstthe 
onventional wisdom that higher migration 
osts fuel growth of debt-bondage. The 
onventional view is based on the notion that if a potentialmigrant's wealth is smaller than migration 
ost, he will be in
lined to bor-row from the smuggler. On
e we allow for saving for the purpose of meetingmigration 
osts, we �nd that an in
rease in K makes DB less attra
tive rel-ative to SF, but also relative to NM.17Although the pre
ise relationship between the intensity of border 
ontrols and thevalue of K depends on the te
hnology of enfor
ement, the 
hara
teristi
s of the market forhuman smuggling, and numerous other fa
tors, we are interested here in only the qualitativeimpa
t of a poli
y 
hange on the value of K. There is in fa
t very little eviden
e on thequantitative e�e
t of a 
hange in the intensity of border patrols and K, other than in the
ase of the Mexi
o-US border. See, e.g., Gathmann (2008) and Hanson and Spilimbergo(1999). 63



An in
rease in border 
ontrols, however, has di�erent impli
ations depend-ing on the magnitude of the international wage di�erential. For relatively lowvalues of w∗/w (i.e., below the line XAY in �gure 3.1), a marginal in
reasein K that is e�e
tive in redu
ing debt-bonded migration will result in an o�-setting in
rease in self-�nan
ed migration. In that range of values of w∗/w,a higher K indu
es migrants to swit
h from debt bondage to self �nan
e, butdoes not dis
ourage them from attempting to migrate. It is only for valuesof w∗/w above the interse
tion of the three s
hedules that tougher borderenfor
ement measures that deter debt-bonded migration are also e�e
tive inredu
ing illegal immigration one for one. In that range of values of w∗/w and
K, it does not pay to swit
h to SF, but rather to NM.Apart from enfor
ement measures at the border, host 
ountries have inpla
e various internal 
ontrols, in
luding worksite inspe
tions and employersan
tions that make it more 
ostly for �rms to hire undo
umented workers.These measures undoubtedly a�e
t the wage paid to debt-bonded migrantsand the interest rate 
harged on their debt. The e�e
ts of an in
rease in r from40% to 60%, are illustrated in �gure 3.2. The dashed s
hedules 
orrespond
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t of an in
rease in r.to the ben
hmark 
ase, while the solid ones are drawn for r = 0.6. Note64



that the SF = NM s
hedule is una�e
ted sin
e an in
rease in r has noin�uen
e on the attra
tiveness of SF in relation to NM. It does, however,make debt-bonded migration less appealing: The dotted area is now smaller,while the "self-�nan
e", unshaded area is larger by the amount EA'AD. The"no-migration" area also expands at the expense of DB to in
lude the areaA'BB'CA. For 
ombinations of w∗ and K within this area, it no longer paysto migrate if the rate of interest 
harged by a smuggler is raised from 0.4 to
0.6 per annum.The impli
ations of an in
rease in σ, the proportion by whi
h the bondedwage falls short of the foreign free-market wage, are very similar to those ofan in
rease in r: The SF = DB and DB = NM s
hedules shift up and tothe left to interse
t the una�e
ted SF = NM lo
us at higher levels of both
w∗/w and K/w. The area of "debt-bondage" is thus redu
ed while the areasof "self-�nan
e" and "no migration" expand in a manner very similar to thatillustrated in �gure 3.2. These �ndings suggest that tougher enfor
ementmeasures whi
h in
rease the risks fa
ing smugglers and employers of bondedmigrants, thereby 
ontributing to an in
rease in r and/or σ, are likely toredu
e the in
iden
e of debt-bonded migration, in
rease the in
iden
e of self-�nan
ed migration and redu
e the overall migration �ow.18 The redu
tion in18By tougher enfor
ement, we mean harsher penalties for smugglers and employers ofbonded labor, while 
ontinuing to assume that the probability of an illegal alien gettingdeported or otherwise punished by the authorities is zero. Here we follow the seminal workof Ethier (1986) in assuming that the internal enfor
ement measures are dire
ted stri
tlyat the employers (in our 
ase, employers of bonded labor) rather than those who work forthem. If we take the example of the U.S.A., worksite inspe
tions and apprehensions ofundo
umented workers over the last two de
ades did not typi
ally result in deportations.Workers without proper do
umentation were simply summoned to appear in front of ajudge at a subsequent date. The vast majority of them did not show up at the hearing(see Martin and Miller (2000)). For an analysis of how the prospe
t of deportation a�e
tsthe behavior of debt-bonded migrants, see Djaji¢ and Vinogradova (2012) and for the 
aseof debt-free illegal aliens in the 
ontext of a dynami
 sto
hasti
 optimization model seeVinogradova (2010, 2011). 65



the �ow will be from the sour
e 
ountries whose emigrants fa
e an environ-ment 
hara
terized by very large values of w∗/w and K/w, as shown by thearea A'BB'CA in �gure 3.2. The swit
h from debt bondage to self �nan
e,with no redu
tion in the �ow, will be from the e
onomies with intermediatevalues of w∗/w and K/w as in the area EA'AD.
3.4 Role of Family SupportConsider next the possibility of a migrant being able to 
over a fra
tion α ofKby borrowing from a network of family or friends. This obviously fa
ilitatesmigration and in
reases the utility of a migrant, regardless of whether thebalan
e of migration 
osts, (1 − α)K, is self-�nan
ed or funded by enteringinto a debt-bondage agreement. In the 
ase of self-�nan
e, partial supportfrom the family enables the migrant to pay for migration 
osts sooner andstart earning the high foreign wage earlier in life. In the 
ase of debt bondage,family support serves to substitute low-interest debt, owed to the family, forhigh-interest debt owed to the smuggler. In addition, a family loan helps themigrant get out of bondage sooner and enables him to repay the amount owedto the family while earning w∗, rather than the lower, bonded wage wb.The �nan
ing role of a family network is of paramount importan
e whenit 
omes to long-haul routes, 
hara
terized by high values of K/w and w∗/w,su
h as in the 
ase of Chinese migration to the West. The history of thatmigration stream is one of early migrants providing new
omers with partial(and in many 
ases total) �nan
ing of their migration 
osts. On
e the latterpay o� their debts to smugglers and/or relatives and neighbors, they striveto develop their own entrepreneurial a
tivities that enable them, in turn, toextend �nan
ial support to others: their siblings, other relatives, and the nextgeneration of immigrants (see Kwong (1997) and Gao (2004)).66



3.4.1 Self-Finan
e with Family SupportWe begin with the 
ase of self-�nan
e under the assumption that the rate ofinterest at whi
h the migrant is obliged to servi
e the family loan is equal tothe risk-free rate r∗. The migrant's obje
tive fun
tion remains identi
al to(3.1) but the two budget 
onstraints are modi�ed as follows: A self-�nan
edmigrant has to save (1 − α)K out of the sour
e-
ountry wage until the opti-mally 
hosen time of migration, φ̃, and repay αK to his family while workingabroad from time φ̃ to T .
∫ φ̃

0

(w − c̃t)dt = (1− α)K, (3.16)
∫ T

φ̃

(w∗ − c̃∗t )e
−r∗(t−φ̃)dt = αK. (3.17)A tilde over a variable indi
ates that it pertains to the 
ase of family support.The level of dis
ounted lifetime utility enjoyed by a migrant is then given by:

ŨSF =
1

1− θ

[θc̃0
1−θ

δ
(1− e−

δ
θ
φ̃) +

(c̃∗)1−θ

δ
(e−δφ̃ − e−δT )

]

, (3.18)where c̃0, c̃∗ and φ̃ are the solutions to the following system of equations:
φ̃w −

θc̃0
δ
(1− e

−δ
θ
φ̃) = (1− α)K, (3.19)

w∗ − c̃∗

r∗
(1− er

∗(φ̃−T )) = αK, (3.20)
[u(c̃φ̃)− u(c̃∗)]e−δφ̃ + c̃0

−θ(w − c̃φ̃)− (c̃∗)−θ(w∗ − c̃∗ − αr∗K)e−r
∗φ̃ = 0(3.21)with derivation provided in Appendix 3.7.3.

3.4.2 Debt-Bonded Migration with Family SupportConsider next the problem fa
ing a migrant who goes into debt-bondage attime 0 and 
overs a fra
tion α of his migration 
ost by means of a family loan67



agreement. He maximizes lifetime utility, whi
h is identi
al to (3.8), subje
tto the following 
onstraints
∫ τ̃

0

(wb − c̃bt)e
−rtdt = (1− α)K, (3.22)

∫ T

τ̃

(w∗ − c̃b∗t )e
−r∗tdt = αK. (3.23)As this problem is otherwise the same as the one des
ribed in subse
tion 2.2,we pro
eed dire
tly to the solution. The key endogenous variables, c̃b0, c̃b∗,and τ̃ , are obtained by solving the system

wb

r
(1− e−rτ̃ )−

c̃b0
g
(egτ − 1) = (1− α)K, (3.24)

w∗ − c̃b∗

r∗
(e−r

∗τ̃ − e−r
∗T ) = αK, (3.25)

[u(c̃bτ̃)− u(c̃b∗)]e−δτ̃ + (c̃b0)
−θ(wb − c̃bτ̃ )e

−rτ̃ − (c̃b∗)−θ(w∗ − c̃b∗)e−r
∗τ̃ = 0,(3.26)where c̃bτ̃ = c̃b0e

r−δ
θ
τ̃ and r∗ = δ < r.The dis
ounted lifetime utility in this 
ase is given by

ŨDB =
1

1− θ

[(c̃b0)
1−θ

g
(egτ̃ − 1) +

(c̃b∗)1−θ

δ
(e−δτ̃ − e−δT )

]

.In the next subse
tion, we 
ompare the levels of utility enjoyed under SF, DBand NM when α ∈ (0, 1).
3.4.3 Optimal Choi
e with Family SupportThe e�e
ts of �nan
ial support from the family on the relative attra
tivenessof SF, DB, and NM are illustrated in �gure 3.3. The dashed lines 
orrespondto the ben
hmark 
ase (no family support), while the solid lines pertain to asituation in whi
h a family loan 
overs 20% of migration 
osts (i.e. α = 0.2).Note that family support makes debt-bonded migration more attra
tive in re-lation to both SF and NM, expanding the DB area in �gure 3.3 by EABCA'F.The SF area, represented by EAG in the absen
e of family support, be
omes68
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G HFigure 3.3: Family support with α = 20%.FA'D. The NM area, whi
h was the region GABH in the absen
e of familysupport, shrinks to DA'CH.The �gure illustrates three important points. First, as shown by the mag-nitude of the shifts of the three s
hedules, even a small amount of �nan
ialsupport from the family (20% of K) has a substantial impa
t on the optimal
hoi
e with respe
t to SF, DB, and NM. Se
ond, as the NM area shrinks, a
-
ess to 
redit on reasonable terms is seen to in
rease the �ow of migrants tothe advan
ed 
ountries. This is likely to take the form of self-�nan
ed (debt-bonded) migration from the relatively better o� (poorer) sending 
ountries,
hara
terized by w∗/w that lies below (above) the XAY line in �gure 3.1.This impli
ation of our model is likely to play a key role in explaining (a)why Chinese migration to the West has 
onsisted primarily of �ows fromthose 
ommunities that already have family network ties abroad, while po-tential migrants from other mainland 
ommunities that la
k su
h ties (andhen
e a

ess to �nan
ial support) have been obliged to 
hoose the NM op-tion,19 and (b) why the majority of Chinese immigrants that arrive in Western19It is interesting to note that roughly 90% of Chinese immigrants living in Floren
e wereborn in the Wenzhou region of Zhejiang (see Gao (2004)). Table 7 of Gao and Poisson69



Europe and North Ameri
a are heavily indebted to smugglers and/or familymembers.20The third point illustrated by �gure 3.3 is that debt-bondage be
omes thepreferred �nan
ing option over self-�nan
e for a wider range of 
ombinationsof w∗ and K. This result stems from the fa
t that if an individual is initiallyindi�erent between SF and DB, a family loan raises the utility of DB by morethan that of SF. To 
on�rm this, note that for a self-�nan
ed migrant, thewelfare impa
t of a loan amounting to one unit of the numeraire obtainedat time φ (the moment of departure), is simply ∆USF = u′(cφ−) − u′(c∗φ+).This is the di�eren
e between his marginal utility of 
onsumption the momentjust before and just after migration under the SF arrangement. As optimal
onsumption jumps to a higher level with migration at time φ, u′(cφ−) >
u′(c∗φ+) and so ∆USF > 0. Similarly, a family loan in the same amount
hanges the welfare of a DB migrant by ∆UDB = u′(cb0) − u′(cb∗τ+). This is
learly positive be
ause his 
onsumption at the beginning of debt-bondage,
cb0, is lower than that after release from bondage, cb∗τ+, guaranteeing that
u′(cb0) > u′(cb∗τ+). To 
ompare ∆USF with ∆UDB, re
all that in the 
ase of nofamily support, a migrant's 
onsumption abroad under SF is identi
al to thatof a DB migrant after release from bondage. Both 
onsume at the rate w∗when δ = r∗. Thus, to determine the magnitude of ∆USF relative to ∆UDBalong the SF = DB s
hedule, we simply need to 
ompare the value of cφ−(2005, p. 29) shows a similar pattern: Of the 15'232 Chinese immigrants registered in2002 by ASLC, a Fren
h organization providing Chinese migrants with a range of servi
es,in
luding assistan
e in legalizing their status, 62 per
ent 
ame from Zhejiang. In 
ontrastwith potential migrants from other Chinese provin
es, the ones from Zhejiang already hadfamily network ties in Fran
e, likely providing a

ess to �nan
ial support.20A

ording to Gao and Poisson (2005, p. 49), the vast majority of Chinese immigrantsarriving in Fran
e in the late 1990s were indebted. Most of the migrants were from Zhejiangand pra
ti
ally all of them (479 out of 500 respondents) were indebted on arrival. For amajority of these migrants, the debts were in the range between 14 000 and 20 000 euros.Unfortunately, the data set used by Gao and Poisson (2005) does not identify the sour
eof 
redit (i.e., human smugglers, family members or friends).70



with that of cb0. Our 
al
ulations show that all along the SF = DB lo
us,an SF migrant 
onsumes more just before migration than a DB migrant doesat the beginning of debt-bondage. This implies that u′(cφ−) < u′(cb0) and so
∆UDB > ∆USF . We have performed these same 
al
ulations for the e�e
ts ofan in
rease in family support for all values of α in the range [0, 1) and foundthat additional �nan
ing from the family always makes debt-bondage moreattra
tive relative to self-�nan
e, shifting the SF = DB s
hedule down andto the right.
3.4.4 The Role of Initial WealthWe assumed to this point that an agent's initial holdings of assets, A, are equalto zero. If we introdu
e A into his budget 
onstraint for ea
h of the threeoptions, we �nd that an additional unit of wealth has the following impa
t: 1)In the 
ase of DB, it in
reases utility by u′(cb0), 2) for a self-�nan
ed migrant,it in
reases utility by u′(c0), and 3) for an agent who remains permanentlyin the sour
e 
ountry, it raises utility by u′(w). We know from the dis
ussionin the previous se
tions that w > c0 > cb0, whi
h implies that if an agentis indi�erent between SF and DB or NM and DB, an extra unit of wealthraises UDB relative to USF and UNM , 
ausing the SF = DB and DB = NMs
hedules to shift down and to the right. Similarly, be
ause an extra unitof wealth in
reases the utility of SF relative to that of NM, it 
auses the
SF = NM s
hedule to shift down and to the right. The impli
ations of anin
rease in the initial asset holdings are therefore very similar to those ofan in
rease in the amount of �nan
ial support from the family, depi
ted in�gure 3.3.
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3.5 The Model and Some Stylized Fa
tsAfter a thorough sear
h for empiri
al eviden
e that 
ould possibly be usedto test the predi
tions of our model at both the mi
ro and ma
ro levels, wehave found two samples that provide information as to whether a migrantwho borrowed money to pay for migration 
osts is debt bonded to a smug-gling organization or indebted to family members or a �nan
ial institutionafter putting up 
ollateral. One of these samples, des
ribed in Jones andPardthaisong (1999), 
overs 22 individuals with 
omplete information pro-vided for only 11 temporary migrants, 3 of whom were debt-bonded. The keyfa
tors that distinguish the three DB migrants from the eight SF respondentsis their o

upation and wage abroad. All three were employed in the sexindustry in Japan and, as indi
ated in Table 6 of Jones and Pardthaisong(1999), earned a multiple (5 - 10) of the wages re
eived by SF migrants in thevarious destination 
ountries. In terms of our model, w∗/w is mu
h larger forthe three, so that in spite of having been 
harged a 
onsiderably higher Kthan the rest of the sample, it still paid for them to 
hoose DB over SF asthe best �nan
ing option.Another data set based on interviews with return migrants in Thailandin the late 1990's, gathered for the Sobiesz
zyk (2000) study, is 
onsiderablyri
her in terms of information about personal 
hara
teristi
s of the respon-dents, although it la
ks eviden
e on their pre-migration wage.21 The data set
ontains observations on 104 migrants (in
luding 13 former debt-bonded) andprovides information on marital status, number of 
hildren, age at migration,level of edu
ation, 
ommission paid to go abroad, salary abroad, destina-tion 
ountry, and other variables. The thirteen former debt-bonded migrantsworked in Japan (6), Singapore (5), Ma
ao (1), and Taiwan (1). The other91 migrants, reported to be self-�nan
ed, worked in Taiwan (44), Japan (29),21Only data on household in
ome is provided. Households vary in size from 1 to 7 withno indi
ation of the number of in
ome earners within a household, making it di�
ult toextra
t the value of w pertaining to the migrating member.72



Hong Kong (6), Brunei (4), South Korea (4), Malaysia (2), and Singapore(2).On the basis of this data set, whi
h admittedly does not allow for rig-orous empiri
al analysis, we are nonetheless able to draw some insights onthe relationship between personal 
hara
teristi
s of migrants and their 
hoi
ebetween DB and SF. We �nd that higher age at the time of migration is as-so
iated with a lower probability of 
hoosing DB over SF. This is 
onsistentwith the fa
t that a DB migrant 
an leave the sour
e 
ountry earlier thanan SF migrant who must �rst save at home to pay for migration expenses.Overall, the analysis of the data set indi
ates that DB migrants tend to berelatively young, to have a low level of edu
ation, and to migrate to high-in
ome/high-wage 
ountries. Of the thirteen DB migrants in the sample, themajority worked in Japan and Singapore, the two highest-in
ome destina-tions. By 
ontrast, more than half of the SF migrants worked in Taiwan andMalaysia, the two poorest of the seven destinations. This eviden
e is 
onsis-tent with the predi
tion of our model that the higher the international wagedi�erential, the stronger the in
entive to 
hoose DB over SF as the optimal�nan
ing option.With respe
t to the 
hoi
e of destination for DB migrants, a similar pat-tern has been observed 
enturies ago in 
olonial Ameri
a. Many of the mi-grants in that era 
hose to meet the 
ost of passage from Europe by enteringinto servitude 
ontra
ts.22 In relation to the predi
tions of our model, it isinteresting to note that the proportion of immigrants that 
hose servitude asa means of �nan
ing migration varies signi�
antly a
ross 
olonies. Colonies22 The 
ost of o
ean passage from Britain to the Ameri
an 
olonies in the 17th and18th 
enturies was roughly one half of a year's in
ome for a low-skilled British emigrantand a year's in
ome for someone migrating from Germany (see Grubb (1985) and Galenson(1984)). A

ording to Smith (1947, p. 336), if one ex
ludes Puritan migration of the 1630's,"...not less than half nor more than two thirds of all white immigrants to the 
olonies wereindentured servants, redemptioners or 
onvi
ts." For the period from 1785 to 1804, Grubb(1985, p.319) estimates that the in
iden
e of indentured servitude among the 7837 Germanimmigrants arriving in Philadelphia was 44.8% overall and over 50% for single adults.73



with a relatively high proportion of servants among their immigrants were Vir-ginia, Maryland and Pennsylvania. The Carolinas and Georgia to the southand the 
olonies to the north of Pennsylvania had a mu
h lower in
iden
e ofservitude.23Why were some 
olonies so attra
tive to debt-bonded migrants while oth-ers re
eived mostly self-�nan
ed immigrants? Our model predi
ts that for anygiven 
ost of migration (and the 
ost of passage from England was roughly thesame at this time, regardless of whi
h 
olony was 
hosen as the destination),a higher ratio of host- to sour
e-
ountry wage makes debt-bonded migrationmore attra
tive relative to self-�nan
e. The 
olonies that show high in
iden
eof servitude among their immigrants were pre
isely those that o�ered better
ompensation and working 
onditions. A

ording to Grubb (1985), the pro-du
tivity of farm labor in the northern 
olonies was not high enough to enablere
ruiters to o�er 
ompetitive 
ontra
ts (i.e., short enough duration of timethat the migrant had to serve in order to 
over the 
ost of transport). Thehighest produ
tivity of labor in agri
ulture was in the middle 
olonies, wheretoba

o and grains were produ
ed for export. Availability of relatively 
heapland in that region also meant that a servant 
ould expe
t a de
ent in
omefrom eventually farming his own land after release from bondage. Coloniesnorth of Pennsylvania la
ked the lu
rative export 
rops that the middle andsouthern 
olonies produ
ed. The southern 
olonies, however, were unattra
-tive for those entering servitude 
ontra
ts be
ause the working 
onditions inthe ri
e �elds of South Carolina were per
eived to be mu
h less favorable thanthose on toba

o and grain farms of the middle 
olonies (see Grubb (1985,p.335)).23 Between 1773 and 1776, emigration re
ords were kept by English authorities, in
ludingthe name of the 
olony of destination and whether the passenger paid the fare in full orentered, instead, into a servitude 
ontra
t. As reported in Table 6 of Grubb (1985, p.334),the per
entages of English emigrants destined for various 
olonies as servants are as follows:Maryland, 98.33%; Virginia, 90.35% ; Pennsylvania, 78.81%; Carolinas, 23.58%; Georgia,17.86%; New York, 11.55%; Canada, 9.68%; Nova S
otia, 7.76%; and New England, 1.85%.74



Later in the 19th 
entury, debt-bonded migration from India and Chinamet shortages of labor on sugar plantations of the West Indies and Hawaii,in the mines of California and South Ameri
a, and on the building of rail-roads. These were the types of employment avoided by the free white settlers.Coin
idental with the bound Asian migration was the primarily self-�nan
edmigration of Europeans to the United States. Galenson (1984, p.25) explainsthis phenomenon in a way 
onsistent with the predi
tions of our model, bypointing to migration 
osts. For Asian migrants to the Western Hemisphere,they were 20 to 40 times higher, when measured in terms of per 
apita in-
ome of the sour
e 
ountry, than they were for migrants from Great Britain,Ireland, Germany, and the S
andinavian 
ountries. Self-�nan
e was then anattra
tive option for the Europeans, whose migration 
osts were to the leftof point A in Figure 1, while for Indian and Chinese migrants, fa
ing K/wto the right of point A, DB was the way to go. This holds true regardlessof whether migration �ows were triggered at the time by an in
rease in thedestination wage or a redu
tion in transport 
osts.Given the s
ar
ity of eviden
e on modern-day debt-bonded migration, athorough empiri
al analysis of the predi
tions of our model will have to bepostponed to a future date. Should data be
ome available, there are manyfruitful dire
tions in whi
h empiri
al work 
ould be 
ondu
ted. One wouldideally like to have data on migration 
osts, potential earnings abroad (both inbondage and after release) and at home for ea
h worker, liquid asset holdings,and data on the availability and 
ost of 
redit. The optimal 
hoi
e predi
tedby the model 
an then be 
onfronted with the data on the a
tual 
hoi
esmade by individual agents.As the 
onditions fa
ing potential migrants di�er a
ross 
ountries of emi-gration, but also within a given 
ountry, depending on the o

upational statusand other personal 
hara
teristi
s of agents, one would expe
t that the op-timal 
hoi
e varies both a
ross individuals and 
ountries. Nonetheless, forany given distribution of skills and other individual 
hara
teristi
s, we wouldexpe
t that if migration 
osts are high enough to make NM the preferred op-75



tion, an exogenous redu
tion in K would tend to in
rease SF migration from
ountries where w∗/w is relatively low and in
rease DB migration from othersour
e 
ountries where w∗/w is relatively high. Similarly, an in
rease in thedemand for labor in a host 
ountry (a rise in w∗) should have a di�erentialimpa
t on the mode of migration from various 
ountries, depending on thelevel of K/w. If NM is the preferred option in the initial equilibrium, anin
rease in w∗ 
an be expe
ted to in
rease the in
iden
e of DB (SF) fromsour
e 
ountries with a relatively high (low) K/w.
3.6 Con
lusionLiquidity 
onstraints impede many potential migrants from realizing theirmigration plans. The main obje
tive of the present study is to 
hara
terize thee
onomi
 environment in whi
h international migration is an attra
tive optionfor su
h individuals and, when it is, under what 
onditions they 
hoose debt-bondage as the optimal means of �nan
ing migration 
osts. What makes debt-bondage appealing to potential migrants, in spite of the high interest 
hargesand the prospe
t of being underpaid abroad while repaying the debt, is thatthis �nan
ing mode brings them sooner to the foreign, high-wage e
onomy.Getting abroad sooner is of greater signi�
an
e the larger the internationalwage di�erential. High interest 
harges on loans provided by human smugglersare, however, a disadvantage, the weight of whi
h is greater, the higher the
ost of migration. We therefore �nd that debt bondage is the preferred modeof �nan
ing when the international wage di�erential is large in relation tomigration 
osts.Another important impli
ation of our analysis is that tougher border 
on-trol measures, by in
reasing the 
ost of migration, help to redu
e the in
i-den
e of debt-bonded migration. This goes against the 
onventional wis-dom that higher 
osts 
ompel more migrants to be
ome indebted to thesmugglers. Quite to the 
ontrary, stri
ter border 
ontrols make debt-bonded76



migration less attra
tive in relation to self-�nan
ed migration. Tougher in-ternal enfor
ement measures that in
rease the risks and 
osts of operatinga human-smuggling organization or employing bonded laborers tend to re-du
e migration �ows and the in
iden
e of bonded migration relative to self-�nan
ed migration. The redu
tions in the �ows are shown to be from thevery poor sour
e 
ountries, where the lo
al wage is low in relation to the 
ostof migration and the host-
ountry wage. From other sour
e 
ountries withsu�
iently high lo
al wages, these poli
ies do not deter illegal immigration,but rather indu
e a swit
h from debt-bonded to self-�nan
ed migration.The possibility of borrowing from family and friends (or �nan
ial institu-tions) on reasonable terms always makes migration more attra
tive in relationto the "no-migration" option. Under the self-�nan
e arrangement, it enablesthe migrant to get abroad earlier and earn the high foreign wage over a longerperiod of time. In the 
ase of bonded migration, a family loan allows the in-dividual to get out of bondage sooner and repay the family loan while earningthe free-market wage rather than the bonded wage. Interestingly, with partial�nan
ial support from the family, debt bondage be
omes more attra
tive, notonly in relation to no migration, but also with respe
t to self �nan
e.Debt-bonded migration has attra
ted publi
 attention primarily be
auseof the legitimate human-rights 
on
erns related to the fa
t that migrants aretied to their employers through debt, obligation, and sometimes even 
oer
ion.Many of them a

ept work in the host 
ountry on highly unfavorable termsand �nd themselves saddled with heavy indebtedness and interest 
hargesthat appear to be 
learly abusive. Our analysis shows, however, that evenunder su
h highly unfavorable 
onditions, be
oming a debt-bonded migrantand rea
hing the high-wage destination 
ountry relatively sooner 
an be moreattra
tive than the options of remaining permanently in the sour
e 
ountryor migrating under the self-�nan
e arrangement. This and other results ofthe present study will hopefully improve our understanding of debt-bondedinternational migration and 
ontribute to the formulation of poli
ies with asharper fo
us on its negative impli
ations.77
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3.7 Appendix3.7.1 Self-Finan
ed MigrationDerivation of the SolutionThe Lagrangian fun
tion is given by
L =

∫ φ

0

u(ct)e
−δtdt+

∫ T

φ

u(c∗t )e
−δtdt+λ

[

∫ φ

0

(w−ct)dt−K
]

+µ

∫ T

φ

(w∗−c∗t )e
−r∗tdt,where λ and µ are the multipliers atta
hed to the 
onstraints (3.2) and (3.3),respe
tively.The �rst-order 
onditions,

∂L

∂ct
= u′(ct)e

−δt − λ = 0, (3.27)
∂L

∂c∗t
= u′(c∗t )e

−δt − µe−r
∗t = 0, (3.28)

∂L

∂φ
= u(cφ)e

−δφ − u(c∗φ)e
−δφ + λ(w − cφ)− µ(w∗ − c∗φ)e

−r∗φ = 0, (3.29)and the budget 
onstraints (3.2) and (3.3) determine the �ve endogenousvariables ct, c∗t , φ, λ, and µ. Equations (3.27) - (3.28) relate the marginalutilities of 
onsumption before and after φ to the utility values of wealth whilein the sour
e 
ountry (λ) and after migration (µ), respe
tively. Eq. (3.29)states that, at the optimal time of departure, φ, the 
ost of remaining in thesour
e 
ountry for an extra instant, [u(c∗φ)− u(cφ)]e
−δφ, must be equal to thebene�t, λ(w− cφ)− µ(w∗ − c∗φ)e

−r∗φ, whi
h is the utility value of the savingsa

umulated by staying in the sour
e 
ountry an instant longer.Comparative Stati
sTotal di�erentiation of eqs. (3.5)-(3.6) yields the following 
omparative
82



stati
s results
dφ

dK
=

c−θ0

∆

θ

c0
(cφ − w) > 0 (3.30)

dφ

dw
=

c−θ0

∆

[

φ
θ

c0
(w − cφ) +

θ

δ
(e

−δ
θ
φ − 1)

]

≷ 0 (3.31)
dφ

dw∗ =
u′(w∗)

∆

θ

δ
(e

−δ
θ
φ − 1)e−δφ < 0 (3.32)

dc0
dK

=
c−θ0

∆
δ(cφ − w) > 0 (3.33)

dc0
dw

=
c−θ0

∆
(cφ − w)(1− φδ) ≷ 0 (3.34)

dc0
dw∗ =

u′(w∗)

∆
(w − cφ)e

−δφ < 0, (3.35)where ∆ = θc−θ−1
0 (w − cφ)(c0 − w) < 0. These results 
an be summarizedas follows: An in
rease in migration 
osts prolongs the period of saving athome prior to emigration and in
reases the initial 
onsumption rate c0. Note,however, that the 
onsumption rate just before departure, cφ, is una�e
tedby an in
rease in K, as may be veri�ed by di�erentiating cφ = c0e

− δ
θ
φ withrespe
t toK and substituting for dφ

dK
and dc0

dK
the expressions (3.30) and (3.33),respe
tively.An in
rease in w has an ambiguous e�e
t on φ and c0, as shown in (3.31)and (3.34). This re�e
ts the opposing for
es of the in
ome and the substitu-tion e�e
ts of an in
rease in w. By 
ontrast, an in
rease in w∗ makes it moreurgent to emigrate earlier, en
ouraging the migrate to save at a higher rate(dc0/dw∗ < 0 in (3.35)) and leave the sour
e 
ountry sooner (dφ/dw∗ < 0 in(3.32)).3.7.2 Debt-Bonded MigrationDerivation of the solutionThe Lagrangian fun
tion is given by

Lb =

∫ τ

0

u(cbt)e
−δtdt+

∫ T

τ

u(cb∗t )e
−δtdt+

+ λb
[

∫ τ

0

(wb − cbt)e
−rtdt−K

]

+ µb
∫ T

τ

(w∗ − cb∗t )e
−r∗tdt,83



with the �rst-order 
onditions 
onsisting of
∂Lb

∂cbt
= u′(cbt)e

−δt − λbe−rt = 0, (3.36)
∂Lb

∂cb∗t
= u′(cb∗t )e

−δt − µbe−r
∗t = 0, (3.37)

∂Lb

∂τ
= u(cbτ )e

−δτ − u(cb∗τ )e
−δτ + λb(wb − cbτ )e

−rτ − µb(w∗ − cb∗τ )e
−r∗τ = 0,(3.38)and the budget 
onstraints (3.9) and (3.10). These �ve equations determinethe �ve endogenous variables cbt , cb∗t , τ , λb, and µb. Eqs. (3.36) - (3.37) are theusual Euler equations, while (3.38) states that when τ is optimally 
hosen, the
ost (in terms of utility) of remaining in bondage an instant longer, [u(cb∗τ )−

u(cbτ)]e
−δτ , must be equal to the bene�t, λb(wb − cbτ )e

−rτ − µb(w∗ − cb∗τ )e
−r∗τ ,whi
h is the utility value of net savings a

umulated during this extra instant.Comparative Stati
sWe totally di�erentiate the system of equations (3.12) and (3.13) to obtainthe following 
omparative stati
s results:

dcb0
dw∗ = −

u′(w∗)e−δτ (wb − cbτ )e
−rτ

∆b
< 0 (3.39)

dcb0
dwb

=
(cb0)

−θ(wb − cτ )e
−rτ

∆b

[1− e−rτ

r
(r − δ) + e−rτ

]

> 0 (3.40)
dcb0
dK

= −
(cb0)

−θ(wb − cbτ )e
−rτ

∆b
(r − δ) < 0 (3.41)

dcb0
dr

=
(cb0)

−θ(wb − cbτ )e
−rτ

∆b

[

Br(r − δ)− τ(wbe−rτ − cb0e
gτ )
]

< 0, (3.42)
dτ

dw∗ = −
1

∆b

[egτ − 1

g
u′(w∗)e−δτ

]

< 0 (3.43)
dτ

dwb
=

1

∆b

[egτ − 1

g
−
θ

cb0
(wb − cbτ )

1− e−rτ

r

]

(cb0)
−θe−rτ ≷ 0 (3.44)

dτ

dK
=

(cb0)
−θ(wb − cbτ )e

−rτ

∆b

θ

cb0
> 0 (3.45)

dτ

dr
=

(cb0)
−θ(wb − cbτ )e

−rτ

∆b

θ

cb0

[

−
τcb0
θ

egτ − 1

g
−Br

]

≷ 0, (3.46)
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where Br = wb

r
(τe−rτ − 1−e−rτ

r
) −

cb0
g

1−θ
θ
(τegτ − egτ−1

g
) < 0 represents thee�e
t of r on the migrant's budget while in bondage and ∆b = (cb0)

−θ(wb −

cbτ )e
−rτ
[

egτ−1
g

(r − δ) + (wbe−rτ − cb0e
gτ ) θ

cb0

]

> 0.As shown in (3.39) and (3.43), an in
rease in w∗ makes the post-bondageperiod more attra
tive, whi
h en
ourages the migrant to repay the debt andget out of bondage sooner. This requires a greater e�ort to save while in-debted, implying that ct is lower at ea
h point in time prior to release.An in
rease in the bonded-labor wage, w, relaxes the migrant's budget
onstraint, allowing for higher 
onsumption at ea
h instant while indebted(see (3.40)). The e�e
t on the optimal length of the repayment period in(3.44) is ambiguous, however, re�e
ting the 
on�i
ting for
es of the in
omeand substitution e�e
ts.An in
rease in K tightens the migrant's budget 
onstraint, 
ausing histime pro�le of 
onsumption to shift down, while also lengthening the repay-ment period, as indi
ated by eqs. (3.41) and (3.45).As shown in (3.46), an in
rease in r 
an have either a positive or a negativee�e
t on τ . On the one hand, it en
ourages the migrant to repay the debtmore qui
kly (see (3.42)). At the same time it also lowers the present valueof savings generated in bondage, requiring a longer repayment period. Whenthe optimal saving rate is relatively high, either be
ause of a large r or a largegap between w∗ and w, dτ/dr > 0. Otherwise τ de
reases with an in
reasein r. For a more extensive analysis of the behavior of debt-bonded migrants,see Djaji¢ and Vinogradova (2010)3.7.3 Self-Finan
e with Family SupportIn the 
ase of self-�nan
e, the obje
tive fun
tion remains identi
al to (3.1)but the two budget 
onstraints are modi�ed as follows:
∫ φ̃

0

(w − c̃t)dt = (1− α)K, (3.47)85



∫ T

φ̃

(w∗ − c̃t
∗)e−r

∗(t−φ̃)dt = αK, (3.48)The Lagrangian fun
tion is now given by
L =

∫ φ̃

0

u(c̃t)e
−δtdt+

∫ T

φ̃

u(c̃∗t )e
−δtdt+ λ̃

[

∫ φ̃

0

(w − c̃t)dt− (1− α)K
]

+

+µ̃
[

∫ T

φ̃

(w∗ − c̃∗t )e
−r∗tdt− αKe−r

∗φ̃
]with the �rst-order 
onditions being:

∂L

∂c̃t
= u′(c̃t)e

−δt − λ̃ = 0, (3.49)
∂L

∂c̃∗t
= u′(c̃∗t )e

−δt − µ̃e−r
∗t = 0, (3.50)

∂L

∂φ̃
= u(c̃φ̃)e

−δφ̃ − u(c̃∗
φ̃
)e−δφ̃ + λ̃(w − c̃φ̃)− µ̃(w∗ − c̃∗

φ̃
+ αr∗K)e−r

∗φ̃ = 0.(3.51)and the budget 
onstraints (3.47) and (3.48). These �ve equations determinethe �ve endogenous variables c̃t, c̃∗t , φ̃, λ̃, and µ̃. From (3.49), the 
onsumptionpath during the period of asset a

umulation [0, φ̃−] is given by
c̃t = c̃0e

− δ
θ
t, c̃0 = λ̃−1/θ. (3.52)As in our earlier analysis of self-�nan
ed migration, the migrant's 
onsump-tion rate, while still in the sour
e 
ountry, de
lines at a proportional rateequal to δ/θ. Substituting eq. (3.52) into the budget 
onstraint (3.47), weobtain

φ̃w −
θc̃0
δ
(1− e

−δ
θ
φ̃) = (1− α)K, (3.53)showing that the migrant must save in the sour
e 
ountry just enough to payfor a fra
tion (1 − α) of migration 
osts whi
h are not 
overed by a familyloan agreement.Assuming on
e again that r∗ = δ, (3.50) implies that the migrant's timepro�le of 
onsumption is �at at the rate c̃∗t = c̃∗ = µ̃−1/θ. Combining thiswith the budget 
onstraint (3.48) we obtain:

w∗ − c̃∗

r∗
(1− er

∗(φ̃−T )) = αK, (3.54)86



so that the family loan in the amount αK is repaid (with interest, r∗) out ofin
ome earned in the host 
ountry.Eqs. (3.51), (3.53) and (3.54) 
an be solved for the three key endogenousvariables, c̃0, c̃∗ and φ̃, as fun
tions of the exogenous variables, in
luding α,
w, w∗, and K.The level of dis
ounted lifetime utility enjoyed by a migrant under theself-�nan
e arrangement with family support is given by:
ŨSF =

1

1− θ

[θc̃0
1−θ

δ
(1− e−

δ
θ
φ̃) +

(c̃∗)1−θ

δ
(e−δφ̃ − e−δT )

]

, (3.55)where c̃0, c̃∗ and φ̃ are optimally 
hosen.
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Chapter 4
Migration of Skilled Workers:Poli
y Intera
tion between Hostand Sour
e Countries∗
4.1 Introdu
tionMigration of skilled workers from the developing to the advan
ed 
ountrieshas attra
ted 
onsiderable attention ever sin
e Jagdish Bhagwati brought thebrain-drain problem into fo
us in the 1970s. By re
ruiting skilled profession-als from the developing 
ountries, where edu
ation is heavily subsidized bythe publi
 se
tor, the advan
ed 
ountries were widely viewed as pursuing poli-
ies detrimental to the sour
e 
ountries.1 When migration of skilled workers

∗This paper is 
o-authored with Slobodan Djaji¢ from the Graduate Insti-tute, Geneva, and Mi
hael S. Mi
hael from the University of Cyprus, Ni
osia.It is forth
oming in the Journal of Publi
 E
onomi
s and available online athttp://dx.doi.org/10.1016/j.jpube
o.2012.07.001.1 It is well re
ognized that the problem is not only �s
al in nature. The presen
eof skilled workers in an e
onomy is thought to generate positive externalities at variouslevels, in
luding te
hnologi
al, so
ial, politi
al and e
onomi
. If we take the example ofan important se
tor su
h as health 
are, massive emigration of professionals 
an have adevastating impa
t on the health status of the population in the short run and a strong88



is permanent, the bulk of the potential bene�ts stemming from publi
 expen-ditures on training are lost from the perspe
tive of the taxpayers.2 When it istemporary, there is more s
ope for gains, espe
ially if the returnees bring withthem produ
tive human 
apital a

umulated while working abroad [see, e.g.,Wong (1997), Dustmann (2001), Domingues Dos Santos and Postel-Vinay(2003), Meyr and Peri (2009), Dustmann et al. (2011), and Do
quier andRapoport (forth
oming)℄.The vast majority of skilled migrants 
ome from the developing and tran-sition e
onomies with the main poles of attra
tion being the U.S.A. andCanada, but also the e
onomies of Western Europe [see Lu
as (2005)℄. Re
ente�orts to measure the magnitudes of these �ows, in
luding the works of Salt(1997), Carrington and Detragia
he (1998), Do
quier and Marfouk (2006),and Beine et al. (2007), reveal that the brain drain is a parti
ularly a
uteproblem for the relatively small developing 
ountries. In terms of regions,island e
onomies of the Caribbean and the Pa
i�
, as well as 
ountries inCentral Ameri
a, Sub-Saharan Afri
a, and South-East Asia have the highestskilled-emigration rates in proportion of their skilled populations.3In the 21st 
entury, emigration of skilled workers from the less developednegative in�uen
e on produ
tivity and welfare in the long run.2 Note that even permanent migration 
an generate bene�ts for the sour
e 
ountrythrough network e�e
ts, by developing business links at home, and through remittan
e�ows. See, e.g., Grubel and S
ott (1966), Bhagwati and Hamada (1974), M
Cullo
h andYellen (1977), Djaji¢ (1986), Lopez and S
hi� (1998), Rau
h and Casella (2003), Kuglerand Rapoport (2007), and Javor
ik et al. (2011). In addition, a number of papers examinehow the prospe
t of emigration 
an 
ontribute to the a

umulation of human 
apital inthe sour
e 
ountry by indu
ing individuals to invest more in their edu
ation [see, e.g.,Mountford (1997), Wong (1997), Stark et al. (1997), Vidal (1998), Beine et al. (2001),Bertoli and Brü
ker (2011), and Mountford and Rapoport (2011)℄. In an important re
entstudy of this relationship, Beine et al. (2008) analyze data for 127 developing e
onomiesand �nd that doubling the emigration rate of the highly skilled indu
es the population ofthe sour
e 
ountry to in
rease its human 
apital formation on the average by 5%.3 See Commander et al. (2004) and Do
quier and Rapoport (2008) for very usefulsurveys of the various issues and eviden
e related to the brain drain.89



parts of the world 
ontinues with a growing number of advan
ed 
ountrieso�ering fast-tra
k labor-market a

ess for skilled migrants through spe
ialtemporary visa programs, su
h as the H1-B visa in the U.S.A. or the �BlueCard� in the EU.4 In response to a severe shortage of health-
are workers,Japan has entered into bilateral agreements with Indonesia, the Philippines,and Vietnam to re
ruit a 
ertain number of nurses on the basis of three-year
ontra
ts.5 Other 
ountries aim to in
rease their sto
ks of highly trainedworkers by means of permanent immigration programs. The Canadian pointssystem is a prominent example of this poli
y, also followed in slightly di�erentforms by Australia, New Zealand and, more re
ently, Great Britain. In theU.S.A., spe
ial permanent residen
e visas for highly talented individuals havebeen available for de
ades.These pra
ti
es and poli
ies 
learly have an impa
t on the �ows of highlytrained migrants from the developing e
onomies. The out�ows of skilled work-ers redu
e, in turn, the in
entive for the authorities to provide publi
 subsidiesfor higher edu
ation [see Justman and Thisse (1997)℄. In an important re
entpaper, Do
quier et al. (2008) examine this question both theoreti
ally andempiri
ally. On the basis of a sample of 108 middle-in
ome and low-in
ome
ountries they �nd a negative relationship between edu
ation subsidies andskilled emigration rates. An obvious 
onsequen
e is that the level of trainingand human 
apital possessed by the graduates (and thus skilled emigrants)is likely to be lower than it would be otherwise. Lower skills of migrants,4In the 
ase of the European Blue Card initiative, highly-skilled non-EU nationals aregranted renewable 2 year work permits. In addition, a holder of su
h a permit, who returnsba
k to his/her 
ountry of origin after having worked in the EU for an extended period oftime, has the possibility to reenter and work in the EU in the future without going throughthe appli
ation pro
edure over again (Coun
il Dire
tive 2009/50/EC).5In theory, the foreign nurses 
an stay longer if they pass a Japanese nursing examwithin the three-year period. As �uen
y in the Japanese language is di�
ult to a
hievefor these foreign workers within su
h a limited period of time, only one Philippino and twoIndonesians out of a total of 251 managed to pass the exam in 2010 (see Asahi Shimbun(2010)). 90



in turn, a�e
t the relationship between the 
osts and bene�ts of immigra-tion from the perspe
tive of the host 
ountries. This 
an and does in�uen
etheir immigration poli
ies. The points systems of Canada, Australia and NewZealand are designed to �lter out those with low training and skills. In theU.S.A., whether an H1-B worker 
an renew her temporary three-year visa de-pends on the willingness of the employer to sponsor a renewal, whi
h dependsto a large extent on the worker's training and ability.The purpose of this study is to examine the brain-drain problem withina game-theoreti
 framework, where both the immigration poli
y of the host
ountry and the optimal provision of higher edu
ation and training in thesour
e 
ountry are endogenously determined. The analysis is 
ondu
ted inthe 
ontext of a simple two-
ountry model developed in Se
tion 2. The host
ountry's obje
tive is to support the pro�tability of enterprizes employingskilled labor while also taking into a

ount the �s
al impa
t of immigration.The latter 
onsists of the immigration-indu
ed in
rease in tax revenues mi-nus the 
ost of publi
 servi
es absorbed by the skilled immigrants and theirdependents. The poli
y instrument at the disposal of the host 
ountry is as-sumed to be the duration of time it allows migrants to work in the e
onomy.The sour
e 
ountry is assumed to provide edu
ation free of 
harge to its 
iti-zens, with the obje
tive of maximizing its net GDP. How mu
h edu
ation isoptimally provided depends on whether or not its 
itizens work abroad and,if they do, how long they stay.Within this simple framework, Se
tion 3 solves for the Nash equilibriumvalues of the poli
y instruments of both 
ountries and examines how theyrespond to 
hanges in the model's parameters. It is found that the host 
oun-tries with relatively higher tax rates on in
ome, where the authorities atta
h arelatively larger weight to employers' interests in their obje
tive fun
tion, andwhere the publi
 se
tor provides individuals with lower levels of so
ial servi
es,are 
ountries that have stronger in
entives to allow their skilled immigrants towork in the e
onomy for a longer period of time. Whether a longer durationof stay raises or lowers the optimal level of training provided by the sour
e91




ountry depends primarily on the rate at whi
h immigrants a

umulate skillswhile working abroad and the valuation of those skills after return. It is alsofound that an in
rease in the 
ost of providing publi
 edu
ation redu
es theequilibrium level of training and the amount of time immigrants are allowedto work in the host 
ountry. An in
rease in the home-
ountry valuation ofskills a
quired by migrant workers abroad has the opposite e�e
ts on the twopoli
y instruments: The sour
e 
ountry provides more training and the host
ountry allows migrants to stay longer. Finally, if the host 
ountry 
hoosesto in
rease its sto
k of immigrants, this will either lower or in
rease the levelof training provided by the sour
e 
ountry, depending on the parameters ofthe model.Se
tion 4 extends the analysis to a setting where both 
ountries set theirpoli
ies to maximize joint welfare. In that 
ase the level of training providedby the sour
e 
ountry is higher in 
omparison with its Nash equilibrium value,while the duration of stay of immigrants in the host 
ountry may be eitherhigher or lower. Se
tion 5 looks at the equilibrium with permanent migrationand Se
tion 6 
on
ludes the paper with a summary of the main �ndings.
4.2 The Analyti
 FrameworkWe 
onsider a world 
onsisting of two 
ountries: An advan
ed labor-importing
ountry and a less-developed 
ountry of emigration. The latter provideshigher edu
ation and training to its 
itizens so as to maximize its GDP,net of training 
osts. Be
ause potential earnings of skilled workers are higherabroad, some of the graduates will 
hoose to migrate and thereby 
ontributeto the GDP of the foreign rather than the home 
ountry. Migration oppor-tunities may be temporary or permanent, depending on immigration poli
yof the host 
ountry, to whi
h we now turn.
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4.2.1 Host CountryThe authorities of the host 
ountry, F, are typi
ally 
on
erned with two keyissues when 
hoosing the stru
ture of their immigration poli
y. One of them isthe �s
al impa
t of immigration: While employment of immigrants in
reasesthe e
onomy's output and revenues of the �s
al authority, immigration alsoimplies greater absorption of servi
es provided by the publi
 se
tor. This is aparti
ular 
on
ern in the 
ase of low-skilled workers (espe
ially in e
onomiesthat rely heavily on foreign sour
es of unskilled labor), although the issueis also important in the 
ase of skilled workers in e
onomies with generousso
ial programs.6Another key issue is the impa
t of immigration on the distribution ofin
ome between the native workers and their employers. Immigration allowsemployers to enjoy larger rents by hiring foreign workers. If the demand forlabor expands, immigration prevents wages of natives from rising as mu
h asthey otherwise would, serving to redistribute in
ome from native workers (and6 The various versions of the "points" system used in Canada, Australia and NewZealand, for example, are designed to attra
t skilled immigrants in the early phase of theirprodu
tive lives, pre
isely be
ause of the 
on
ern that their net 
ontribution to the e
on-omy is likely to be negative if immigration takes pla
e past a 
ertain age. See DeVoretzand Ozsomer (1998) and DeVoretz (2001) for 
al
ulations on the net �s
al 
ontributionof immigrants in Canada. Although immigration poli
ies in the advan
ed 
ountries havemany dimensions, over the last 
ouple of de
ades 
onsiderable attention has been fo
usedon poli
y 
hanges aimed at in
reasing the net �s
al 
ontribution of immigrants. In ad-dressing this issue, the 1996 Immigration Reform and Immigrant Responsibility A
t in theUnited States has severely restri
ted immigrant a

ess to means-tested so
ial programsup until they be
ome US 
itizens. In Western European 
ountries, the 
onditions underwhi
h dependents of immigrants 
an reunite with the household head on a permanent basishave been tightened, with the e�e
t of ex
luding those who are likely to be
ome a heavyburden for the publi
 se
tor. The instruments used in
lude minimum-in
ome and housingrequirements that must be met by the sponsor. We do not model these instruments inthe present study, as it would require mu
h greater fo
us on the stru
tural 
hara
teristi
sof immigrant households and potentially distra
t the reader from the main point of thepaper. 93



immigrants) to their employers. Broadly speaking, the number of immigrantsallowed to work in the e
onomy re�e
ts the in�uen
e that employers have inrelation to native workers in shaping immigration poli
y.We will not address this important domesti
 politi
al-e
onomy issue inthe present study, as it has already re
eived 
onsiderable attention. We willsimply assume that the sto
k of immigrants,M , allowed to hold a valid workpermit at any point in time is exogenously given, having been determined be-hind the s
enes in a bargaining pro
ess involving various stakeholders in thehost 
ountry.7 We will fo
us, instead, on another key aspe
t of immigrationpoli
y that has not been treated in the theoreti
al literature on skilled-workermigration: The problem of de
iding whether to admit immigrants on a perma-nent or temporary basis and, in the latter 
ase, setting the optimal durationof the work permit.With respe
t to the duration of stay, employers have a strong preferen
efor having the same foreign worker over a relatively long period of time.High turnover is espe
ially undesirable in the skilled o

upations where theprodu
tivity of an employee 
an grow signi�
antly with experien
e and on-the-job training, mu
h of it being spe
i�
 to the �rm. We try to 
apturethis in our analysis below by assuming that H , the marginal produ
tivity ofa skilled foreign worker, is an in
reasing fun
tion of the amount of time, t,spent on the job abroad, as well as her level of training, ε, at the time ofarrival. A migrant's marginal produ
tivity in host-
ountry employment isthus given by H(ε, t), where we assume Hε > 0, Ht > 0, Hεε < 0, Htt < 0,
lim
ε→∞

Hε = 0. One would also expe
t that Hεt ≥ 0.Let the wage paid to foreign workers be a 
onstant, w, whi
h is lower thanthe marginal produ
tivity of labor.8 The average amount of rent, measured7 The numbers of immigrants admitted to the advan
ed 
ountries are typi
ally subje
tto numeri
al quotas for various types of workers, as in the 
ase of the H1-B visa or theEuropean "Blue Card" program, although in other 
ases the numbers merely representloose targets, as in the 
ase of Canadian immigration poli
y or that of Switzerland duringits post-war boom.8In the 
ase of skilled HI-B workers in the USA, Martin, Chen and Madamba (2000)94



as a �ow, enjoyed by an employer of a migrant worker is then
1

τ

∫ τ

0

[H(ε, t)− w] dt, (4.1)where τ represents the maximum duration of the work permit provided bythe authorities.9 If the permit is temporary, it is not renewable, requiringthe migrant to return to the sour
e 
ountry, S, on the date of expiration.Alternatively, if F o�ers permanent residen
e to a migrant worker, we assumethat the latter does not return to S.With respe
t to the �s
al impa
t of immigration, let us suppose that allin
ome, whether from labor or 
apital, is taxed at the rate θ. The average�ow of tax revenue from the output produ
ed per migrant worker is thensimply
1

τ

∫ τ

0

θH(ε, t)dt. (4.2)Con
erning the 
ost of providing publi
 servi
es to an immigrant per unitof time, we shall assume that it amounts to a �ow c if the migrant 
omes aloneand (1 + a)c if s/he is a

ompanied by family members. The probability, π,that a migrant 
omes a

ompanied by family members, is 
learly an in
reasingfun
tion of the expe
ted duration of stay, τ . The 
ost of providing a migrantand any a

ompanying dependents with publi
 servi
es, measured as a �ow,is therefore given by c[1+aπ (τ)], where π (τ) ∈ [0, 1] and a is likely to ex
eedunity.10 It seems most realisti
 to assume that the se
ond derivative of π (τ) ,
πττ > 0 for low values of τ, but be
omes negative at some point as τ getsreport eviden
e that foreign workers are paid less than the natives with 
omparable skills.In some e
onomies, the underpayment of migrant workers is institutionalized. For foreign
ontra
t workers in Taiwan, the wage set by the authorities is roughly one third lower thanthat paid to native workers. See Stein (2003).9As hiring low-
ost foreign labor generates a rent for an employer, there is an ex
essdemand for migrant workers. For simpli
ity, we assume that employers are invited toparti
ipate in the program after being 
hosen at random by the authorities. The wagethey are permitted to pay foreign workers is assumed to be stri
tly regulated and set belowthat re
eived by native workers.10 In a dynami
 setting, immigrant 
hildren (and parti
ularly those of skilled immigrants95




loser to T , where T is the length of the migrant's planning horizon. Weshall therefore posit that the fun
tion π (τ) is initially in
reasing in a 
onvexmanner up to a 
ertain (in�e
tion) point after whi
h it be
omes 
on
ave.11We shall also assume that lim
τ→0

π(τ) = 0 and lim
τ→T

π(τ) = 1.Let us suppose that employers' rents and the net �s
al impa
t of hosting
M migrant workers are the two key arguments in the obje
tive fun
tion ofthe immigration authorities.12 In this 
ontext, the problem for F is to 
hoosein ageing so
ieties) may have a positive net impa
t on publi
-se
tor �nan
es. Chojni
kiet al. (2011, p.344) �nd that the �s
al impa
t of immigration has been positive for theUS e
onomy, in spite of the fa
t that immigrants have been on average less edu
ated thannatives. This was mainly due to their younger age and higher fertility rates relative tonatives, whi
h resulted in a higher ratio of tax payers to bene�
iaries of the welfare state.This potentially positive impa
t of hosting dependents of immigrants is relevant for the
ase of permanent migration, examined in Se
tion 5, but less so when the duration of thehousehold head's stay in the host 
ountry is limited.11This re�e
ts the observation that for low values of τ, it is not e
onomi
al for a migrantto bring the family along to the host 
ountry, as the asso
iated migration 
osts impose aheavy burden without ne
essarily generating the o�setting bene�ts. For a low τ it makesmore sense to leave the family in the sour
e 
ountry, where the 
ost of 
onsumption istypi
ally lower and where the family 
an enjoy the 
ontinuity of residen
e along with a netin
rease in its standard of living due to higher earnings generated abroad by the householdhead. The vast majority of temporary migrants do in fa
t leave their family behind whenthe duration of the 
ontra
t abroad is for just a year or two. For more extended stays,separation 
an be
ome in
reasingly di�
ult to 
ope with and the advantage of avoidingmigration 
osts and bene�ting from the lower 
ost of family 
onsumption at home 
anbe
ome small relative to the bene�ts of family unity. As the duration of stay abroadin
reases to the range of roughly 2-6 years, we would therefore expe
t π to rise qui
klywith τ and family migration to be
ome the dominant mode. Further in
reases in τ 
anbe expe
ted to raise π further, but at a diminishing rate. The exa
t shape of the π (τ)fun
tion under various 
onditions in the host and sour
e 
ountries is an empiri
al questionon whi
h very little systemati
 data is available. Sin
e the parameter values of the fun
tionare not 
ru
ial for the theoreti
al analysis of this paper, we leave this issue on the agendafor future resear
h.12On 
an easily add integration 
osts of immigration as a separate argument. For sim-pli
ity, we prefer to 
onsider su
h 
osts as being re�e
ted in the values of c and a.96



τ that maximizes its obje
tive fun
tion, W , whi
h has two 
omponents: The�ow of average annual (after-tax) rents enjoyed by the employers and theaverage annual net �s
al impa
t of hosting M migrant workers:
W =M

[

λ

τ

∫ τ

0

(1− θ)[H(ε, t)− w]dt+
θ

τ

∫ τ

0

H(ε, t)dt− c [1 + aπ(τ)]

]

,(4.3)where λ ∈ (0, 1) is the weight atta
hed by the government to the employers'rents, 
aptured by the �rst term in the large bra
kets, while the net �s
al im-pa
t is represented by the di�eren
e between the last two terms. A ne
essary
ondition for the maximization of W with respe
t to τ is that
∂W

∂τ
≡Wτ =

M [λ(1− θ) + θ]

τ

[

H(ε, τ)−
1

τ

∫ τ

0

H(ε, t)dt

]

−Mcaπτ = 0,(4.4)where H(ε, τ) is the marginal produ
tivity of a migrant worker at the mo-ment just before she returns to the sour
e 
ountry. Sin
e we assumed that
Ht > 0, H(ε, τ) is larger than the average produ
tivity of a migrant worker,
1
τ

∫ τ

0
H(ε, t)dt. This guarantees that the expression in the bra
kets of eq. (4.4)is positive. The last term 
aptures the in
rease in the �s
al burden asso
i-ated with the higher propensity for migrants to arrive a

ompanied by familymembers as τ is allowed to in
rease. In general, there 
an be zero, one, twoor three internal values of τ that satisfy (4.4), given our assumptions on fun
-tions π(τ) and H(ε, t). Note that τ = 0 is never an optimum. Let us denotethe ve
tor of values of τ whi
h satisfy eq. (4.4) by τ 0.The se
ond derivative of W with respe
t to τ is given by

∂Wτ

∂τ
≡ Wττ =

M(λ(1− θ) + θ)

τ 2

[

τHτ (ε, τ)− 2H(ε, τ) +
2

τ

∫ τ

0

H(ε, t)dt

]

− Mcaπττ . (4.5)The �rst term in (4.5) is 
learly negative (see Appendix 4.7.1 for proof), whilethe se
ond term 
an be either positive or negative, depending on whether τ97



lies on the 
onvex or 
on
ave part of π(τ). Evaluating (4.5) at τ 0 we obtainthe se
ond-order 
ondition
Wττ |τ=τ0 =

M(λ(1 − θ) + θ)

τ 0
Hτ (ε, τ

0)−Mca

(

2πτ (τ
0)

τ 0
+ πττ (τ

0)

)

≷ 0,Thus, the extrema τ 0 
an be either maxima or minima (lo
al or global). Fora more detailed analysis of all possible out
omes see Appendix 4.7.1. In the
ase of two extrema (one of whi
h is ne
essarily a maximum and the other aminimum) we would also need to take into a

ount the possibility of a 
ornersolution τ = T .13 We examine the 
orner out
ome in Se
tion 5 on permanentmigration, but for the moment wish to analyze a unique interior optimumsu
h that Wττ (τ
0) < 0. An analyti
al solution with spe
i�
 fun
tional formsis presented in Appendix B.144.2.2 Sour
e CountrySuppose that the obje
tive of the sour
e 
ountry, S, is to maximize the welfareof its residents, while allowing them to have the freedom of international labormobility. There is obviously a range of instruments available. The one we wishto fo
us on in the 
ontext of a model of skilled-worker migration is the level ofpubli
 edu
ation and training, ε, provided to ea
h member of the labor for
e.We shall assume that only the publi
 edu
ational system exists as liquidity-
onstrained households are unable to o�er their 
hildren private edu
ation.13If τ0 is a unique extremum and Wττ (τ

0) < 0, then τ0 is a global maximum. If thereare three extrema, the �rst and the third are ne
essarily maxima, so that W (T ) 
annotlie above the value of W evaluated at the third extremum. Thus, a 
orner solution τ = Tmay only o

ur when (a) W is monotoni
ally in
reasing everywhere on [0, T ]; (b) thereare two extrema; (
) when W is monotoni
ally in
reasing and has an in�e
tion point, i.e.,
Wτ (τ

0) = 0 and Wττ swit
hes sign at τ0. These 
ases are illustrated in the �gure of theAppendix 4.7.1: 
ase (a) 
orresponds to Panel A on the left, 
ase (b) to Panel B on theright, 
ase (
) to Panel A on the right.14Appendix B is available online athttps://edit.ethz.
h/
er/rese
/people/vinograa/Appendi
es_BCD.pdf98



Moreover, all students are assumed to be of identi
al ability.15Edu
ation is 
ostly, with government expenditure per individual assumedto be xε, where x is the 
onstant 
ost of providing more ε. The bene�t ofedu
ation for the e
onomy manifests itself in a higher level of output, withthe marginal produ
tivity of a worker in sour
e-
ountry employment givenby H∗(ε) with H∗
ε > 0, H∗

εε < 0, and lim
ε→∞

H∗
ε = 0.16As some of the students will migrate at the time of graduation, the fullbene�ts of the edu
ational program are not 
aptured by S. Some of the ben-e�ts spill over to F. This externality will obviously a�e
t the optimal level oftraining provided to 
itizens. To de�ne the problem in more 
on
rete terms,let us assume that the obje
tive of S is to maximize its steady-state GDP, netof edu
ational expenditures. Suppose that L∗ individuals are born at ea
hinstant, with their working lives being from the age of 0, when they graduate,to the age of T . The steady-state out�ow of emigrants, M/τ , is set by theimmigration poli
y of the host 
ountry, where M is the sto
k of migrants and

τ is the duration of their stay abroad. Fo
using here on the 
ase of temporarymigration, we may express the obje
tive fun
tion of S as
W ∗ = (L∗ −

M

τ
)TH∗(ε) +

M

τ
(T − τ)φH(ε, τ)− xL∗ε, (4.6)where φ ≤ 1 is the proportion of a migrant's produ
tivity in F, just beforereturn, that is transferrable to the labor market of S. The �rst term in (4.6)
orresponds to the produ
tivity of the non-migrant population, the se
ond15The problem of international migration of skilled workers with heterogeneous abilitieswas �rst examined by Djaji¢ (1989). We do not address this issue in the present study.Everyone in our model gets the same amount of edu
ation provided by the authorities andends up with the same amount of skill when the training is 
ompleted.16Note that we are assuming that lo
al workers do not be
ome more produ
tive withexperien
e in the sour
e-
ountry labor market. This is to sharpen our fo
us on the te
hno-logi
al di�eren
es between 
ountries and the possible bene�ts that a sour
e 
ountry mayenjoy due to return migration from a more advan
ed host 
ountry. None of the prin
i-pal �ndings of the paper would 
hange if we assumed that a worker's produ
tivity is anin
reasing fun
tion of experien
e in the domesti
 labor market.99



term re�e
ts the 
ontribution of all the returnees and the last term 
orre-sponds to the publi
 
ost of edu
ation. One 
an assume that the returneesbring ba
k valuable skills a
quired abroad,17 so that φH(ε, τ) > H∗(ε) or,at the other extreme, that the skills a

umulated in F are largely �rm spe-
i�
 and that having been away for τ units of time a
tually makes returneesless produ
tive in 
omparison with similarly edu
ated non-emigrants [i.e.,
φH(ε, τ) < H∗(ε)]. We shall ignore this se
ond possibility on the groundsthat it is mu
h less likely to be empiri
ally relevant than the �rst.The sour
e 
ountry will set ε to maximize W ∗, so that

∂W ∗

∂ε
≡W ∗

ε = (L∗ −
M

τ
)TH∗

ε (ε) +
M

τ
(T − τ)φHε(ε, τ)− xL∗ = 0. (4.7)Given that H∗

ε and Hε are both positive and monotoni
ally de
lining in ε,with lim
ε→∞

Hε = 0 and lim
ε→∞

H∗
ε = 0, the extremum of W ∗ is unique. Let usdenote it by ε0. The se
ond-order derivative of W ∗ is

∂W ∗
ε

∂ε
≡W ∗

εε = (L∗−
M

τ
)TH∗

εε(ε)dt+
M

τ
(T−τ)φHεε(ε, τ)dt < 0, ∀ε, (4.8)ensuring that ε0 is the global maximum. Rewriting (4.7) as

W ∗
ε = L∗(TH∗

ε − x) +
M

τ
[(T − τ)φHε(ε, τ)− TH∗

ε (ε)] = 0,we see that if there is no migration (i.e., M = 0), the optimal level of trainingis su
h that, x, the marginal 
ost of an extra unit of edu
ation, is equal to17Domingues Dos Santos and Postel-Vinay (2003) expli
itly look at the e�e
t of knowl-edge di�usion through return-migration. In their simple model they show that temporarymigrants 
an boost the home 
ountry's produ
tivity level by bringing a superior te
hnologyfrom the host 
ountry. In the long run this may lead to lower emigration and more returnmigration. Their analysis, however, is fo
used only on the sending (i.e., developing) e
on-omy, while our model 
onsiders the intera
tion between the poli
ies of both the sour
e andhost 
ountries. Dustmann et al. (2011) build a model in whi
h individuals possess multi-ple skills and show that di�eren
es in the rates of return to these skills between the hostand the sour
e 
ountry may indu
e migrants to return home. By 
ontrast, in our model,there is only one type of skill. See also a re
ent overview of this literature in Do
quier andRapoport (forth
oming). 100



TH∗
ε (ε), whi
h is the in
rease in the undis
ounted lifetime produ
tivity of anon-migrant.18 With migration, either a higher or a lower level of training isoptimal, depending on whether
D ≡ (T − τ)φHε(ε, τ)− TH∗

ε (ε) (4.9)is positive or negative, respe
tively. The se
ond term in (4.9) 
orresponds tothe in
rease in the lifetime produ
tivity of a non-migrant due to an in
reasein training by one unit. The �rst term 
aptures a returnee's 
ontributionto sour
e-
ountry output due to the same extra unit of training providedbefore emigration. If an additional unit of training results in an in
reasein the produ
tivity of a returnee relative to that of a non-migrant in ex
essof T/(T − τ), then D > 0. In that 
ase S bene�ts more by o�ering extratraining to a worker who migrates temporarily than it does by o�ering itto another who remains at home. In 
onsequen
e, it pays to provide morepubli
 edu
ation to 
itizens in a regime of temporary emigration than itdoes under autarky. Alternatively, if the skills a

umulated in F are noteasily transferrable to S (whi
h might be due to a di�eren
e in the levels ofdevelopment of the two 
ountries) and/or (T − τ)/T is not su�
iently large,
D < 0. It is then optimal to provide less training in the 
ontext of an opene
onomy than it is under autarky. We shall 
onsider both possibilities in theanalysis below.1918 Dis
ounting the future bene�ts of publi
 edu
tion would slightly 
ompli
ate thenotation. In terms of its impa
t on our �ndings, in an autarky equilibrium it wouldresult in a lower ε, while in the 
ase of temporary migration, with the bene�ts ofedu
ation of those who migrate being deferred still further out in time, the e�e
ton ε is even stronger. For formal treatment, see Appendix C, available online athttps://edit.ethz.
h/
er/rese
/people/vinograa/Appendi
es_BCD.pdf.19In a related paper, Wong and Yip (1999) 
onsider an overlapping generations model ofskilled migration, edu
ation, and endogenous growth. Emigration of skilled workers in theirmodel lowers the growth rate of the e
onomy, whi
h in turn 
alls for greater expenditureon edu
ation by the authorities whose obje
tive is to maintain the growth rate. Thedi�eren
e in the poli
y response to emigration of skilled workers in our model stems fromthe di�eren
e in the assumed poli
y obje
tive.101



4.3 Nash Equilibrium with Temporary MigrationEqs. (4.4) and (4.7) are the rea
tion fun
tions of F and S, respe
tively. Thepartial derivative of (4.4) with respe
t to ε is given by
∂Wτ

∂ε
≡ Wτε =M

{

(λ(1− θ) + θ)

τ

[

Hε(ε, τ)−
1

τ

∫ τ

0

Hε(ε, t)dt

]}

> 0.(4.10)The sign of Wτε is positive be
ause we assumed that Hεt ≥ 0, so that
Hε evaluated at t = τ is greater than the average of Hε for t ∈ [0, τ ]. Sin
e
Wττ < 0 in the neighborhood of an internal solution for τ , the slope of the host
ountry's rea
tion fun
tion, RR, is positive (i.e., dτ/dε|

Wτ=0
= −Wτε/Wττ >

0). Di�erentiating the sour
e-
ountry rea
tion fun
tion (4.7) with respe
t to
τ we obtain

∂W ∗
ε

∂τ
≡W ∗

ετ =
MD

τ 2
(ξDτ − 1) , (4.11)where D is de�ned in (4.9) and the elasti
ity of D with respe
t to τ , ξDτ ≡

∂D
∂τ

τ
D

≷ 0. The slope of the rea
tion fun
tion R∗R∗ of 
ountry S is given by
dτ/dε|

W∗
ε=0

= −W ∗
εε/W

∗
ετ . Sin
e W ∗

εε < 0, the sign of the slope is the same asthat of W ∗
ετ in eq. (4.11). It is therefore important to examine more 
loselythe expression for W ∗

ετ , whi
h e�e
tively determines whether it is optimal forS to in
rease or de
rease spending on the training of its 
itizens in responseto an in
rease in the value of τ 
hosen by 
ountry F. On the basis of (4.11),we observe that the slope of R∗R∗ is positive in two 
ases. First, when D > 0and ξDτ > 1. A positive D means that the marginal e�e
t of an extra unit oftraining on the produ
tivity of a returnee ex
eeds the e�e
t on the lifetimeprodu
tivity of a non-migrant, i.e., there is a positive gap between thesetwo marginal e�e
ts. The bene�t of providing more ε is then larger for S,the greater the �ow of migrants (and therefore returnees). An in
rease in τredu
es this �ow in the same proportion be
ause the sto
k of migrants, M ,102



is held 
onstant by F. This obviously 
alls for a redu
tion in ε. However,if ξDτ > 1, the positive gap between the produ
tivity of a returnee and anon-migrant expands more than in proportion to τ .20 It then pays for S toraise ε in response to an in
rease in τ in spite of the asso
iated redu
tion inthe �ow of returnees. R∗R∗ is therefore positively sloped.The se
ond 
ase in whi
h the slope of R∗R∗ is positive o

urs when D < 0and ξDτ < 1. When D < 0, the bene�t of providing more edu
ation toits 
itizens is larger for S, the smaller the �ow of migrants. If, in addition,
ξDτ < 1, the redu
tion in the out�ow of skilled workers due to an in
rease in
τ has a more signi�
ant impa
t than any asso
iated improvement in D. It isthen bene�
ial, on
e again, for S to raise ε in response to a higher τ . In allother 
ases it is optimal for S to redu
e the provision of publi
 edu
ation inrea
tion to an in
rease in τ and hen
e R∗R∗ is negatively sloped.Figures 4.1 and 4.2 illustrate the determination of τ and ε in the Nashequilibrium. Figure 4.1 is drawn for the 
ase W ∗

ετ < 0 (negatively sloped
R∗R∗) and Figure 4.2 for the 
aseW ∗

ετ > 0 (positively sloped R∗R∗). The host
ountry's rea
tion fun
tion RR is positively sloped in both �gures. Stabilityof the equilibrium requires that
∆ ≡WττW

∗
εε −WτεW

∗
ετ > 0,whi
h implies that if R∗R∗ is positively sloped, it must be steeper than RR,as illustrated in Figure 4.2. We shall assume this to be the 
ase.FIGURES 1 AND 2 � POSITIONED HERE, SIDE BY SIDE20 In general, an in
rease in τ has two e�e
ts on the gap. On the one hand, it redu
esthe time that a returnee spends ba
k home (T − τ falls) and thus redu
es her lifetime
ontribution to the GDP of S. On the other hand, it raises a migrant's marginal return totraining (Hετ > 0).
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4.3.1 Comparative Stati
sTo examine the impli
ations of 
hanges in the key exogenous variables onthe Nash-equilibrium values of the two poli
y instruments, we di�erentiatetotally the rea
tion fun
tions (4.4) and (4.7) to obtain








Wττ Wτε

W ∗
ετ W ∗

εε

















dτ

dε









=









−Wτθdθ −Wτcdc−Wτλdλ

−W ∗
εxdx−W ∗

εφdφ−W ∗
εMdM









,whi
h enables us to solve for the e�e
ts of 
hanges in the exogenous variables
θ, c, λ, φ, x, and M on the equilibrium values of τ and ε. The results arepresented in the following subse
tions.4.3.2 In
rease in the Tax Rate in Country FAn in
rease in the tax rate, θ, of the host 
ountry has the following impli
a-tions:

∆
dτ

dθ
= −WτθW

∗
εε > 0, (4.12)where Wτθ =M (1−λ)
τ

{

H(ε, τ)− 1
τ

∫ τ

0
H(ε, t)dt

}

> 0. It follows that a higher
θ in
reases the Nash-equilibrium value of τ . Host 
ountries with higher taxrates on earnings (in
luding employer rents) 
an therefore be expe
ted toallow skilled immigrants to stay longer. As we have assumed that the sto
kof migrants,M , is held 
onstant, this 
omes at the expense of a smaller in�owof foreign workers.The e�e
t of a higher tax rate on the Nash equilibrium amount of trainingprovided by 
ountry S is ambiguous and depends on the sign of W ∗

ετ .
∆
dε

dθ
= WτθW

∗
ετ ≷ 0. (4.13)If W ∗

ετ < 0, an in
rease in the tax rate lowers the amount of training, asthat is the optimal response of S to a rise in τ . In terms of Figure 4.1, an104



in
rease in θ shifts the RR s
hedule up and to the left (shown by the dashedline R′R′), 
ausing it to interse
t the una�e
ted R∗R∗ lo
us at a lower valueof ε. Alternatively, if W ∗
ετ > 0, we have the 
ase depi
ted in Figure 4.2, withan upward shift of RR giving rise to an in
rease in ε. This re�e
ts the fa
tthat when W ∗

ετ > 0, an in
rease in ea
h migrant's duration of stay abroad(along with a proportional redu
tion in the �ow of returnees) a
tually raisesthe sour
e-
ountry bene�t of training relative to the 
ost, making an in
reasein ε optimal.4.3.3 Higher Cost of Publi
 Servi
es Absorbed by Im-migrantsConsider next the impli
ations of an in
rease in c, the 
ost of publi
 servi
esprovided to immigrants:
∆
dτ

dc
= −WτcW

∗
εε < 0, (4.14)

∆
dε

dc
=WτcW

∗
ετ ≷ 0, (4.15)where Wτc = −aMπτ < 0. With an in
rease in c, the Nash-equilibriumduration of stay de
reases. This stems from the assumption that if immigrantsstay for a shorter period of time, they are less likely to bring with them theirfamilies that absorb 
ostly publi
 servi
es. Thus, the more the publi
 se
torspends per unit of servi
es provided to immigrants, the lower the value of

τ . Host 
ountries with highly developed welfare systems, parti
ularly when it
omes to servi
es provided to dependent members of an immigrant household,
an thus be expe
ted to favor relatively shorter durations of stay.The amount of training provided by the sour
e 
ountry to its 
itizens eitherin
reases or de
reases, depending on whetherW ∗
ετ is positive or negative. Theintuition here is the same as that in the previous subse
tion. The sour
e
ountry in
reases or 
uts ε in response to a redu
tion in τ , depending onwhether W ∗

ετ is negative or positive. 105



In the 
ontext of a somewhat ri
her model where the 
ost of providingpubli
 servi
es to immigrants is a fun
tion of their edu
ation and skills, onmight think of c as being a de
reasing (possibly 
onvex) fun
tion of ε. Thismodi�
ation of the model would not a�e
t the qualitative results of our paper,but it would make the slope of RR steeper as the expression for Wτε wouldhave an additional positive term, −c′(ε)[1 + aπ(τ)] > 0, where c′(ε) < 0.4.3.4 In
rease in the Weight of Employers' RentsIf the rents of host-
ountry employers are assigned a larger weight, λ, in theobje
tive fun
tion of 
ountry F, we have the following impli
ations for theNash-equilibrium values of τ and ε.
∆
dτ

dλ
= −WτλW

∗
εε > 0, (4.16)

∆
dε

dλ
= WτλW

∗
ετ ≷ 0, (4.17)where Wτλ = M (1−θ)
τ

{

H(ε, τ)− 1
τ

∫ τ

0
H(ε, t)dt

}

> 0. A rise in λ thereforein
reases the Nash-equilibrium duration of stay while having an e�e
t on εthat depends, on
e again, on the sign ofW ∗
ετ . This is pre
isely the same resultthat we had for an in
rease in θ and the same intuition follows.4.3.5 Higher Transferability of Skills A
quired AbroadAn in
rease in φ has the following e�e
ts:

∆
dτ

dφ
= WτεW

∗
εφ > 0, (4.18)

∆
dε

dφ
= −WττW

∗
εφ > 0, (4.19)whereW ∗

εφ =
M
τ
(T−τ)Hε(ε, τ) > 0. Greater sour
e-
ountry valuation of skillsa
quired by migrants in F in
reases the Nash-equilibrium amount of training106



and the duration of stay. If immigrants are e�e
tively more produ
tive at thepoint of return, it is then optimal for S to in
rease the amount of trainingit provides to all its 
itizens and for F to hold on to its skilled immigrantslonger. This analysis suggests that over time, as sour
e 
ountries developgreater 
apa
ity to utilize the skills brought ba
k by the returnees, the Nash-equilibrium values of ε and τ will tend to in
rease.
4.3.6 In
rease in the Cost of TrainingAn in
rease in x is found to lower the Nash-equilibrium values of both ε and
τ :

∆
dτ

dx
=WτεW

∗
εx < 0, (4.20)

∆
dε

dx
= −WττW

∗
εx < 0, (4.21)where W ∗

εx = −L∗ < 0. If there is an in
rease in the 
ost of training in
ountry S, it no longer pays to provide as mu
h of it as when the 
ost waslower. The optimal response of the host 
ountry is to 
ut the duration of stayof its skilled immigrants. In terms of Figures 4.1 and 4.2, an in
rease in xshifts the R∗R∗ s
hedule to the left to interse
t the una�e
ted RR lo
us atlower values of both ε and τ .4.3.7 In
rease in the Sto
k of ImmigrantsConsider next a shift in immigration poli
y of 
ountry F that results in alarger desired sto
k of migrants, M , employed in the e
onomy at any pointin time. We have
∆
dτ

dM
= WτεW

∗
εM ≷ 0, (4.22)107



∆
dε

dM
= −WττW

∗
εM ≷ 0, (4.23)where W ∗

εM = D
τ
≷ 0 ⇔ D ≷ 0, with D de�ned in (4.9). Sin
e Wτε > 0 and

Wττ < 0, the Nash equilibrium values of τ and ε move in the same dire
tion.They both de
line if it is optimal for S to 
ut ε when its borders open up totemporary migration (i.e., D < 0) and in
rease when temporary emigrationtriggers an in
rease in ε (i.e., D > 0). The optimal response of 
ountry Fis to shorten τ when training is redu
ed and to in
rease it when immigrantsarrive with more skills.
4.4 Maximization of Joint WelfareIn this se
tion we 
onsider the 
ase where 
ountry F 
hooses the duration ofstay and 
ountry S 
hooses the amount of training to maximize joint welfare.The value of τ must then be set su
h that
γWτ + (1− γ)W ∗

τ = 0. (4.24)The parameter γ ∈ (0, 1) is the relative weight atta
hed to the welfare of Fand may be interpreted to re�e
t its bargaining power.Di�erentiating the welfare fun
tion of 
ountry S with respe
t to τ yields
W ∗
τ =

M

τ 2
[TH∗(ε)− φ(T − τ)H(ε, τ)]+

M(T − τ)φH(ε, τ)

τ 2

[

η
Hτ

−
τ

T − τ

]

,(4.25)where η
Hτ

≡ ∂H
∂τ

τ
H
. We 
an think of an in
rease in τ as having two e�e
ts onthe welfare of S, represented by the two terms in eq. (25). First, for a givensto
k of migrants, an in
rease in τ implies a proportional redu
tion in the�ow. More skilled workers therefore remain at home out of any generationof graduates, ea
h 
ontributing TH∗(ε) to GDP of S. There is, however, a
orrespondingly smaller return �ow of migrants, whi
h implies a GDP loss108



amounting to φ(T − τ)H(ε, τ) units of output per returnee. If TH∗(ε) isgreater (smaller) than φ(T − τ)H(ε, τ), S experien
es brain drain (gain) as aresult of temporary emigration. A redu
tion in the �ow of emigrants, due toan in
rease in τ , then bene�ts (harms) S, 
ontributing to W ∗
τ being positive(negative).Se
ond, with an in
rease in τ , ea
h migrant stays abroad longer, a

umu-lates skills, and returns to S with a higher produ
tivity, albeit for a shorterperiod of time. This e�e
t is 
aptured by the se
ond term in (25). If theelasti
ity of H(., .) with respe
t to τ , η

Hτ
> τ/(T − τ), an in
rease in τ 
on-tributes positively to sour
e-
ountry welfare through this 
hannel. Su
h anout
ome is likely to emerge in a migration regime where F allows migrants tostay for only a short period of time. For relatively high values of τ , we wouldexpe
t this se
ond term in (25) to be negative.In summary, taking into a

ount both e�e
ts in (4.25), W ∗

τ 
an be eitherpositive or negative. The sign is unambiguously positive if S experien
es abrain drain and migrants stay abroad for a relatively short period of time.Sin
e Wτ = 0 in the Nash equilibrium, W ∗
τ > 0 implies that joint welfaremaximization 
alls for a relatively longer duration of stay for migrants in
ountry F. Alternatively, if W ∗

τ < 0, joint welfare maximization results in alower value of τ when 
ompared with Nash.Similarly, if 
ountry S 
hooses ε in order to maximize joint welfare of Sand F, then
γWε + (1− γ)W ∗

ε = 0. (4.26)Di�erentiating the welfare fun
tion of 
ountry F with respe
t to ε, we �ndthat
Wε =M

(λ(1− θ) + θ)

τ

∫ τ

0

Hε(ε, t)dt > 0. (4.27)Sin
e W ∗
ε = 0 in the Nash equilibrium, joint welfare maximization requires ahigher value of ε than the one that emerges in a non-
ooperative setting.109



In summary, maximization of joint welfare results in more training ofworkers by S and a longer or shorter duration of stay of skilled immigrants inF (depending on the sign of W ∗
τ ), when 
ompared with the Nash-equilibriumvalues of these poli
y instruments. Note, in addition, that an in
rease inthe bargaining power of F relative to that of S, as measured by γ, resultsin a higher ε and a shorter τ when W ∗

τ > 0 and a longer τ when W ∗
τ < 0.Moreover, maximization of joint welfare does not ne
essarily give rise to anin
rease in the individual level of welfare of both 
ountries. Consider forexample the 
ase where W ∗

τ is zero or 
lose to zero. The duration of stayis then approximately the same with joint welfare maximization as it is atNash, while the amount of training is higher. This means that the welfare ofS is ne
essarily lower with joint welfare maximization than it is in the Nashequilibrium, while the welfare of F is unambiguously higher. In this 
ase Shas no in
entive to 
ooperate and some side payment is needed in order toindu
e it to do so. A similar transfer me
hanism might be ne
essary in orderto indu
e S to 
ooperate in a situation where it is optimal for F to set τ = T .This is the 
ase of permanent immigration whi
h we examine next.
4.5 Permanent MigrationUnder 
ertain 
onditions it is optimal for F to set τ = T , i.e., invite skilledmigrants to settle permanently. This 
orner solution may arise when (a)
∂W/∂τ = 0 has a unique root but is positive for all other values of τ , i.e.,the obje
tive fun
tion of F has an in�e
tion point but is positively slopedeverywhere else (see, e.g., Panel A on the right in Appendix 4.7.1), or (b)
∂W/∂τ = 0 has two roots, the se
ond of whi
h is a (lo
al) minimum (seePanel B on the right or Panel C on the left), or (
) the obje
tive fun
tion
W is positively sloped for all τ ∈ [0, T ] (Panel A on the left). Case (
)requires no further dis
ussion but in the other two 
ases it is possible that
W (τ 0) < W (T ). Evaluating the host 
ountry's obje
tive (4.3) at τ 0 and T ,110



we get
W (τ 0) =M

{

λ(1− θ) + θ

τ 0

∫ τ0

0

H(ε, t)dt− λw − c
[

1 + aπ(τ 0)
]

}

, (4.28)
W (T ) =M

{

λ(1− θ) + θ

T

∫ T

0

H(ε, t)dt− λw − c [1 + a]

}

, (4.29)where we used the fa
t that lim
τ→T

π(τ) = 1. Subtra
ting (4.28) from (4.29), we�nd that the 
orner solution o

urs when
[λ(1− θ) + θ]

[

1

T

∫ T

0

H(ε, t)dt−
1

τ 0

∫ τ0

0

H(ε, t)dt

]

− ca[1− π(τ 0)] > 0.That is, when the bene�ts of F stemming from the gain in a migrant's pro-du
tivity (asso
iated with the extension of the permit from τ 0 to T ) morethan 
ompensate for the additional 
ost of publi
 servi
es provided to theimmigrant household.If migration is permanent, F simply retains a sto
k M of permanent im-migrants, with a steady-state in�ow of M/T skilled migrants �lling the jobsof the retiring ones. The stru
ture of the problem is then mu
h simpler thanin the 
ase of temporary migration as τ is set at its maximum value of T . ForS, the problem in this setting is to maximize
W ∗ = (L∗T −M)H∗(ε)− xL∗ε, (4.30)with respe
t to ε. This yields
∂W ∗

∂ε
=

(

L∗T −M

L∗T

)

TH∗
ε (ε)dt− x = 0, (4.31)whi
h implies that the marginal 
ost of training must be equated to theprodu
t of the in
rease in the lifetime produ
tivity of a non-migrant due tothe extra unit of training and the proportion of graduates that remain athome. Comparing (4.31) with (4.7), we 
on
lude that the optimal level of εwith permanent migration is unambiguously lower than that with temporarymigration. Moreover, as the marginal produ
tivity of training is assumed tobe diminishing, it follows that the larger the sto
k of skilled migrants re
ruitedon a permanent basis by F, the lower the optimal level of ε provided by S.111



4.6 Con
lusionsThe vast literature on migration of skilled workers and the brain drain doesnot provide an analysis of the optimal intera
tion between immigration poli
yof the host 
ountry and the provision of publi
 edu
ation in the sour
e 
ountry.The present study attempts to �ll this gap by developing a simple two-
ountrymodel of skilled-worker migration where the host 
ountry 
hooses the optimalduration of stay of skilled migrants and the sour
e 
ountry sets the level oftraining provided to its 
itizens.In our analysis of the Nash equilibrium with temporary migration, we�nd that host 
ountries that have relatively higher tax rates on in
omes,that attribute a larger weight to employers' rents in their obje
tive fun
tion,and that provide lower levels of publi
 servi
es to individuals, have a greaterin
entive to allow their skilled immigrants to work in the e
onomy for arelatively longer period of time, in
luding permanently. When a temporaryimmigration poli
y is 
hosen by the host 
ountry, the optimal level of trainingprovided by the sour
e 
ountry depends on the rate at whi
h immigrantsa

umulate skills while working abroad and the valuation of those skills afterreturn. Should the skills a
quired abroad be
ome more valuable in the labormarket at home, it is optimal for the sour
e 
ountry to provide a higher levelof training to the workers. More training is also 
alled for in response toa redu
tion in its 
ost. Finally, if the host 
ountry 
hooses to in
rease its
stock of immigrants, this will lower (in
rease) the level of training providedby the sour
e 
ountry if migration redu
es (in
reases) its bene�ts from su
htraining. This depends, in turn, on the rate at whi
h migrants a

umulateskills in the foreign 
ountry, the transferability of su
h skills to the labormarket of the sour
e 
ountry and the duration of ea
h migrant's stay abroad.We also examine the impli
ations of both 
ountries a
ting to maximize jointwelfare. The level of edu
ation provided to 
itizens of the sour
e 
ountryis then greater, while the maximum duration of stay of migrant workers in112



the host 
ountry may be longer or shorter when 
ompared with the Nash-equilibrium values of these instruments.Our model 
an be extended to in
lude the analysis of several host 
oun-tries/regions that 
ompete for skilled workers from a single sour
e 
oun-try/region. This problem would be more 
hallenging and more interestingto 
onsider in a setting where sour
e-
ountry workers di�er in terms of theirskills and host 
ountries di�er in terms of their te
hnology. Moreover, in 
on-trast with our simple model with in�nitely elasti
 supply of migrants, host
ountries would have to make an e�ort to meet their immigration quotas.This implies that the sto
k of migrants be
omes a key endogenous variablein their obje
tive fun
tions. To attra
t foreign workers, they would need tomake 
ompromises with respe
t to other obje
tives. We would expe
t thisto be re�e
ted in more favorable 
onditions being o�ered to migrants: 
on-ditions with respe
t to the duration of stay (i.e., longer τ), 
ompensation(w), and even tax treatment, as we already observe in numerous advan
ed
ountries [See SOPEMI (2005, pp. 132-133)℄. The optimal response of thesour
e 
ountry is likely to be a 
ut in publi
 expenditure on edu
ation belowthe level obtained under Nash equilibrium with a single host 
ountry.There are a number of other dire
tions in whi
h the present model may beextended. In some 
ases this would 
ompli
ate the analysis 
onsiderably, re-quiring simpli�
ations in other dimensions. For example, our model has onlyone se
tor employing skilled labor with the authorities providing edu
ationto the entire labor for
e. A ri
her framework would 
onsist of a two-se
tore
onomy, with one se
tor requiring skilled labor and the other unskilled la-bor. The size of the two se
tors and the pattern of international trade ingoods would then depend on the immigration and edu
ational poli
ies of thehost and sour
e 
ountries, respe
tively. Se
ond, as in Djaji¢ (1989), one maylook at the impli
ations of emigration of skilled workers when individualshave heterogeneous abilities. In su
h a world, the workers with the highestabilities will likely be o�ered the strongest in
entives to migrate, whi
h inmost modelling s
enarios will a

entuate the brain-drain e�e
t for any given113



sto
k of migrants admitted abroad. These and other possible extensions ofour model would 
ontribute signi�
antly to our understanding of the inter-a
tion between the optimal immigration and edu
ation poli
ies of the hostand sour
e 
ountries in a world where international mobility of skilled laboris be
oming in
reasingly important.
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4.7 Appendix4.7.1 Appendix to Se
tion 2.1Se
ond Derivative of the Host Country's Obje
tiveTo see that the �rst term in (4.5) is negative, multiply the term in the squarebra
kets by τ to get
τ 2Hτ (ε, τ)− 2

[

τH(ε, τ)−

∫ τ

0

H(ε, t)dt

]

.Note that the expression in the square bra
kets above is equal to the sum ofthe area marked by S1 and the shaded area S2 in the �gure below.

Tτ
H ( ε , τ ) S 1S 2 t

H ( ε , t ) H τ ( ε , τ )τ H τ H ( ε , t )

Then write
τ 2Hτ (ε, τ)− 2

[

τH(ε, τ)−

∫ τ

0

H(ε, t)dt

]

=

= τ 2Hτ (ε, τ)− 2(S1 + S2) < τ 2Hτ (ε, τ)− 2S1 = 0,where the last equality follows from the fa
t that S1 = τ 2Hτ (ε, τ)/2. Thus,the term in the bra
kets in (4.5) is unambiguously negative.119



Optimal duration of the work permitThe �rst term (FT) in (4.4), M [λ(1−θ)+θ]
τ

[

H(ε, τ)− 1
τ

∫ τ

0
H(ε, t)dt

], is positiveand monotoni
ally de
reasing in τ , sin
e, it's derivative with respe
t to τ , i.e.,the �rst term in (4.5), is negative (proof in Appendix 4.7.1). The se
ond term(ST) in (4.4), Mcaπτ , has a bell shape, with the maximum at the in�e
tionpoint of π(τ), at τ = τ ′ (see the �gure below). The 
ase with no interiorsolution 
orresponds toWτ > 0, ∀τ , so that the downward-sloping bold 
urve(labelled FT in the left half of Panel A) lies everywhere above the bell-shaped
urve (labelled ST). It is then optimal for the host 
ountry to o�er skilledmigrants permanent residen
e. This 
orner solution is examined in Se
tion 5.The 
ase of one optimum o

urs if the downward-sloping FT 
urve justtou
hes the ST 
urve, as shown on the right side of Panel A. This extremum
annot be a maximum, however, but rather an in�e
tion point ofW (τ), sin
ethe se
ond derivative, Wττ , 
hanges sign after passing through this point.A unique extremum may also o

ur if the FT 
urve 
rosses the ST 
urvefrom above and then lies everywhere below the de
reasing portion of ST (seeleft side of Panel B, where the equilibrium is shown to o

ur to the left ofthe in�e
tion point at τ = τ ′). In this 
ase, we have a global maximum. Anextremum may also o

ur to the right of the in�exion point, on the downward-sloping portion of ST). Another possible 
ase of two extrema is illustrated inPanel C on the left. Finally, three extrema may also o

ur, as shown in PanelC on the right. Among all these possible solutions we are interested onlyin maxima, that is, those whi
h o

ur when FT 
rosses ST from above. In
ase of multiple maxima, as for example those at τ1 and τ3 in Panel C on theright, we 
annot distinguish a lo
al maximum from the global one withoutassuming spe
i�
 fun
tional forms.
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4.8 Appendix B: Example with Expli
it Solu-tion4.8.1 B.1: Host 
ountryLet H(ε, t) = µεαtβ and π = (τ/T )ν , where µ > 0, α ∈ (0, 1), β ∈ (0, 1),and ν > 1.21 Then the �rst-order 
ondition for the host 
ountry's 
hoi
e of
τ , eq. (4), 
an be written as

M [λ(1− θ) + θ]

τ

[

µεατβ −
1

τ

∫ τ

0

µεαtβdt

]

=Mcaντ ν−1T−ν ,from whi
h we obtain the rea
tion fun
tion of F
τ 0 =

[

µεαβ [λ(1− θ) + θ]T ν

(1 + β)caν

]
1

ν−β

, (4.32)It is positively sloped sin
e ν − β > 0. The se
ond-order 
ondition is auto-mati
ally satis�ed sin
e π(τ) is 
onvex when ν > 1, as assumed here. Theobje
tive, for any given level of ε, is
W = (µεα)

ν
ν−β

[

β [λ(1− θ) + θ]T ν

(1 + β)caν

]
β

ν−β4.8.2 B.2: Sour
e 
ountryLet H∗ = µ∗εα. Then the optimal ε is set su
h that
(L∗ −

M

τ
)Tµ∗αεα−1 +

M

τ
(T − τ)φµαεα−1(τ)β − xL∗ = 0,from whi
h we obtain the rea
tion fun
tion of S

ε0 =

[

(L∗ − M
τ
)Tµ∗ + M

τ
(T − τ)φµ(τ)β

αxL∗

]
1

1−α

, (4.33)21Although a 
onvex π fun
tion o�ers a 
onvenient way of presenting the internal solutionand 
omparing it with the 
orner solution, there is little eviden
e that it 
orresponds tothe most realisti
 form of the relationship between the migrants' expe
ted duration of stayabroad and the probability of bringing the family along.122



whi
h is the global maximum (for a given τ) sin
e the se
ond-order 
onditionis satis�ed for any ε.The obje
tive, for any given τ , is
W ∗ = µ∗

[

(L∗ − M
τ
)Tµ∗ + M

τ
(T − τ)φµ(τ)β

αxL∗

]
α

1−αThe system of equations (4.32) - (4.33) 
an be solved for the Nash-equilibrium values of τ and ε.
4.9 Appendix C: E�e
t of Dis
ounting in Se
-tion 2.2If we introdu
e dis
ounting at the rate ρ, the sour
e-
ountry's obje
tive ismodi�ed as follows

max
ε

(L∗ −
M

τ
)

∫ T

0

H∗(ε)e−ρtdt+
M

τ

∫ T

τ

φH(ε, τ)e−ρtdt− xL∗ε.The �rst-order 
ondition is then
W ∗
ε = (L∗−

M

τ
)H∗

ε (ε)
1− e−ρT

ρ
+
M

τ
φHε(ε, τ)

e−ρτ − eρT

ρ
−xL∗ = 0. (4.34)Given that 1−e−ρT

ρ
< T and e−ρτ−eρT

ρ
< (T −τ), the �rst two terms are smallerthan the 
orresponding terms in (7). This implies that the e�e
t of dis
ount-ing is to lower the optimal level of training provided by the government ofS. Introdu
ing dis
ounting into the obje
tive fun
tion of the host 
ountry ismu
h more 
omplex, as it requires strong assumptions on the time path ofpubi
-servi
e 
onsumption of the immigrant household. However, if the timepath of servi
e 
onsumption grows at the same rate as the bene�ts enjoyedby the host 
ountry due to growth in the migrant's produ
tivity, dis
ountingdoes not a�e
t our results 
on
erning the host 
ountry.123



4.10 Appendix D: Endogenous skill formation4.10.1 D.1: Autarky 
aseConsider an individual whose lifetime 
onsists of two phases. In the �rstphase she has to de
ide on how to optimally divide her endowment of oneunit of time between leisure, l, and studies, z. The skills a
quired in the �rstphase determine her in
ome and 
onsumption in the se
ond phase. Utility isderived from leisure, l, in the �rst phase and 
onsumption of 
ommodities,
C, in the se
ond phase a

ording to U(l, C) = u∗(l) + u(C). We adopt thestandard assumptions: u∗′(l) > 0, u∗′′(l) < 0, u′(C) > 0, and u′′(C) < 0.By investing more of her time into edu
ation, the individual 
an in
rease herprodu
tivity and hen
e total 
onsumption, C, in the se
ond phase. Morepre
isely, C(z, ε) = TH∗(z, ε) with H∗

z > 0, H∗
ε > 0, H∗

zz < 0, H∗
εε < 0, and

H∗
zε > 0, where T is the length of the se
ond phase and ε is the level of publi
edu
ation provided by the authorities.The optimization problem of the individual is
max
z

u∗(1− z) + u(C(z, ε)),taking ε as given. The �rst-order 
ondition reads:
−u∗

′

(1− z) + u′(C)
∂C

∂z
= 0.By totally di�erentiating the above expression we obtain:

dz

dε
= −

u′′(C)∂C
∂z

∂C
∂ε

+ u′(C) ∂
2C

∂z∂ε

u∗′′(1− z) + u′′(C)
(

∂C
∂z

)2
+ u′(C)∂

2C
∂z2

,where the denominator is unambiguously negative, while the two terms inthe numerator have 
on�i
ting signs: both ∂C
∂z

∂C
∂ε

and ∂2C
∂z∂ε

are positive, while
u′′(C) < 0 and u′(C) > 0. If we 
onsider, however, the usual iso-elasti
 utilityfun
tions:
u∗(l) =

l1−χ

1− χ
, χ ∈ (0, 1), u(C) =

C1−σ

1− σ
, σ ∈ (0, 1),124



and assume that H∗(z, ε) = µ∗εβzκ, with µ∗ > 0 being a te
hnologi
al pa-rameter, β ∈ (0, 1), κ ∈ (0, 1), and β + κ < 1, then we 
an write
dz

dε
=

(Tµ∗)1−σκβ(1− σ)εβ(1−σ)−1zκ(1−σ)−1

χ(1− z)−(χ+1) − (Tµ∗)1−σκ(κ− 1− σκ)εβ(1−σ)zκ(1−σ)−2
> 0,indi
ating that if the authorities 
hoose to provide a higher ε, this triggersmore e�ort on the part of students.In sum, with endogenous skill formation, the marginal produ
tivity of anagent in equilibrium depends on ε through two 
hannels: one dire
t, as de-s
ribed in the main text, and an indire
t 
hannel through the study e�ortoptimally 
hosen by the individual, z(ε). We thus have H∗(ε, z(ε)), with

dH∗/dε = ∂H∗/∂ε+ (∂H∗/∂z)∂z/∂ε, where the �rst term is the dire
t posi-tive e�e
t of ε and the se
ond term 
orresponds to the indire
t "e�ort" e�e
t.4.10.2 D.2: Temporary MigrationWhen the option to migrate temporarily be
omes available, the expe
tedlifetime in
ome and 
onsumption of a representative sour
e-
ountry workerbe
omes
C = p [τ(1− θ)w + (T − τ)φH(ε, z, τ)] + (1− p)TH∗(ε, z),where p ≡ M/(τL∗) represents the probability to migrate and H(ε, z, τ) isthe migrant's produ
tivity while abroad, a fra
tion φ of whi
h is transferableto S at the point of return and 
ompensated in the form of 
orrespondinglyhigher earnings. The term in the square bra
kets is thus the lifetime in
omeof a migrant, i.e., the sum of the (after-tax) in
ome earned abroad for τ unitsof time and the in
ome earned after return for T − τ units of time. The lastterm is simply the produ
t of 1−p and the lifetime in
ome of a non-migrant.We have already assumed in the main text that Hτ > 0, Hττ < 0, Hε > 0,

Hεε < 0, Hετ > 0, and now we add the assumptions that Hz > 0, Hzz < 0,
Hzε > 0 and �nally Hzτ > 0.The optimality 
ondition for the 
hoi
e of study e�ort, z, be
omes:
u∗

′

(1− z) = u′(C) [p(T − τ)φHz + (1− p)TH∗
z ] . (4.35)125



Note that an in
rease in study e�ort helps in
rease a migrant's earnings onlyafter return, given that the foreign wage w is �xed, while it raises the earningsof a non-migrant over the entire period [0, T ]. Moreover, z does not a�e
tthe probability of migration, as all individuals are identi
al and the sto
k ofmigrants aborad is �xed by the immigration poli
y of the host 
ountry.By di�erentiating the above expression we obtain
dz

dτ
= −

u′′(C)∂C
∂z

∂C
∂τ

+ u′(C) ∂
2C

∂z∂τ

u∗′′(1− z) + u′′(C)
(

∂C
∂z

)2
+ u′(C)∂

2C
∂z2

. (4.36)Sin
e ∂2C
∂z2

< 0, the sign of the denominator is 
learly negative. A

ordingly,the sign of dz
dτ

is the same as the sign of the numerator, whi
h involves thefollowing terms:
∂C

∂z
= p(T − τ)φHz + (1− p)TH∗

z > 0, (4.37)
∂C

∂τ
=
p

τ
[T (H∗ − φH) + (T − τ)φη

Hτ
H ] ≷ 0, (4.38)

∂2C

∂z∂τ
=
p

τ
[TH∗

z − (T − τ)φHz]− pφ [Hz − (T − τ)Hzτ ] ≷ 0. (4.39)Eq. (4.37) shows that an in
rease in the study e�ort enhan
es the earningsof an individual by in
reasing her produ
tivity after return, if she migrates,and over the entire se
ond phase (T ), if she stays permanently at home.Expressions (4.38) and (4.39) are more 
omplex. An in
rease in τ redu
esthe probability of migration, as well as the amount of time that a returneeworks in S, earning φH(ε, z, τ) instead of the foreign, presumably higher, wage
w. After some simpli�
ations, it 
an be shown that this e�e
t operates in thedire
tion of making ∂C

∂τ
negative if, as might be expe
ted, the produ
tivity of areturnee, φH(ε, z, τ), is greater than that of a non-migrant,H∗(ε). This e�e
tis 
aptured by the �rst term of the bra
keted expression in (4.38). A longerduration of stay abroad also makes a returnee more produ
tive at home. Thise�e
t 
ontributes to ∂C

∂τ
being positive and it 
orresponds to the se
ond term126



in the bra
kets, where ηHτ ≡ ∂H
∂τ

τ
H
> 0. In 
onsequen
e, the sign of ∂C

∂τ
isambiguous.Let us 
onsider next ∂2C

∂z∂τ
in (4.39). Be
ause an in
rease in τ tends to lowerthe probability of migration, it lowers (raises) ∂C

∂z
if additional study e�ortraises (respe
tively, lowers) the earnings of a returnee over T −τ units of timeby more than it does the produ
tivity of a non-migrant over the entire se
ondphase, T . This e�e
t is 
aptured by the �rst term in (4.39). An in
rease in

τ also redu
es the duration of a returnee's stay at home, but in
reases herearnings over that period of time as more skills are a
quired abroad. Thesetwo 
on�i
ting e�e
ts on ∂2C
∂z∂τ

are 
aptured by the two expressions in these
ond bra
keted term of (4.39).In summary, the signs of both (4.38) and (4.39) 
an be either positive ornegative for realisti
 values of the model's parameters. A

ordingly, withoutknowing all the relevant parameter values, it is not possible to determine thesign of dz
dτ

and hen
e the impa
t of a 
hange in τ on the optimal amountof study e�ort of ea
h 
itizen of S. For this reason, we have 
hosen not toendogenize study e�ort in the main body of the paper but merely explore thepossible 
onsequen
es of doing so in this Appendix.
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Figures

Figure 4.1: Nash equilibrium when R∗R∗ is negatively sloped (W ∗

ετ < 0).Solid lines depi
t the Nash equilibrium when the sour
e 
ountry's rea
tionfun
tion R∗R∗ is negatively sloped (W ∗
ετ < 0). A higher tax rate on earningsin the host 
ountry, a lower 
ost of publi
 servi
es provided to immigrants ora higher weight atta
hed to employers' rents in F, result in an upward shiftof the host 
ountry's rea
tion fun
tion to R′R′, and hen
e a longer durationof the work permit and a lower level of publi
 training.
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Figure 4.2: Nash equilibrium when R∗R∗ is positively sloped (W ∗

ετ > 0).Solid lines depi
t the Nash equilibrium when the sour
e 
ountry's rea
tionfun
tion R∗R∗ is positively sloped (W ∗
ετ > 0). A higher tax rate on earnings inF, a lower 
ost of hosting immigrants or a higher weight atta
hed to employers'rents in F result in a longer duration of the work permit and more expenditureon publi
 training provided by 
ountry S.
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Part II
Un
ertain Ba
kstop andEnvironmental Agreements
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Chapter 5
Investment in an Un
ertainBa
kstop: Optimal Strategy foran Open E
onomy
5.1 Introdu
tionInterest in private and publi
 investment proje
ts devoted to resear
h anddevelopment of renewable energy sour
es ("ba
kstops") is primarily based on
on
erns about exhaustion of non-renewable energy resour
es and their everin
reasing market pri
e. If we look a
ross 
ountries at the leading investorsin energy R&D in per 
apita terms, we �nd Japan o

upying the �rst pla
e(IEA 2006). Not surprisingly, this 
ountry is also well known for its heavydependen
e on energy imports.1 Within the European Union, the e
onomiesleading the way in terms of their share of national in
ome devoted to re-newable energy sour
es are Denmark, Finland, the Netherlands, and Sweden(European Commission 2004). These are again 
ountries that do not possesslarge sto
ks of fossil fuels, making them heavily dependent on imports (ex
ept1Although Japan is only the se
ond largest oil importer after the United States, it meetsa larger share of its energy needs through imports of oil than the U.S. does (U.S. EnergyInformation Administration, http://www.eia.doe.gov/
ountry/index.
fm).131



for the Netherlands whi
h do possess large reserves of natural gas).The purpose of the present paper is to study the problem fa
ing a resour
e-importing 
ountry, hereafter RIC, whi
h seeks to a
hieve energy independen
eby developing a substitute for the non-renewable importable input. This isassumed to require sustained investment in an R&D program. Arrival ofthe substitute follows a sto
hasti
 pro
ess with the probability of a su

ess-ful out
ome per unit of time being a non-de
reasing fun
tion of the rate ofinvestment in R&D. Apart from trade in the resour
e market, RIC 
an alsoparti
ipate in the global �nan
ial market. This latter dimension is most oftenoverlooked in the literature on ba
kstop te
hnology and resour
e managementin general. As we shall see, however, a

ess to international lending and bor-rowing is important in several dimensions, espe
ially if a 
ountry is heavilydependent on imports of an essential input.The literature on ba
kstop-te
hnology adoption has its origins in the wakeof the oil pri
e sho
k of 1973. The early 
ontributions fo
us on a 
losede
onomy, endowed with a known sto
k of an exhaustible resour
e, seekingto sustain its 
onsumption in the long run by appropriately substituting arenewable ba
kstop for the non-renewable essential input. The arrival date ofthe substitute is assumed to be either known with 
ertainty or un
ertain butgoverned by an exogenous sto
hasti
 pro
ess (see, e.g., Dasgupta and Heal1974, Dasgupta and Stiglitz 1981). The seminal 
ontribution of Kamien andS
hwartz (1978) extends this analysis by endogenizing the un
ertain arrivaldate through investment in R&D. Hung and Quyen (1993) go further todetermine the optimal time to initiate the R&D proje
t, although their R&Dinvestment poli
y is simpli�ed to a single-date expenditure, after whi
h aba
kstop may arrive with a 
onstant Poisson rate. Tsur and Zemel (2003)propose an alternative (deterministi
) framework of analysis, where the 
ost ofthe ba
kstop falls 
ontinuously as the knowledge base a

umulates throughR&D. This ensures a 
ontinuous transition from the non-renewable to theba
kstop. Their model advo
ates an R&D poli
y 
hara
terized by the mostrapid approa
h path to the target-knowledge pro
ess whi
h should then be132



followed forever. The work of Dasgupta, Gilbert and Stiglitz (1983) shows,also in the 
ontext of a deterministi
 model, that the intention to developa substitute and its eventual arrival 
an trigger a strategi
 response fromresour
e owners. Harris and Vi
kers (1995) study a similar dynami
 game,ex
ept that the substitute's arrival is random and exponentially distributed.Although the two latter 
ontributions are 
on
erned with open e
onomies,their analysis is limited to ex
hange of the resour
e for the 
onsumption good,while the possibility of international lending and borrowing is ruled out. Thetrade-theoreti
 literature, on the other hand, deals with problems related toexhaustible resour
e management and, in some 
ases, for 
ountries that havea

ess to foreign 
redit, but it does not addressed the problem of optimalinvestment in the development of a ba
kstop te
hnology.2 Moreover, these
ontributions 
onsider purely deterministi
 models and therefore ex
lude thepossibility of un
ertainty a�e
ting behavior.3 The purpose of the presentstudy is to bridge the existing gap between the 
losed-e
onomy analysis ofinvestment in a ba
kstop te
hnology and open-e
onomy models of trade ingoods and �nan
ial assets within a fully dynami
 sto
hasti
 optimizationframework. This will make it possible for us to examine the role of inter-national �nan
ial markets in in�uen
ing optimal investment strategies in asto
hasti
 environment, an issue of in
reasing importan
e in a world whereenergy pri
es and international indebtedness are be
oming dominant themes.2Kemp and Long (1984) do 
onsider resour
e repla
ement but in a deterministi
 setting,where the resour
e pri
e is exogenous and 
onstant and there is no possibility to parti
ipatein the international �nan
ial markets. Djaji¢ (1988) 
onsiders a two-
ountry world, whereboth 
ountries are endowed with some sto
k of the resour
e and 
an lend or borrow fromea
h other at an endogenously determined rate of interest. The dynami
s of his modelare, however, limited to only two time periods and neither 
ountry intends to develop aba
kstop.3An ex
eption is Dasgupta, Eastwood and Heal (1978) who do 
onsider un
ertaintyrelated to future energy demand. They also introdu
e a possibility to a

umulate a foreignasset yielding a 
onstant rate of return but fo
us on a resour
e-exporting e
onomy, whi
his not engaged in any R&D a
tivity. 133



In order to highlight the role of a

ess to 
redit, I �rst present in Se
tion 2a model of a resour
e-importing e
onomy whi
h may 
hoose to engage in de-velopment of an energy substitute under �nan
ial autarky. Se
tion 3 extendsthe model to allow for international lending and borrowing. Se
tion 4 solvesthe two models numeri
ally and analyzes the optimal R&D investment rate,the time pro�le of 
onsumption and the net foreign asset position before andafter the invention of a substitute (if su
h happens to o

ur). A

ess to in-ternational lending and borrowing allows for a more e�
ient intertemporalallo
ation of resour
es and a higher lifetime welfare as 
ompared with the 
aseof �nan
ial autarky. While this is generally to be expe
ted, a 
omparison ofthe optimal investment rates under �nan
ial autarky and a

ess to foreign
redit enables us to address a number of entirely new issues. First, there isthe question of how the degree of dependen
y on imported energy resour
esa�e
ts the e
onomy's optimal investment in the development of a ba
kstop.On the one hand, greater dependen
y makes it more urgent to dis
over asubstitute. On the other hand, it also implies a larger import bill prior to in-vention, whi
h tightens the e
onomy's budget 
onstraint and makes any giveninvestment program relatively more burdensome. My analysis shows that forempiri
ally plausible values of the elasti
ity of intertemporal 
onsumptionsubstitution, greater dependen
y on resour
e imports entails a lower invest-ment rate, with a

ess to foreign 
redit having a moderating in�uen
e. These
ond set of issues 
on
erns the role of the 
ost of 
redit whi
h in�uen
esnot only the time path of the 
ountry's net foreign asset position but theoptimal investment de
ision as well. The paper 
on
ludes in Se
tion 5 witha summary of the main results.
5.2 Finan
ial AutarkyLet me introdu
e the assumptions and the notation by starting with the sim-plest 
ase of �nan
ial autarky. Consider a resour
e-importing 
ountry (RIC)134



whi
h produ
es a 
omposite 
onsumption good a

ording to the produ
tionfun
tion
Yt = F (Rt, L), (5.1)where F (., .) is a stri
tly in
reasing, 
on
ave and twi
e-di�erentiable fun
tionof both arguments, L is the 
onstant labor input and Rt is the resour
e input,whi
h must be entirely imported from abroad. The pri
e of the resour
e,measured in terms of the 
onsumption good, satis�es Pt = P0e

rt, P0 known,and r is a 
onstant growth rate. RIC wishes to develop a ba
kstop, i.e., toinvent and produ
e a substitute for the resour
e, but this requires settingup and maintaining an R&D lab.4 RIC may invest mt > 0 units of the
onsumption good ea
h period to keep the lab operational. The dis
overyof a substitute follows a sto
hasti
 pro
ess whi
h 
an be in�uen
ed by theinvestment de
ision. Let (Ω,F ,P) be a probability spa
e, and let τ be arandom variable, whi
h I 
all the arrival date of the substitute. I assume thatthe probability measure P depends on the investment rate in the followingway
P[τ ∈ (t, t+ dt)|τ > t] = q(mt)dt+ o(dt),where q : R+ → R

+ and its �rst derivative q′(mt) are 
ontinuous fun
tions,
q(0) > 0 and the limit of o(dt)/dt is zero as dt→ 0.If the ba
kstop arrives, a known quantity B of the substitute be
omesavailable every period at zero 
ost.5 This quantity simply substitutes for theresour
e input in the produ
tion fun
tion. The �ow of output is then 
onstant4The model assumes that on
e the substitute is invented, RIC be
omes its unique owner.This o

urs, for instan
e, if the substitute (or its produ
tion pro
ess) is spe
i�
 to RIC'sgeographi
 lo
ation or if RIC 
an patent the invention. I do not, however, analyze issuesrelated to patent ra
es.5Allowing for a 
ost of produ
tion whi
h is positive, 
onstant or varying over time butexogenous, will merely a�e
t the relevant budget 
onstraint in a straightforward manner.The qualitative results will remain inta
t. 135



and given by Ȳ = F (B,L) and the resour
e is no longer imported.6The so
ial planner's obje
tive is to maximize the expe
ted lifetime welfareby 
hoosing the optimal 
onsumption rate, ct, the investment rate, mt, andimports of the resour
e, Rt, given the 
onstant rate of time preferen
e, ρ, andthe resour
e pri
e path:
max
ct,mt,Rt

∫ ∞

0

{
∫ τ

0

u(ct)e
−ρtdt+

∫ ∞

τ

u(c̃)e−ρtdt

}

fτdτ, (5.2)subje
t to the 
onstraints
ct = F (Rt, L)− PtRt −mt, (5.3)
c̃ = Ȳ ,

fτ = q(mτ )e
−

∫ τ
0
q(ms)ds,where u(.) is a stri
tly in
reasing, 
on
ave and twi
e-di�erentiable fun
tionwith lim

c→0
u′(c) = ∞. The 
onsumption rate in Phase II, i.e., after the dis
overyhas taken pla
e, is denoted by c̃. Note that on
e the substitute has arrived,there is no more need to maintain the R&D investment.This sto
hasti
 
ontrol problem 
an be analyzed with the aid of the Hamil-tonian (see Boukas et al. (1990) or the Appendix):

H =

{

u(F (Rt, L)− PtRt −mt) + q(mt)
u(Ȳ )

ρ

}

e−ρt−zt + νtq(mt), (5.4)where zt is an auxiliary state variable su
h that żt ≡ dzt
dt

= q(mt), z0 = 0, and
νt is the asso
iated 
o-state variable. The ne
essary 
onditions for optimality6If B is not large enough, however, it may be optimal to 
ontinue importing energy fromabroad until its pri
e rises su�
iently to redu
e the demand to the available per-periodsupply of the substitute. In the present paper I do not analyze the optimal timing of theswit
h from the non-renewables to the ba
kstop (whi
h 
an be the topi
 of a separate paper)and wish to fo
us only on the optimal investment strategy under un
ertainty. In the restof the analysis I therefore assume that B is su�
iently large, i.e., B > g(P0e

rτ ), ∀τ , wherefun
tion g(.) is the inverse of the marginal produ
tivity of the resour
e. In parti
ular, itis su�
ient to assume that ∂F (B,L)/∂B 6 P0, so that it is no longer optimal to 
ontinueimporting the exhaustible resour
e even if the substitute be
omes available from the start.See Amigues et al. (1998) for treatment of a 
apa
ity 
onstraint on the �ow of the substitute.136




onsist of
Rt : u′(ct)

(

∂Ft
∂Rt

− Pt

)

e−ρt−zt = 0, (5.5)
mt :

{

−u′(ct) + q′(mt)
u(Ȳ )

ρ

}

e−ρt−zt + νtq
′(mt) = 0, (5.6)

zt :

{

u(ct) + q(mt)
u(Ȳ )

ρ

}

e−ρt−zt = ν̇t (5.7)and the budget 
onstraint (5.3). Eq. (5.5) is the e�
ien
y in produ
tion
ondition, whi
h requires that the marginal produ
tivity of the resour
e inputequals its pri
e. Eq. (5.6) guarantees the optimality of investment by equatingthe present value of the marginal investment 
ost, u′(ct)e−ρt−zt , to the presentvalue of the marginal expe
ted bene�t,
q′(mt)

[

u(Ȳ )
ρ
e−ρt−zt + νt

]. Eq. (5.7) des
ribes the dynami
s of the 
o-statevariable.Given the stru
ture of the produ
tion te
hnology (5.1), eq. (5.5) relatesthe quantity of imports to the resour
e pri
e as Rt = g(Pt), where g(.) isthe inverse fun
tion of the marginal produ
tivity of resour
e with g′(.) < 0.De�ne the net output as Y n
t ≡ F (Rt, L)−PtRt. Then the value of Y n

t at ea
hpoint in time is determined by Pt:
Y n
t = F (g(Pt), L)− g(Pt)Pt (5.8)with ∂Y nt
∂Pt

= −g(Pt) < 0, ∂2Y nt
∂P 2

t
= −g′(Pt) > 0. The budget 
onstraint (5.3)may then be rewritten as

ct = Y n
t (Pt)−mt. (5.9)Solving for νt from (5.6), di�erentiating with respe
t to time and insertingthe result in (5.7) yields

ṁt =
q′(mt)

q′′(mt)

[

q′(mt)[u(Ȳ )− u(ct)]

u′(ct)
+
u′′(ct)ċt
u′(ct)

− ρ− q(mt)

]

,whi
h, in 
ombination with (5.8) and (5.9), 
an be solved for the optimal timepath of investment. 137



From this point on, let me assume for simpli
ity that the investment rateis time-invariant, i.e., mt = m, ∀t, whi
h means that RIC must 
ommititself to a 
ertain 
onstant expenditure per unit of time to keep the R&Dlab operational.7 Then the optimal investment rate under �nan
ial autarky,
m∗FA, solves

−
u′′(ct)ct
u′(ct)

ĉt = q′(m)

[

u(Ȳ )− u(ct)

u′(ct)

]

− ρ− q(m), (5.10)where the �rst term on the right-hand side 
orresponds to the e
onomy'simpli
it rate of interest.Total di�erentiation of eq. (5.10) yields
∆mdm = ∆PdP0 +∆rdr +∆BdB +∆ρdρ,where

∆m ≡ g(Pt)Ṗt

[

u′′′(c)u′(c)− (u′′(c))2

(u′(c))2

]

−
u(Ȳ )− u(c)

u′(c)

[

q′′(m) +
q′(m)u′′(c)

u′(c)

]

,

∆P ≡ Ω
dPt
dP0

, where dPt
dP0

= ert > 0, Ω = −r2ert
u′′(c)

u′(c)
[g′(Pt)Pt + g(Pt)] +

+

{

q′(m)

[

(u′(c))2 + (u(Ȳ )− u(c))u′′(c)
]

(u′(c))2
− g(Pt)Ṗt

[

u′′′(c)u′(c)− (u′′(c))2

(u′(c))2

]

}

g(Pt),

∆r ≡ Ω
dPt
dr

, where dPt
dr

= tPt > 0

∆B ≡ q′(m)
u′(Ȳ )∂Ȳ

∂B

u′(c)
> 0,

∆ρ = −1,The term ∆m is, in general, of ambiguous sign. However, for standard utilityfun
tions employed in the literature, su
h as CRRA and negative exponential,7Hung and Quyen (1993) also use a �xed investment assumption, although in theirsetting R&D investment is modeled as a single expenditure at the initial point in timewhi
h determines the arrival rate of a substitute. By 
ontrast, in the present analysis,
m must be invested at ea
h point in time, so that the sa
ri�
e of 
urrent 
onsumptionbe
omes more and more di�
ult to support as the time goes by without the substitutebeing invented. 138



the term u′′′(c)u′(c) − (u′′(c))2 is non-negative,8 while for a 
on
ave q(m)fun
tion the term q′′(m) is negative. This is su�
ient to ensure that ∆m > 0.The terms ∆P and ∆r are of ambiguous sign sin
e Ω ≷ 0 and therefore thee�e
ts of P0 and r on the optimal investment rate, i.e., dm
dP0

= ∆P
∆m

and dm
dr

= ∆r
∆mare ambiguous. This is hardly surprising. An in
rease in the resour
e pri
egenerates two 
on�i
ting e�e
ts: On the one hand, it tightens the e
onomy'sbudget 
onstraint as the import bill expands. On the other hand, it makesthe development of the ba
kstop more urgent as the e
onomy's dependen
yon energy resour
es, whose market pri
e rises exponentially, is in
reased. Ifthe so
ial planner of this e
onomy is risk-neutral, we obtain

dm

dP0
= −

q′(m)g(Pt)e
rt

q′′(m)u(Ȳ )−u(c)
u′(c)

> 0,
dm

dr
= −

q′(m)g(Pt)tPt

q′′(m)u(Ȳ )−u(c)
u′(c)

> 0,where the numerators are unambiguously non-negative and the denominatorsare negative if q(m) is 
on
ave or m lies in the 
on
ave region of q(.). A risk-neutral planner will therefore rea
t to an in
rease in the resour
e pri
e or itsgrowth rate by in
reasing investment in R&D. The e�e
t of a 
hange in therate of time preferen
e is given by dm
dρ

= ∆ρ
∆m

< 0, so that patient e
onomieswill tend to 
hoose a higher investment rate. An in
rease in the �ow of theba
kstop unambiguously 
alls for an in
rease in the R&D investment rate:
dm
dB

= ∆B
∆m

> 0. We will be able to gain more insight about how the optimalinvestment rate responds to variations in B, P0, ρ, r, and other variables,su
h as the elasti
ity of intertemporal 
onsumption substitution, in Se
tion 4,where the model is solved numeri
ally.Transa
tions with the rest of the world are limited so far to the ex
hangeof the 
onsumption good for the resour
e. I examine next how the optimalinvestment strategy is a�e
ted if RIC has the possibility to lend and borrowin the international �nan
ial markets. It is 
lear that a

ess to a riskless sav-ing te
hnology allows to implement a smoother optimal 
onsumption path.8This term is equal to zero for the 
lass of negative exponential fun
tions of the type
u(c) = −e−θc and for linear utility fun
tions. It is stri
tly positive for negative exponentialutility of the type u(c) = −e1/c and for widely used in the literature CRRA utility.139



However, the following questions remain: To what extent does a

ess to for-eign 
redit alleviate the burden of investment, fa
ilitating development of amore ambitious proje
t? What role does foreign 
redit play when RIC's de-penden
y on energy imports is in
reased? What is the role of the 
ost of
redit? What is the optimal time pro�le of the net foreign asset position andhow is it a�e
ted by the arrival of the ba
kstop? Se
tions 3 and 4 addressthese and other related questions.
5.3 A

ess to World Finan
ial MarketsIn this se
tion I allow RIC to have a

ess to international �nan
ial markets,where a single riskless asset, denominated in units of the 
onsumption good,is 
ostlessly traded. The asset yields a 
onstant world rate of return, r.9By arbitrage, the growth rate of the resour
e pri
e must also be equal to r,assuming that extra
tion is 
ostless (Hotelling, 1931).Let at denote RIC's net foreign asset position at time t. Assuming thatthe time horizon is in�nite, the budget 
onstraints in the �rst and the se
ondphases, respe
tively, areȧt = F (Rt, L)− ct − PtRt −m+ rat, ∀t ∈ [0, τ), a0 given, (5.11)

ȧt = F (B,L)− c̃t + rat, ∀t ≥ τ, (5.12)
lim
t→∞

ate
−rt = 0. (5.13)Eq. (5.11) states that during the �rst phase, while the substitute is not yetavailable, the rate of a

umulation of foreign assets is equal to the totaloutput minus expenditure on 
onsumption, resour
e imports and investment,plus interest earned (paid) on the a

umulated assets (outstanding debts).Eq. (5.12) states that during the se
ond phase, the 
hange in the asset position9Treating r as exogenous is based on the assumption that RIC's borrowing to �nan
e(in part) its R&D e�orts does not have a per
eptible impa
t on the world rate of interest.Given the size of the global �nan
ial markets in relation to that of a major investmentproje
t in any one 
ountry, this assumption is arguably the most appropriate.140



is just equal to the 
onstant �ow of output minus 
onsumption plus interest,and the resour
e is no longer imported. RIC's obje
tive is to maximize (5.2)subje
t to (5.11) - (5.13).The solution method 
onsists of two steps. First, the maximized valueof dis
ounted (time-τ) welfare in Phase II is obtained, given the net foreignasset position at t = τ . I 
all this fun
tion Φ(aτ ). Then, the total lifetimewelfare is maximized, given the relationship between aτ and the welfare inPhase II (detailed derivation is relegated to the Appendix).Consider the optimization problem pertaining to Phase II. RIC seeks tomaximize
∫ ∞

τ

u(c̃t)e
−ρ(t−τ)dt (5.14)subje
t to (5.12) - (5.13) and aτ given. The solution for the optimal c̃t is ob-tained in a straightforward manner using the standard dynami
 optimizationte
hnique:

c̃t = c̃τe
r−ρ
θ

(t−τ), ∀t ≥ τ, c̃τ =

(

r −
r − ρ

θ

)(

aτ +
Ȳ

r

)

. (5.15)Then, the maximized value of (5.14), is
Φ(aτ ) = u(c̃τ)

(

r −
r − ρ

θ

)−1

.The Hamiltonian, asso
iated with RIC's original optimization problem maythen be written as
H =

{

u(ct)+q(m)Φ(at)
}

e−ρt−zt+ηt
[

rat+F (Rt, L)−ct−PtRt−m
]

+νtq(m),where ηt is the 
o-state variable asso
iated with the 
onstraint (5.11) and ztis the auxiliary state variable, as in Se
tion 2. The solution is impli
itly givenby the system:
−
u′′(ct)ct
u′(ct)

ĉt = r − ρ− q(m)

[

1−
u′(c̃t)

u′(ct)

] (5.16)
c̃t =

(

r −
r − ρ

θ

)(

at +
Ȳ

r

)

, (5.17)
q′(m) [ρΦ(at)− u(ct)− u′(c̃t)ȧt] = u′(ct)r + q(m)u′(c̃t), (5.18)
ȧt = F (Rt, L)− ct − PtRt −m+ rat, a0 given. (5.19)141



Eq. (5.16) des
ribes the growth rate of 
onsumption in Phase I. Note thatif there is no un
ertainty, the last term vanishes and the standard Keynes-Ramsey rule applies. When q(m) > 0, the standard rule is modi�ed toa

ount for the e�e
t of un
ertainty. The term in the square bra
kets isunambiguously positive sin
e c̃t > ct and therefore 
onsumption grows at alower rate, as 
ompared to the 
ertainty 
ase. The lower optimal growthrate (or a more rapid de
line) of 
onsumption results in a higher dissavingrate at the beginning of the planning horizon in anti
ipation of the possiblete
hnologi
al break-through. Moreover, the higher the �ow of the substitute,
B, in the event of a dis
overy, the lower the 
onsumption growth rate andthe higher the dissaving rate at the beginning of the planning horizon.Eq. (5.17) determines the time-τ 
onsumption rate, i.e., the 
onsumptionrate to whi
h the e
onomy jumps at the moment when the ba
kstop arrives.It depends negatively (positively) on the sto
k of debt (assets) a

umulatedup to the time of the invention.10 From time τ onwards the 
onsumptionrate during Phase II is no longer 
onstant, as it was under �nan
ial autarky,but grows or 
ontra
ts depending on the di�eren
e between the world rate ofinterest and RIC's rate of time preferen
e, satisfying the standard Keynes-Ramsey rule. Without a

ess to 
redit, Phases I and II were dis
onne
ted, inthe sense that the optimal 
onsumption rate in Phase II was independent ofthe variables pertaining to Phase I.11 In the present setting, the two phases are
onne
ted through the net foreign asset position held at the time of invention.Eq. (5.18) is the optimality 
ondition for the 
hoi
e of m, whi
h states thatthe marginal expe
ted bene�t from undertaking the investment must be equalto the marginal 
ost, whi
h also in
ludes the opportunity 
ost of not investingin the 
apital markets. The system (5.16) - (5.19) is solved numeri
ally and10Convergen
e of the integral in (5.14) requires that r−ρ

θ − r < 0, so that ∂c̃τ/∂at =

r − r−ρ
θ > 0.11This is the reason why Kamien and S
hwartz (1978) are able to summarize the valuefun
tion pertaining to Phase II by the variable W whi
h is taken to be exogenous and,more importantly, independent of the arrival date of the ba
kstop.142



analyzed in the next se
tion.
5.4 Numeri
al Illustration and Dis
ussionThis Se
tion 
ompares the solution to RIC's problem with a

ess to 
redit(AC, for short) with the one under �nan
ial autarky (FA, for short). Theobje
tive is to analyze how the e
onomy's dependen
e on energy resour
estranslates into the 
hoi
e of m and what role a

ess to international 
apitalmarkets plays in this respe
t. I also examine the optimal borrowing/lendingstrategy in an un
ertain environment.Let the utility fun
tion take the usual iso-elasti
 form u(c) = c1−θ

1−θ , where
θ ≡ −u′′(ct)ct

u′(ct)
is the inverse of the elasti
ity of intertemporal 
onsumptionsubstitution. The produ
tion fun
tion is of the Cobb-Douglas type: Yt =

ARα
t L

1−α, 0 < α < 1, A > 0. I assume that the invention of the substitutefollows a Poisson pro
ess with the arrival rate λ(m).12 The arrival rate ispositively related to the R&D investment rate, i.e. λ′(m) > 0. It is assumedthat λ′′(m) > 0 for m < m̄ and λ′′(m) < 0 for m > m̄. That is, whenthe investment rate is relatively small, 
ommitment to an additional unit ofsustained investment has an in
reasing marginal impa
t on the probability ofmaking a dis
overy. Alternatively, when the investment rate is already high,the impa
t of an extra unit on the arrival rate is diminishing.13 A natural12As emphasized byWälde (1999), Poisson pro
esses des
ribe quite well various e
onomi
a
tivities involving zero-one out
omes per unit of time as, for example, job sear
h or sear
hfor a new te
hnology. In his de
entralized model, the Poisson arrival rate is an in
reasingfun
tion of aggregate R&D investment but his analysis is limited to the linear 
lass offun
tions.13In the model of Kamien and S
hwartz (1978) it is assumed that the probability ofdis
overing a substitute depends on the 
umulative R&D e�ort. The rate of growth ofR&D e�ort is, in turn, a 
on
ave fun
tion of investment. In their suggestions for possibleextensions K&S write that "su

essful development of a new te
hnology may require asustained 
ommitment of resour
es above a minimal level." Here I follow this route in143




andidate for the λ-fun
tion is a sigmoid-type fun
tion sin
e it possesses theproperty that I have just outlined: 
onvexity up to a 
ertain (in�e
tion) pointand 
on
avity thereafter. I spe
ify the exa
t fun
tional form for λ(m) to be
λ(m) =

(

Tmin + e(µ−γm)/σ
)−1

, (5.20)where Tmin > 0 is the shortest possible time needed for the developmentof a ba
kstop, and µ, γ, and σ are positive parameters 
alibrated as µ =

ln(T − Tmin), γ = 15, σ = 1. A higher (lower) γ makes the slope steeper(�atter). The 
hosen values of µ and σ ensure that λ(0) = 1/T , where
T is the length of the e
onomy's planning horizon. This latter 
onditionstates that if the e
onomy 
hooses a zero investment rate, there is still a
han
e of dis
overing a ba
kstop on
e in T units of time. The in�e
tion point
m̄ = µ−σ lnTmin

γ
.The parameter values for the ben
hmark simulation are presented in Ta-ble 5.1. Labor input, the level of te
hnology, and the initial resour
e pri
eLabor L 1Te
hnologi
al parameter A 1Resour
e share α 0.1Substitute �ow B 0.5Elasti
ity of marginal utility θ 0.75Rate of time preferen
e ρ 0.02Resour
e pri
e growth rate r 0.02Initial resour
e pri
e P0 1Initial asset holdings a0 0Planning horizon T 200Minimum time to dis
over Tmin 20Table 5.1: Ben
hmark parameter values.assuming that the probability of inventing a substitute depends on the level of the sustainedinvestment rate as opposed to 
umulative investment.144



are normalized to unity. The share of exhaustible resour
es in the produ
-tion fun
tion is assumed to be 10%.14 The value of θ is 
alibrated so asto guarantee that the value of the elasti
ity of intertemporal 
onsumptionsubstitution lies in the empiri
ally relevant range (see Epstein and Zin 1991,and Hansen and Singleton 1982, Keane and Wolpin 2001, Vissing-Jørgensen2002). Multiple 
alibrations of θ are examined, espe
ially in the analysis ofthe relationship between energy dependen
e and investment 
hoi
e. The rateof growth of the resour
e pri
e in the world market, as well as the rate oftime preferen
e, ρ, are set at 2% per annum.15 The length of the planninghorizon, T , is assumed to be 200 years,16 while the minimum average timeneeded to dis
over a substitute is 20 years. The value of B is 
alibrated insu
h a way that it no longer pays to import the resour
e when B be
omesavailable: ∂Y/∂B = AαBα−1L1−α 6 P0.5.4.1 Solution for the Optimal R&D InvestmentThe optimal investment rate is su
h that it maximizes expe
ted lifetime wel-fare, given the planning horizon. Figure 5.1 plots RIC's expe
ted welfare asa fun
tion of investment under �nan
ial autarky (thin line) and with a

essto 
redit (thi
k line). The maximum under AC o

urs at m∗AC = 0.2646 andunder FA at m∗FA = 0.2477. The optimal investment rate, as well as theasso
iated expe
ted welfare level, are higher and the average time to dis
over14A relatively high value of the resour
e share is 
hosen in order to highlight the e
on-omy's dependen
y on energy input. Simulation results for alternative values of α aredis
ussed in Se
tion 4.2.15We ignore the possibility that RIC's investment proje
t might alter the time path ofthe resour
e pri
e on the global markets. Even the re
ent nu
lear in
ident in Japan did notseem to have an impa
t on the pri
e of non-renewable energy resour
es in spite of it havingtriggered a large drop in planned investment in nu
lear power plants a
ross a number ofmajor e
onomies, in
luding Germany, Switzerland and Japan.16Although the model is written as an in�nite horizon problem, the simulations areperformed for a �nite horizon. The numeri
al algorithm is based on (5.2). However, giventhe �niteness of the horizon, the trun
ated PDF is used: fτ = λ(m)e−λ(m)τ

1−e−λ(m)T .145
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with access to credit

without access to creditFigure 5.1: Expe
ted welfare.the ba
kstop is lower under the se
ond s
enario (AC) as 
ompared to the �rsts
enario (FA). The result that m∗AC > m∗FA is not general, however, and de-pends 
ru
ially on the elasti
ity of intertemporal 
onsumption substitution,as will be dis
ussed in the next subse
tion. Note that due to the 
hosen spe
-i�
ation of the fun
tion λ(m), 
ommitment to a relatively small amount ofR&D expenditure (m < 0.09 under AC and m < 0.11 under FA) leads to alower expe
ted lifetime welfare than with no investment at all (see the dropin welfare for relatively low values of investment expenditure).5.4.2 R&D Investment and Energy Dependen
eTwo interesting questions emerge at this point: First, does greater dependen
eon resour
e imports raise or lower the optimal investment rate, and se
ond,what is the role of a

ess to foreign 
redit in this respe
t? On the one hand,greater dependen
e makes it more urgent to develop an alternative sour
eof energy. On the other hand, a 
ountry that is more dependent spends alarger share of its GDP on resour
e imports. It's budget 
onstraint is thentighter, making the burden of any investment proje
t relatively heavier. In146



terms of the present model, either a higher growth rate of the resour
e pri
e,
r, or a larger initial pri
e of the resour
e, P0, or a larger distributive shareof resour
es in the produ
tion fun
tion, α, manifest themselves in a greaterdependen
e on resour
e imports. For the moment I shall 
onsider only thetwo latter parameters and dis
uss the role of r in subse
tion 4.4.The optimal response of the investment rate to an in
rease in energy de-penden
e hinges to a large extent on the planner's willingness to forgo 
urrent
onsumption, i.e., on the elasti
ity of intertemporal 
onsumption substitution(EICS for short). It has already been established analyti
ally in Se
tion 2that with an in�nite EICS the optimal m in
reases when either P0 or r rise.The response of m is di�erent, however, when EICS is redu
ed to the empir-i
ally relevant range. It matters as well whether the 
ountry has a

ess tointernational 
apital markets or not. Figure 5.2a plots m∗ as a fun
tion of
P0 for θ = 0.25, θ = 0.5, θ = 0.75, and θ = 0.85 under "�nan
ial autarky"s
enario. First of all, note that the slope of the relationship between m∗ and
P0 
hanges from positive to negative as θ in
reases (i.e., EICS falls): the slopeis positive for θ = 0.25 and θ = 0.5, it is 
lose to zero for θ = 0.75 and is neg-ative for θ = 0.85. It is even more negative for higher values of θ (not shownin the �gures). Empiri
al studies of EICS 
on
lude that the relevant range isbelow 2 whi
h 
orresponds to θ > 0.5.17 Therefore, the optimal response ofthe R&D investment rate is to fall as the resour
e pri
e rises. The intuitionhere is the following. With a relatively low EICS 
onsumer 
ares more aboutthe smooth time pro�le of her 
onsumption than about the total 
onsumptionover the lifetime. She is therefore less willing to forgo 
urrent 
onsumptionfor the purpose of raising R&D investment whi
h eventually may lead to anin
rease in 
onsumption in the future. When the resour
e pri
e rises, a 
on-17Vissing-Jørgensen (2002) estimates EICS for sto
k- and bondholders, distinguishingamong 3 wealth groups, as well as for non-sto
kholders. Her estimates range from 0.29 forsto
kholders to 1.38 for bondholders with higher estimates for top wealth layer householdsand 
lose to zero estimates for non-sto
kholders. See also Epstein and Zin (1991) andHansen and Singleton (1982). 147



sumer with a low EICS 
uts her investment expenditure in order to preservethe smooth 
onsumption path, while a 
onsumer with a high EICS in
reasesher investment expenditure in order to raise the 
han
es of having a 
on-sumption jump in the future and hen
e her total lifetime 
onsumption. Thesame holds true when the e
onomy has a

ess to international lending andborrowing, as shown in �gure 5.2b. The only di�eren
e is that the 
hangein the slope o

urs for a lower value of θ = 0.65 be
ause a

ess to �nan
ialmarkets fa
ilitates 
onsumption smoothing.Se
ondly, the relationship between m∗ and θ (holding P0 �xed) is non-monotoni
 both under FA and AC. This 
an be better visualized in �gure 5.2
and 5.2d where m∗ is shown to be U-shaped in θ for any given P0. The leftside of the "U" is, however, mu
h less pronoun
ed under AC than under FA,i.e., as EICS falls, the optimal investment rate falls by less under AC thanunder FA before starting to rise as θ approa
hes unity. This is shown moreexpli
itly in �gure 5.2e, where the light surfa
e 
orresponds to AC s
enario(as in �gure 5.2d), while the dark surfa
e 
orresponds to FA s
enario (as in�gure 5.2
). For the middle range of θ, the response of m to a de
line in EICSis to fall under FA but to rise under AC. Consider two e
onomies: one with arelatively high EICS and another with a relatively low EICS. If they operateunder �nan
ial autarky, the former e
onomy will 
hoose a higher investmentrate than the latter. If, however, they have a

ess to 
apital markets, theopposite will be true.Thirdly, the e
onomy whi
h has a

ess to foreign 
apital markets doesnot ne
essarily invest more in renewables R&D as 
ompared to an e
onomyunder FA. As �gure 5.2e shows, for high EICS (low θ)m∗FA > m∗AC : the darksurfa
e lies above the light surfa
e for θ less than approximately 0.2. This isbe
ause without a

ess to 
redit the e
onomy 
an raise its future 
onsumptiononly by 
hoosing a higher investment rate. For empiri
ally plausible EICS,however, m∗AC > m∗FA, so that having a

ess to 
redit does help sustain ahigher investment rate.Finally, an in
rease in energy dependen
e may also be interpreted as an148
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e under FA and AC.in
rease in the resour
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tion, i.e., a higher α. Theoptimal response of m to an in
rease in α (for a given P0) also depends on
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while the dark surfa
e 
orresponds to α raised from 10 to 15%. Comparisonof �gure 5.2e with 5.2f reveals that the e�e
t of a larger resour
e share inprodu
tion is quite similar to losing a

ess to 
redit and vi
e versa, havinga

ess to 
redit is equivalent to having a lower distributive share of energyresour
es in produ
tion of �nal goods.To re
ap, under empiri
ally plausible EICS (a) the optimal response ofrenewables R&D investment rate is to fall when the non-renewable-resour
epri
e rises; (b) the optimal investment rate in an e
onomy with a

ess to
apital markets is higher than in an e
onomy without su
h a

ess; (
) havinga

ess to 
redit is equivalent to being less dependent on energy resour
es inprodu
tion of �nal goods.5.4.3 Optimal Paths of Consumption and AssetsThe possibility of international lending and borrowing has important impli-
ations for the intertemporal allo
ation of 
onsumption in an e
onomy striv-ing to a
hieve energy independen
e. Borrowing from abroad (net of interestpayments) 
an be visualized by the gap between the "cACt " lo
us and the"Y n
t −m∗AC" lo
us (see the shaded area in �gure 5.3a). The �gure demon-strates that foreign 
redit has a dual purpose. It serves not only to �nan
e thein
rease in the optimal investment rate but also to raise 
urrent 
onsumptionduring the initial phase of the e
onomy's planning horizon.Note that in the present 
alibration the e
onomy's rate of time preferen
e,

ρ, is identi
al to the rate of interest, r. In a deterministi
 environment, thee
onomy's time path of 
onsumption would have been �at. In a sto
hasti
environment, however, the prospe
t of an upward jump in in
ome results ina 
lo
kwise rotation of the 
onsumption path. During the initial phase of theplanning horizon c∗ACt ex
eeds Y n
t − m∗AC , so that ȧt − rat < 0. Thus, inspite of ρ being equal to r, RIC's asset position initially deteriorates. Thisis shown in �gure 5.3b. If the substitute is never invented, 
onsumption in�gure 5.3a de
lines monotoni
ally until the end of the planning horizon (dash-150
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(b) assetsFigure 5.3: Optimal paths of 
onsumption and net foreign asset position.dotted line), while the net asset position in �gure 5.3b exhibits a U-shapedtime path with at < 0, ∀t ∈ (0, T ) and a0 = aT = 0 (solid line).Suppose now that the invention happens to o

ur at t = 30.18 Under boths
enarios, 
onsumption in �gure 5.3a jumps upwards (see dashed lines) andthe e
onomy swit
hes from borrowing to repaying its debt (the dashed linein �gure 5.3b). A higher value of B obviously 
auses a larger upward jumpand a faster loan repayment (not shown in the �gures).Note that the initial 
onsumption rate in Phase II is higher under FAthan it is with AC. The reason is that under both s
enarios the arrival ofthe ba
kstop ensures a 
onstant �ow of output per unit of time but underthe se
ond s
enario the e
onomy starts Phase II with a negative foreign assetposition, whi
h must be liquidated by the end of the planning horizon. Ingeneral, the initial 
onsumption rate in Phase II and the subsequent timepath of 
onsumption under AC depend on the parameters of the model andin parti
ular on the di�eren
e between r and ρ (see eq. (5.17)). If r > ρ(r < ρ), 
onsumption in Phase II exhibits a rising (falling) time path, while
c̃τ is below (above) the value obtained with r = ρ.18With m∗AC = 0.2646, the probability of the dis
overy o

urring by t = 30 is equal to72.25%. 151



5.4.4 Role of the Cost of CreditEvolution of net foreign asset positionSo far the analysis pro
eeded under the simplifying assumption ρ = r, i.e.,the e
onomy's rate of time preferen
e equals the world rate of interest. Vari-ations in the 
ost of borrowing 
learly a�e
t RIC's optimal R&D investmentrate, as well as its borrowing/lending de
ision. Interestingly, under spe
i�

onditions dis
ussed below, RIC may �nd it optimal to have a positive netasset position (to be a lender) and at the same time maintain a relativelyhigh R&D investment rate (above the rate under �nan
ial autarky).Let us examine the role of the world interest rate in more detail. Figure 5.4shows the time path of asset holdings under two alternative 
alibrations: a)the thin lines 
orrespond to the 
ase r = 2.5% and b) the thi
k lines aredrawn for r = 3% per year. The solid lines illustrate the evolution of assetsunder the assumption that the substitute is never dis
overed, while the dasheds
hedules are drawn assuming that the dis
overy takes pla
e at t = 60 for 
ase(a) and at t = 100 for 
ase (b). Note that in spite of the fa
t that r > ρ
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the e
onomy is initially a net borrower under 
alibration (a). This is due tothe e�e
t of un
ertainty, whi
h, as we have seen in eq. (5.16), tilts 
lo
kwisethe time path of 
onsumption in Phase I and thus 
ontributes to dissaving.Only if the substitute is eventually invented, may RIC be
ome a lender (seethe shaded area), with the length of the lending span depending negativelyon the invention date and positively on EICS and on the di�eren
e between
r and ρ. The later the substitute arrives, the longer the period of borrowingand the shorter the subsequent period of lending (if it exists at all). Note,in addition, that the larger is r relative to ρ, the weaker is the in
entive toborrow during Phase I. Thus for higher world interest rates, the borrowingphase be
omes shorter or even disappears, while the lending phase widens.Interestingly, for high enough r the borrowing phase may not ne
essarilyo

ur at the beginning of the planning horizon. As illustrated by the thi
ksolid line, for r = 3% RIC is initially a net lender in spite of maintaining arelatively high investment rate (see �gure 5.6b). The net asset position inthis 
ase exhibits a wave-shaped time pro�le with borrowing phase o

urringat the end of the planning horizon. If r is relatively high and the inventiono

urs relatively late, the time pro�le of the net asset position peaks twi
e,as in the 
ase of 
alibration (b) where the invention o

urs at τ = 100.Invention date and debt repaymentSo far we have seen in �gures 5.3b and 5.4 that the arrival of the substituteinitiates repayment of the debt or further improves the asset position if itis positive: immediately after the invention the dashed lines are positivelysloped and lie above the solid s
hedules. This, however, may not alwaysbe true. The optimal time path of the net foreign asset position after theinvention depends on the relationship between r and ρ. It is 
lear that when
r < ρ, the e
onomy will 
onsume at a de
lining rate during Phase II, i.e.,
ˆ̃ct =

r−ρ
θ

< 0. Moreover, the di�eren
e between the market rate of interestand RIC's rate of time preferen
e also a�e
ts the initial 
onsumption rate153



in Phase II: the smaller (i.e., more negative) is r − ρ, the larger is c̃τ (seeeq. (5.17)). When r is su�
iently below ρ, the e
onomy will in fa
t �nd itoptimal to start Phase II with a 
onsumption rate in ex
ess of its in
ome(net of interest and imports) whi
h entails a further deterioration of the netasset position. This is illustrated in �gure 5.5, where I show the evolution ofthe e
onomy's asset holdings for r = 0.5%. As before, the solid line is drawn
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invention at t=100invention at t=30Figure 5.5: Deterioration of the asset position after the invention.under the assumption that the substitute never arrives, while the dashedlines are drawn assuming that the invention o

urs at t = 30 (thin dashedline) and t = 100 (thi
k dashed line). Given that 
redit is relatively 
heap,the net asset position 
ontinues to deteriorate right after the invention andrea
hes the minimum several years later than if the substitute had neverarrived. Throughout the remainder of the planning horizon the e
onomy ismore indebted than it would have been without the invention. Interestingly,the time pro�le of at may exhibit a double-trough pattern for some inventiondates as, e.g., for τ = 100. The high levels of indebtedness, equal to a multipleof the e
onomy's GDP, are nonetheless perfe
tly sustainable, in the sense thatRIC repays the loan to the 
reditors by the end of the planning horizon. Thisis true even if the ba
kstop never arrives. In this 
ase, the debt is repaid at154



the expense of 
urrent 
onsumption whi
h falls over time.Cost of 
redit and lifetime welfareFurther examination of the role of the market rate of interest leads us to
onsider its e�e
t on the e
onomy's expe
ted lifetime welfare. When a

ess to
redit is available, r a�e
ts expe
ted welfare through two 
hannels. The �rstone is the resour
e pri
e: The higher the rate, the greater the rate of in
reasein Pt and the heavier the burden of future payments for resour
e imports. Anadditional 
hannel emerges with the possibility of lending and borrowing. IfRIC is a net borrower, a higher r implies a heavier debt burden, so that bothe�e
ts 
ontribute to a lower expe
ted welfare. On the other hand, if RIC is anet lender, a higher r represents an improvement in its intertemporal termsof trade, 
ontributing to higher expe
ted welfare. Whether RIC is a borroweror a lender, is determined endogenously and depends on the stru
ture of itspreferen
es and its produ
tion te
hnology, on the amount of the substituteit expe
ts to obtain in the 
ase of a te
hnologi
al breakthrough, and �nallyon the relationship between r and ρ. Thus, in general, the net e�e
t ofthe world interest rate on the e
onomy's expe
ted welfare is ambiguous. Itdepends, in essen
e, on the volume of its trade in the resour
e market inrelation to the volume of its net lending over the entire planning horizon. Itis generally to be expe
ted, however, that an e
onomy's welfare is higher withfree trade, in this 
ase trade in the �nan
ial asset, than it is under autarky.This is illustrated in �gure 5.6a, where I show RIC's expe
ted lifetime welfare,under the optimal investment strategy, as a fun
tion of the market interestrate, holding other parameters at their ben
hmark levels. Under �nan
ialautarky the expe
ted welfare de
lines with r, as shown by the thin line. Inthis 
ase, only the e�e
t of r on the pri
e path of the resour
e impingeson welfare. With a

ess to 
redit the s
hedule is U-shaped, re�e
ting the
on�i
ting for
es dis
ussed above. Note that regardless of the value of r, theexpe
ted lifetime welfare with a

ess to 
redit is always higher than without155
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(b) investmentFigure 5.6: The e�e
t of intertemporal terms of trade on welfare and investment rate.su
h a

ess. The possibility of improving the e�
ien
y of the intertemporalallo
ation of resour
es by transa
ting in the international �nan
ial markethas therefore an important welfare-enhan
ing role.The e�e
t of the 
ost of 
redit on the optimal R&D investment rate 
anbe visualized in �gure 5.6b. First, observe that m∗FA is in
reasing in r, while
m∗AC is de
reasing in r. This di�eren
e in the optimal response hinges onthe dual role of the interest rate in the latter s
enario.Se
ond, for high enough interest rate in relation to ρ, m∗FA ex
eeds m∗AC .In other words, e
onomies whi
h have a

ess to 
apital markets but fa
e arelatively high 
ost of 
redit tend to 
hoose less ambitious investment proje
tsas 
ompared to what they would have 
hosen without a

ess to 
redit.Overall, the 
ost of 
redit is an important fa
tor in�uen
ing (a) the ex-pe
ted lifetime welfare, with the relationship being U-shaped; (b) the timepro�le of asset position and, in parti
ular, whether it is optimal to start re-paying the debt after a deterministi
 �ow of output is ensured, or 
ontinueborrowing; and (
) the optimal sustained investment with the relationshipbeing negative.
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5.5 Con
lusionThe paper attempts to answer two main questions: What is the optimalinvestment rate in an R&D proje
t whi
h may se
ure a given �ow of in
omein the future, with the probability of the su

ess being dependent on theinvestment rate? And to what extent a

ess to 
apital markets matters forthe investment de
ision? The answers to these questions are analyzed in the
ontext of a model of a resour
e-importing 
ountry (RIC), whi
h seeks toa
hieve energy independen
e by developing a renewable substitute for a non-renewable essential input. I assume that the invention of a substitute followsa sto
hasti
 pro
ess whi
h 
an be in�uen
ed by the appropriate investmentin R&D. The fo
us of the paper is on the role of a

ess to internationallending and borrowing for the optimal 
hoi
e of the e
onomy's 
onsumptionand investment rates under un
ertainty. This role is highlighted by 
omparingthe out
omes under two extreme assumptions about the e
onomy's a

ess toglobal 
apital markets: �nan
ial autarky vs. full a

ess.With a

ess to foreign 
redit the e
onomy 
hooses a very di�erent timepath of 
onsumption from the one obtained under �nan
ial autarky. Due tothe presen
e of un
ertainty, i.e., a possibility of a su

essful R&D out
ome,the e
onomy dissaves during an initial phase of its planning horizon and runsa negative foreign asset position, even when the rate of interest is slightlyhigher than the rate of time preferen
e. This type of behavior is exa
tlythe opposite of pre
autionary saving in an environment with negative in
omesho
ks (see, e.g., To
he (2005) for the 
ase of a job loss).When it 
omes to the optimal 
hoi
e of the R&D investment rate, hav-ing a

ess to 
apital markets does not ne
essarily imply that the e
onomysystemati
ally invests more than it does without su
h a

ess. The out
omedepends 
ru
ially on the value of the elasti
ity of intertemporal 
onsumptionsubstitution (EICS). Numeri
al simulations show, however, that for empir-i
ally relevant range of EICS, R&D investment rate with a

ess to 
redit157



markets always ex
eeds the investment rate under �nan
ial autarky.Another key element in�uen
ing the optimal 
hoi
e of the R&D investmentrate is the e
onomy's dependen
e on foreign energy sour
es, as measured bythe share of GDP absorbed by the expenditure on resour
e imports. In the
ontext of the present model, energy dependen
e is determined by the marketpri
e of the resour
e and the distributive share of energy in the produ
tionof �nal goods. An in
rease in the resour
e pri
e may either boost or de
reasethe investment rate depending on EICS. The numeri
al results show that inthe empiri
ally relevant range of values for EICS an in
rease in the resour
epri
e leads to a lower optimal investment rate. This result holds regardlessof whether or not the e
onomy has a

ess to borrowing and lending. Havinga

ess to global 
apital markets, however, is shown to be equivalent to aredu
tion in the distributive share of energy resour
es in produ
tion of �nalgoods.Several interesting results emerge when we look at what role the 
ost of
redit, r, plays in determining the optimal investment 
hoi
e and the e
on-omy's net foreign asset position (NFA). First, it is shown that, dependingon the relationship between r and the rate of time preferen
e ρ, RIC maybe either a borrower or a lender, and in parti
ular, the lending phase maypre
ede the phase of borrowing. Se
ond, a su

essful R&D out
ome 
ausesan improvement in the NFA when r is not too low in relation to ρ but adeterioration in the NFA for low enough interest rates. Third, the e
onomy'sexpe
ted lifetime welfare with a

ess to 
redit always ex
eeds the one ob-tained under �nan
ial autarky, regardless of the value of r. Moreover, thewelfare with a

ess to 
redit is U-shaped in r due to the dual role of the lat-ter in the resour
e and 
apital markets. Finally, the optimal investment rateresponds di�erently to variations in r depending on whether a

ess to 
reditis available or not: it is an in
reasing fun
tion of r under �nan
ial autarkybut a de
reasing fun
tion of r under openness.The present analysis motivates the desire to invent a substitute for anon-renewable resour
e by its in
reasing market pri
e and thus in
reasing158



dependen
e on energy imports. Introdu
ing other motivations for a swit
hfrom non-renewable to renewable sour
es of energy, su
h as an obje
tive tomeet a spe
i�
 
limate-poli
y target, would enri
h the analysis even further.Assuming that the so
ial planner dislikes pollution and the ba
kstop is a 
leanenergy sour
e, there would be an additional in
entive to invest in R&D.
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5.6 Appendix5.6.1 Transforming a Sto
hasti
 Control Problem into aDeterministi
 Control ProblemIn the 
ase of �nan
ial autarky the optimization problem is to maximize
Eτ

{
∫ τ

0

u(ct)e
−ρtdt+

∫ ∞

τ

u(c̃t)e
−ρtdt

}

, (5.21)subje
t to ct = Y n
t − mt and c̃t = Ȳ , where Eτ denotes the expe
tationoperator with respe
t to the distribution of the arrival date. Given that

P[τ ∈ (t, t+ dt)|τ > t] = q(mt)dt+ o(dt),the elementary probability on the interval (t, t+dt) is given by q(mt)e
−

∫ t
0 q(ms)dsdt.Then (5.21) 
an be rewritten as

∫ ∞

0

{
∫ t

0

u(cs)e
−ρsds+

∫ ∞

t

u(c̃s)e
−ρsds

}

q(mt)e
−

∫ t
0
q(ms)dsdt. (5.22)Sin
e the 
onsumption rate after the arrival of the ba
kstop is 
onstant at

Ȳ , the last term in the 
urly bra
es equals to u(Ȳ ) e−ρt
ρ
, and (5.23) 
an bewritten as

∫ ∞

0

{
∫ t

0

u(cs)e
−ρsds

}

q(mt)e
−

∫ t
0
q(ms)dsdt+

u(Ȳ )

ρ

∫ ∞

0

q(mt)e
−ρt−

∫ t
0
q(ms)dsdt.(5.23)De�ning U(t) =

∫ t

0
u(cs)e

−ρsds and V(t) = −e−
∫ t
0 q(ms)ds, we 
an apply inte-gration by parts to the �rst term to obtain:

∫ ∞

0

{
∫ t

0

u(cs)e
−ρsds

}

q(mt)e
−

∫ t
0
q(ms)dsdt = (5.24)

∫ ∞

0

U(t)dV(t) = (5.25)
U(t)V(t)−

∫ ∞

0

V(t)dU(t) = (5.26)
−

∫ t

0

u(cs)e
−ρsds

[

e−
∫ t
0 q(ms)ds

]

+

∫ ∞

0

e−
∫ t
0 q(ms)dsu(ct)e

−ρtdt. (5.27)163



The term U(t)V(t) is zero in the limit as t goes to in�nity sin
e ∫ t
0
u(cs)e

−ρsds <

∞ and ∫∞
0
q(ms)ds = ∞. Then the original obje
tive in (5.23) be
omes

∫ ∞

0

e−
∫ t
0 q(ms)dsu(ct)e

−ρtdt+
u(Ȳ )

ρ

∫ ∞

0

q(mt)e
−ρt−

∫ t
0 q(ms)dsdt =

=

∫ ∞

0

{

u(ct) + q(mt)
u(Ȳ )

ρ

}

e−ρt−
∫ t
0
q(ms)dsdt. (5.28)De�ning an auxiliary state variable zt ≡ ∫ t

0
q(ms)ds with żt ≡

dz
dt

= q(mt)and z0 = 0, the obje
tive fun
tion (5.28) be
omes
∫ ∞

0

{

u(ct) + q(mt)
u(Ȳ )

ρ

}

e−ρt−ztdt, (5.29)whi
h is used to 
onstru
t the Hamiltonian (5.4) in the text.5.6.2 Optimal Investment with Open A

ess to Interna-tional Lending and BorrowingThe optimal 
ontrol problem pertaining to phase II is:
max
c̃t

∫ ∞

τ

u(c̃t)e
−ρ(t−τ)dtsubje
t to

ȧt = BαL1−α − c̃t + rat, ∀t > τ. (5.30)The 
urrent-value Hamiltonian may be written as
H = u(c̃t) + µt

[

BαL1−α − c̃t + rat
]and the �rst order 
onditions

c̃t : u′(c̃t)− µt = 0, (5.31)
at : µtr = ρ− µ̇. (5.32)Di�erentiating eq. (5.31) with respe
t to time and inserting the result in (5.32)yields the standard Keynes-Ramsey rule

ˆ̃ct =
r − ρ

θ
, ∀t > τ 164



and therefore the 
onsumption path
c̃t = c̃τe

r−ρ
θ

(t−τ).Combining this with the budget 
onstraint (5.30) allows to solve for the 
on-sumption rate right after the dis
overy takes pla
e, c̃τ , and for the time pathof asset holdings:
c̃τ =

(

r −
r − ρ

θ

)(

aτ +
BαL1−α

r

)

, (5.33)
at = aτe

r−ρ
θ

(t−τ) +
BαL1−α

r

(

e
r−ρ
θ

(t−τ) − 1
)

. (5.34)The the maximized dis
ounted (time-τ) welfare in Phase II is
Φ(aτ ) =

∫ ∞

τ

c̃1−θt

1− θ
e−ρ(t−τ)dt = u(c̃τ )(r −

r − ρ

θ
)−1.The Hamiltonian, asso
iated with the RIC's original optimization problemmay be written as

H = {u(ct) + λ(m)Φ(at)} e
−ρt−zt+ηt(rat+R

α
t L

1−α−ct−PtRt−m)+νtλ(m),where ηt is the 
o-state variable asso
iated with the 
onstraint (5.11) and zt isthe auxiliary state variable, su
h that żt = λ(m). The optimality 
onditionsare
Rt : ηt

(

∂Ft
∂Rt

− Pt

)

= 0, (5.35)
ct : u(ct)e

−ρt−zt − ηt = 0, (5.36)
m : λ′(m)Φ(at)e

−ρt−zt − ηt + νtλ
′(m) = 0, (5.37)

at : λ(m)
∂Φt
∂at

e−ρt−zt + rηt = −η̇t, (5.38)
zt : −

(

u(ct) + λ(m)Φ(at)
)

e−ρt−zt = −ν̇t. (5.39)Combining (5.36) with (5.38) yields the Keynes-Ramsey rule under un
er-tainty:
θĉt = r − ρ− λ(m)

[

1−
u′(c̃t)

u′(ct)

]

, 165



where I used u′(c̃t) = ∂Φt
∂at

. Isolating νt from (5.37), di�erentiating with respe
tto time and inserting the result in (5.39) yields:
u(ct) =

u′′(ct)ċt − u′(ct)(ρ+ λ(m))

λ′(m)
+ ρΦ(at)− u′(c̃t)ȧt.The expression in the square bra
kets 
an be rewritten in terms of 
onsump-tion growth rate and then 
ombined with the Keynes-Ramsey rule, so thatwe get equation (5.18) in the text:

λ′(m) [ρΦ(at)− u(ct)− u′(c̃t)ȧt] = u′(ct)r + λu′(c̃t).
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Chapter 6
Environmental Regulation andComplian
e
6.1 Introdu
tionThere is a global agreement that e�orts should be made to deal with 
li-mate 
hange. However, there is no unanimous view on how the burden ofthese e�orts should be shared between developed and developing 
ountries.Many advan
ed 
ountries, and notably the European Union, already have inpla
e various s
hemes to 
ontrol their emissions, while none of the developing
ountries do. The reasons are multiple, in
luding weak environmental poli
iesand legislation, insu�
ient �nan
ing and, most importantly, lower priority at-ta
hed to issues related to 
limate 
hange when 
ompared to poverty redu
-tion, standard of living and health improvement and e
onomi
 growth. Thispaper examines sets of 
onditions whi
h should be satis�ed in order to indu
ethe developing e
onomies to voluntarily a

ept environmental standards.Given the asymmetry in the 
limate legislation, some developed 
ountriesfear the loss of 
ompetitiveness of their energy-intensive industries: A goodprodu
ed by their domesti
 �rms be
omes more expensive as the 
osts ofprodu
tion rise when emissions permits need to be pur
hased. On severalo

asions European poli
ymakers expressed their readiness to apply trade167



restri
tions on 
ountries whi
h do not apply emissions standards similar totheirs. For instan
e, Manuel Barroso in his interview to The Times said:"We do not want to put our energy-intensive industries in a situation of dis-advantage in 
ompetition terms, that is why we will have measures that weare ready to take if there is not a global 
limate agreement" (Mar
h 2008).Former Fren
h president Ni
olas Sarkozy said that EU must examine thepossibility of "taxing produ
ts imported from 
ountries that do not 
om-ply with the Kyoto proto
ol. We have imposed environmental standards onour produ
ers. It is not normal that their 
ompetitors should be 
ompletelyexempted...Environmental dumping is not fair" (O
tober 2007). In parti
u-lar, the so-
alled "border-adjustment measures" were a hot dis
ussion topi
and were viewed as indispensable for a 
limate legislation to pass in the USCongress. "Only sti
ks" approa
h, however, may turn out not to be feasible,as it may fail to 
omply with WTO rules. For example, a

ording to WTOagreement, trade provisions should be pre
eded by major e�orts to negoti-ate with partners within a reasonable timeframe. Thus proposed measuresmay not only in
lude "sti
ks" but also "
arrots", as in the Montreal Proto-
ol (1987) or "
lean development me
hanism", where trade measures werea

ompanied by �nan
ing arrangements and te
hnology transfers. Develop-ing 
ountries, however, will have to demonstrate a "meaningful" 
ommitment(Zhang 2009), i.e., they are not required to 
omply with environmental reg-ulations immediately but should take some a
tions towards 
omplian
e atsome future date. This is akin to the "gra
e" period granted to LDCs underthe Montreal Proto
ol.The e�e
tiveness of "sti
ks and 
arrots" poli
y is yet to be assessed butundoubtedly one 
annot do so without �rst taking the prospe
tive of a less de-veloped 
ountry (LDC). Certain 
onditions must be in pla
e in order for LDCto 
omply voluntarily with the regulation, otherwise it will not. The purposeof the study is to establish the minimum 
onditions for voluntary 
omplian
eand to analyze the LDC's optimal response to any 
hanges in the 
onditions itfa
es. I purposely do not model any restri
tive/retaliative measures, su
h as168



trade restri
tions or environmental taxes, sin
e their a

eptable legal format,for example 
ompatible with WTO rules, has not yet been 
learly established.By 
ontrast, I fo
us on supporting/stimulating measures, su
h as monetarytransfers. More spe
i�
ally, I analyze two types of regulation: One where aprede�ned transfer is initiated on the date of 
omplian
e with emissions tar-get; and the other where the amount transferred is tied to emissions-
ontrole�ort. The main results of the paper is that o�ering one or the other option isine�
ient. The 
han
es that an LDC 
omplies voluntarily with environmen-tal standards are higher when a menu of options is on the table. The dire
timpli
ation of this results is that the number and/or diversity of 
ountrieswilling to 
omply with environmental standards is also higher when a varietyof alternatives is available instead of just one regulation type.The next Se
tion sets up the model by �rst des
ribing an e
onomy whi
h isnot yet subje
ted to any environmental regulation. Then two regulation typesare introdu
ed. Se
tion 3 analyzes the 
onditions for voluntary 
omplian
e.Se
tion 4 is devoted to poli
y analysis, while Se
tion 5 
on
ludes.
6.2 The Model6.2.1 Un
onstrained E
onomyConsider an e
onomy whi
h produ
ers a single 
onsumption good with theaid of 
apital a

ording to the produ
tion fun
tion Qt = Q(Kt), Q′(Kt) > 0.Output 
an be either 
onsumed or invested. As a by-produ
t of produ
tionand 
onsumption pro
esses emissions are released into the atmosphere. Ate
hnology for addressing the emissions problem exists. It requires, however,
apital investment, with the e�e
tiveness of emissions 
ontrol being positivelyrelated to the sto
k of equipment utilized for that purpose. Thus the �ow ofemissions at time t is given by
Et = φcct + φkKt − φxXt + Ē, (6.1)169



where ct stands for per-
apita 
onsumption, Kt for physi
al 
apital sto
k,
Xt is the e
onomy's sto
k of 
apital spe
i�
ally designed for emissions 
on-trol and φc, φk, and φx are positive 
onstants (assumed to be less than unity)whi
h measure pollution intensity of 
onsumption, pollution intensity of phys-i
al 
apital, and abatement intensity of pollution-
ontrol 
apital, respe
tively.The parameter Ē stands for the global pollution and is taken as given. With-out loss of generality it will be normalized to zero in the rest of the analysis.Let us assume that the te
hnology for produ
ing the spe
i�
 pollution-
ontrolequipment exists but is not available in the e
onomy. The equipment musttherefore be imported from abroad at the pri
e P per unit, with the 
onsump-tion good being the numeraire. The pollution-
ontrol 
apital is a

umulatedin a standard way:
Ẋt = It, X0 given, (6.2)where It is the investment rate in pollution 
ontrol.The e
onomy is inhabited by one in�nitely-lived representative individualwho derives utility from 
onsumption and su�ers disutility of pollution. Theutility fun
tion u(ct, Et) is assumed to be in
reasing and 
on
ave in ct andde
reasing and 
on
ave in Et, i.e., ∂u

∂ct
> 0, ∂2u

∂c2t
< 0, ∂u

∂Et
< 0, ∂2u

∂E2
t
< 0, and

∂2u
∂ct∂Et

6 0.The obje
tive is:
max
ct,Et

∫ ∞

0

u(ct, Et)e
−ρtdt, (6.3)subje
t to the physi
al 
apital a

umulation 
onstraint

K̇t = Q(Kt)− ct − ItP, K0 given, (6.4)the pollution 
ontrol 
apital a

umulation 
onstraint (6.2), and equation (6.1)des
ribing the �ow of emissions. The rate of time preferen
e is a 
onstant ρ.The 
urrent-value Hamiltonian asso
iated with the optimization program
an be written as
H = u(ct, Et) + λt[Q(Kt)− ct − ItP ] + µtIt+170



+ηt [φcct + φkKt − φxXt − Et] .The optimality 
onditions are (time subs
ripts are suppressed for notational
onvenien
e):
c :

∂u

∂c
− λ+ ηφc = 0, (6.5)

E :
∂u

∂E
− η = 0, (6.6)

I : −λP + µ = 0, (6.7)
K : λQ′(K) + ηφk = ρλ− λ̇, (6.8)
X : −ηφx = ρµ− µ̇, (6.9)and the transversality 
ondition lim

t→∞
Kte

−ρt = 0.In order to obtain an analyti
al solution to the model, the following fun
-tional forms are assumed:
• produ
tion fun
tion of AK type: Qt = AKt, where A > 0 is a te
hno-logi
al parameter;
• a separable utility fun
tion whi
h is logarithmi
 in 
onsumption andquadrati
 in emissions: u(ct, Et) = ln ct −

1
2
E2
t (see, e.g., Withagen(1995) for a similar spe
i�
ation).Given these fun
tional forms, we have Q′(Kt) = A, ∂u
∂ct

= 1
ct
, ∂u
∂Et

= −Et.Then it follows from (6.8) - (6.9) that
A+

ηφk
λ

= −
ηφx
λPor

η

λ
= −

A

φk + φx/P
≡ −γ.Hen
e, using (6.5) and (6.6),

E

1/c− φcE
= γ => E(1 + γφc) = γ/c. (6.10)This last expression leads to two observations. First, the growth rate ofemissions is the negative of the growth rate of 
onsumption. Se
ond, by171



time-di�erentiating the above expression and inserting the result in (6.8) weget
ċ

c
=
γφx
P

− ρ ≡ ψ => ct = c0e
ψt. (6.11)For expositional 
onvenien
e I de�ned the growth rate of 
onsumption as ψand assume that ψ > 0. The growth rate depends positively on the produ
-tivity of physi
al 
apital, A, and on the abatement intensity, φx. It dependsnegatively on the pri
e of pollution-
ontrol equipment, P , and the 
apital pol-luting intensity, φk. The polluting intensity of 
onsumption, φc, a�e
ts only
onsumption level but not the growth rate. If physi
al 
apital were not pollut-ing, i.e., φk = 0, we would obtain the standard Keynes-Ramsey growth rateequal to the di�eren
e between the marginal produ
t of 
apital and the purerate of time preferen
e, i.e., ψ = A− ρ, given the assumed log-preferen
es.Sin
e the growth rate of emissions is the negative of the growth rate of
onsumption, emissions de
line at the rate ψ:

Et = E0e
−ψt. (6.12)Combining the time paths of 
onsumption and emissions with eq. (6.1) allowsto obtain the relationship between the two 
apital sto
ks:

Xt =
1

φx

[

φcc0e
ψt + φkKt −E0e

−ψt] (6.13)Di�erentiation of (6.13) with respe
t to time yields the time path of invest-ment rate in pollution 
ontrol:
It =

1

φx

[

ψφcc0e
ψt + φkK̇t + ψE0e

−ψt
]

. (6.14)Substituting (6.11) and (6.14) into the 
apital a

umulation 
onstraint (6.4)yields:
K̇t = AKt − c0e

ψt −
P

φx

[

φcψc0e
ψt + φkK̇t + ψE0e

−ψt
]and thus

K̇t =
Aφx

φx + Pφk
Kt −

c0(φx + Pψφc)

φx + Pφk
eψt −

PψE0

φx + Pφk
e−ψt.172



Sin
e the optimal paths of emissions and 
onsumption are linked by (6.10), we
an express E0 in terms of c0 as E0 =
γ

(1+γφc)c0
. Then, by integrating the abovedi�erential equation and applying the transversality 
ondition, we 
an pindown the initial 
onsumption rate. For 
onvenien
e, de�ne δc ≡ c0(φx+Pψφc)

φx+Pφkand δ
E
≡ E0ψP

φx+Pφk
and note that Aφx

φx+Pφk
= ψ + ρ.

K̇t − (ψ + ρ)Kt = −δce
ψt − δ

E
e−ψt,

∫ ∞

0

(

K̇t − (ψ + ρ)Kt

)

e−(ψ+ρ)tdt = −δc

∫ ∞

0

e−ρtdt− δ
E

∫ ∞

0

e−(2ψ+ρ)tdt,

Kse
−(ψ+ρ)s

∣

∣

∣

∣

∞

0

= δc
e−ρs

ρ

∣

∣

∣

∣

∞

0

+ δ
E

e−(2ψ+ρ)s

2ψ + ρ

∣

∣

∣

∣

∞

0

,

K0 =
δc
ρ
+

δ
E

2ψ + ρ
.Substituting the expressions for δc and δE yields a quadrati
 equation in c0:

ac20 − bc0 + d = 0, with (6.15)
a ≡

φx + Pψφc
(φx + Pφk)ρ

, b ≡ K0, d ≡
ψPγ

(φx + Pφk)(1 + γφc)(2ψ + ρ)
.In general, (6.15) has two real roots if and only if b2 − 4ad > 0, one realroot if b2 − 4ad = 0, and two 
omplex roots if b2 − 4ad < 0. For the restof the analysis I assume that the initial 
apital sto
k is su�
iently large toguarantee that b2 − 4ad > 0. If stri
t equality holds, then the solution for

c0 is unique and equal to b
2a
. If stri
t inequality holds, then there exist two(positive) values of c0, one whi
h is higher than the unique value and theother whi
h is lower. These values 
an be 
ompa
tly written as b±

√
b2−4ad
2a

.For simpli
ity of exposition, let us fo
us on the unique solution for c0:
c0 =

K0(φx + Pφk)ρ

2(φx + Pψφc)
. (6.16)Knowing the initial 
onsumption rate, the time path of the physi
al 
apital
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sto
k 
an now be 
ompletely 
hara
terized:
∫ t

0

(

K̇t − (ψ + ρ)Kt

)

e−(ψ+ρ)tdt = −δc

∫ t

0

e−ρtdt− δ
E

∫ t

0

e−(2ψ+ρ)tdt,

Kse
−(ψ+ρ)s

∣

∣

∣

∣

t

0

= δc
e−ρs

ρ

∣

∣

∣

∣

t

0

+ δ
E

e−(2ψ+ρ)s

2ψ + ρ

∣

∣

∣

∣

t

0

,

Kte
−(ψ+ρ)t −K0 = −δc

1− e−ρt

ρ
− δ

E

1− e−(2ψ+ρ)t

2ψ + ρ
,

Kt = K0e
(ψ+ρ)t − δc

e(ψ+ρ)t − eψt

ρ
− δ

E

e(ψ+ρ)t − e−ψt

2ψ + ρ
,and substituting the optimal c0 into δc and δE we �nally obtain:

Kt =
K0(e

(ψ+ρ)t + eψt)

2
−

2γψP (φx + Pψφc)(e
(ψ+ρ)t − e−ψt)

(φx + Pφk)2(1 + γφc)(2ψ + ρ)K0ρ
. (6.17)The time path of the pollution-
ontrol 
apital 
an be found by substitut-ing (6.16) and (6.17) into (6.13).The present dis
ounted value of lifetime welfare is given by

W =

∫ ∞

0

[

ln ct −
1

2
E2
t

]

e−ρtdt =
ln c0
ρ

+
ψ

ρ2
−

(

γ

c0(1 + γφc)

)2
1

2(ρ+ 2ψ)
.6.2.2 E
onomy Subje
ted to Environmental RegulationLet us now examine the optimal behavior of the e
onomy when an environ-mental regulation is imposed on it. Below we 
onsider two types of regulation.Type I RegulationType I regulation states that the 
ountry must redu
e its emissions to a givenlevel ε by a given date τ . The emissions redu
tion must follow a prespe
i�edplan su
h that the rate of emissions de
line must be equal to a given 
onstant θ- this 
aptures the notion of "meaningful 
ommitment". From time τ onwardsemissions must not ex
eed ε. If the e
onomy 
omplies with the regulation, itwill re
eive a �ow of aid (or monetary 
ompensation) equal to the amount F
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on day τ and subsequently Fe−g(t−τ), i.e., the 
ompensation will be de
reasingat the rate g.1Suppose the e
onomy wishes to 
omply with the regulation. Then itsoptimal programme will 
onsist of two phases: Phase I whi
h lasts from time0 to time τ , and Phase II whi
h lasts from τ onwards. Let us �rst analyzePhase II.PHASE IIThe optimization problem is to
max
c̃t

∫ ∞

τ

u(c̃t, ε)e
−ρtdtsubje
t to

K̇t = Q(Kt)− c̃t − P Ĩt + Fe−g(t−τ), (6.18)
Ẋt = Ĩt,

φcc̃t + φkKt − φxXt = ε,where a tilde over a 
ontrol variable indi
ates that the variable pertains toPhase II. The Hamiltonian may be written as:
H = u(c̃t, ε)+λt[Q(Kt)−c̃t−ĨtP+Fe

−g(t−τ)]+µtĨt+ηt [φcc̃t + φkKt − φxXt − ε] .The optimality 
onditions are (time subs
ripts are suppressed for notational
onvenien
e):
c̃ :

∂u

∂c̃
− λ+ ηφc = 0, (6.19)

Ĩ : −λP + µ = 0, (6.20)
K : λQ′(K) + ηφk = ρλ− λ̇, (6.21)
X : −ηφx = ρµ− µ̇, (6.22)and the transversality 
ondition lim

t→∞
Kte

−ρt = 0.1The de
line of the �ow of aid in time 
an be rationalized by the limited 
ommitment ofthe advan
ed 
ountries but also by the development pro
ess in the less advan
ed 
ountries.175



Following the same steps as in the previous subse
tion, we obtain:
˙̃c

c̃
=
γφx
P

− ρ ≡ ψ => c̃t = c̃τe
ψ(t−τ), (6.23)so that 
onsumption grows at the rate ψ, assumed positive. Sin
e emissionsare 
onstrained by the environmental regulation, the two 
apital sto
ks mustbe related as:

Xt =
1

φx

[

φkKt + φcc̃τe
ψ(t−τ) − ε

]and thus the investment rate in pollution 
ontrol is given by
Ĩt = Ẋt =

1

φx

[

φkK̇t + ψφcc̃τe
ψ(t−τ)

]

.Using this in (6.18) yields:
K̇t = (ψ + ρ)Kt − c̃τ

φx + Pφcψ

φx + Pφk
eψ(t−τ) +

Fφx
φx + Pφk

e−g(t−τ).Integrating the above di�erential equation from τ to in�nity and applyingthe transversality 
ondition allows to solve for the initial 
onsumption rate ofPhase II:
c̃τ =

(

Kτ +
F̃

ψ + ρ+ g

)

ρ

δ̃c
, (6.24)where F̃ ≡ Fφx

φx+Pφk
and δ̃c ≡ φx+Pφcψ

φx+Pφk
and Kτ is the 
apital sto
k inheritedfrom Phase I to whi
h we now turn.PHASE IThe optimization problem is to

max
ct

∫ τ

0

u(ct, εe
θ(τ−t))e−ρtdtsubje
t to

K̇t = Q(Kt)− ct − PIt, (6.25)
Ẋt = It, (6.26)
φcct + φkKt − φxXt = εeθ(τ−t). (6.27)176



The Hamiltonian is then
H = u(ct, εe

θ(τ−t))+λt [Q(Kt)− ct − PIt]+µtIt+ηt
[

φcct + φkKt − φxXt − εeθ(τ−t)
]and the �rst-order 
onditions

c :
∂u

∂c
− λ+ ηφc = 0, (6.28)

I : −λP + µ = 0, (6.29)
K : λQ′(K) + ηφk = ρλ− λ̇, (6.30)
X : −ηφx = ρµ− µ̇. (6.31)This set of 
onditions allows to solve for the growth rate of 
onsumption inPhase I:
ċ

c
=
γφx
P

− ρ ≡ ψ => ct = c0e
ψt, (6.32)so that 
onsumption grows at the same rate ψ in both phases. Then, usingeqs. (6.27) and (6.25), the time path of the physi
al 
apital sto
k 
an beobtained:

Kt = K0e
(ψ+ρ)t − δc

e(ψ+ρ)t − eψt

ρ
− δε

e(ψ+ρ)t − e−θt

θ + ψ + ρ
, (6.33)where δε ≡ Pθεeθτ

φx+Pφk
and δc ≡ c0(φx+Pψφc)

φx+Pφk
is de�ned as before. Sin
e 
onsump-tion grows 
ontinuously at the same rate in both phases, we have c̃τ = cτ =

c0e
ψτ . We 
an therefore 
ombine eqs. (6.24) and (6.33), evaluated at time

t = τ , to solve for the optimal initial 
onsumption rate:
cI0 =

ρ

φx + Pψφc

[

K0(φx + Pφk)−
Pθε(eθτ − e−(ψ+ρ)τ )

θ + ψ + ρ
+
Fφxe

−(ψ+ρ)τ

ψ + ρ+ g

]

.(6.34)The supers
ript "I" stands for Type I regulation. The initial 
onsumptionrate depends positively on the initial sto
k of physi
al 
apital, K0, the �owof aid promised to the 
ountry in the 
ase of 
omplian
e, F , and the e�e
-tiveness of pollution 
ontrol equipment, φx. It depends negatively on the177



imposed emissions threshold, ε, the 
omplian
e date, τ , the intensity of emis-sions stemming from 
onsumption pro
ess, φc, the imposed rate of emissionsde
line, θ, and �nally on the pri
e of pollution-
ontrol equipment, P (if τ issu�
iently long or K0 su�
iently small). The detailed 
omparative stati
sare provided in the Appendix.Knowing cI0, the present value of lifetime welfare 
an be obtained:
W I =

∫ τ

0

u(ct, εe
θ(τ−t))e−ρtdt+

∫ ∞

τ

u(c̃t, ε)e
−ρtdt

=

∫ ∞

0

ln(cI0e
ψt)e−ρtdt−

∫ τ

0

1

2
(εeθ(τ−t))2e−ρtdt−

∫ ∞

τ

1

2
ε2e−ρtdt

=

∫ ∞

0

ln cI0e
−ρtdt+

∫ ∞

0

ψte−ρtdt−
1

2
ε2
∫ τ

0

e2θ(τ−t)−ρtdt−
1

2
ε2
∫ ∞

τ

e−ρtdt

=
ln cI0
ρ

− ψ

[

e−ρt

ρ

(

t+
1

ρ

)]
∣

∣

∣

∣

∞

0

−
ε2e2θτ

2

∫ τ

0

e−(2θ+ρ)tdt−
ε2

2

∫ ∞

τ

e−ρtdt

=
ln cI0
ρ

+
ψ

ρ2
−
ε2(ρe2θτ + 2θe−ρτ )

2ρ(2θ + ρ)
,where the supers
ript "I" stands for "
omplian
e with Type I regulation".Type II RegulationType II regulation states that the 
ountry must redu
e its emissions to a givenlevel ε by a given date τ . The emissions redu
tion must follow a prespe
i�edplan su
h that the rate of emissions de
line must be equal to a given 
on-stant θ. From time τ onwards emissions must not ex
eed ε. If the e
onomy
omplies with the regulation, it will start re
eiving a �ow of aid (or monetary
ompensation) whi
h is tied to the investment in pollution 
ontrol F (Ĩt) > 0with F ′(Ĩt) > 0. Thus the �ow of aid is not de
lining over time, as in Type Iregulation, but is 
onditional on abatement e�ort. This s
heme is e�e
tivelyidenti
al to a subsidy on pur
hases of pollution-
ontrol equipment, althoughLDC be
omes eligible for the subsidy only on
e it has 
omplied with theregulation deadline.The Hamiltonian asso
iated with Phase II optimization program may be178



written as:
H = u(c̃t, ε)+λt[Q(Kt)−c̃t−ĨtP+F (Ĩt)]+µtĨt+ηt [φcc̃t + φkKt − φxXt − ε] .The optimality 
onditions are (time subs
ripts are suppressed for notational
onvenien
e):
c̃ :

∂u

∂c̃
− λ+ ηφc = 0, (6.35)

Ĩ : λ[F ′(Ĩ)− P ] + µ = 0, (6.36)
K : λQ′(K) + ηφk = ρλ− λ̇, (6.37)
X : −ηφx = ρµ− µ̇, (6.38)and the transversality 
ondition lim

t→∞
Kte

−ρt = 0.Assume, for simpli
ity, that F ′(Ĩ) is equal to a positive 
onstant σ, i.e.,the aid to LDC is proportional to its investment in pollution 
ontrol. Then,from eq. (6.36), we have µ = (P − σ)λ and thus µ̂ = λ̂. Dividing eq. (6.37)by λ, eq. (6.38) by µ, and equating the resulting equations, we obtain η
λ
=

A(σ−P )
φx−φk(σ−P )

≡ γ̃. Using this in (6.37) yields a 
onstant growth rate of λ, i.e.,
λ̂ = ρ − A − γ̃φk. Combining this with (6.35), we obtain the growth rate of
onsumption as

ˆ̃c =
Aφx

φk(P − σ) + φx
− ρ ≡ ψ̃ > ψ.The last inequality holds be
ause ψ = Aφx

Pφk+φx
− ρ. Therefore, under Type IIregulation, when the aid is 
onditional on the investment in pollution 
ontrol,the growth rate of 
onsumption in the se
ond phase (when the regulation isbinding) is higher than under Type I regulation, where aid is un
onditional.Following similar steps as in the previous subse
tion, we have:

Xt =
1

φx

[

φkKt + φcc̃τe
ψ̃(t−τ) − ε

]and thus the investment rate in pollution 
ontrol is given by
Ĩt = Ẋt =

1

φx

[

φkK̇t + ψ̃φcc̃τe
ψ̃(t−τ)

]
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Using this in (6.18) yields:
K̇t = (ψ̃ + ρ)Kt − δ̃cc̃τe

ψ̃(t−τ),where δ̃c = φx+(P−σ)φcψ̃
φx+(P−σ)φk

. Integrating the above di�erential equation from τto in�nity and applying the transversality 
ondition allows to solve for theinitial 
onsumption rate of Phase II:
c̃τ =

ρKτ

δ̃c
=
ρKτ [φx + (P − σ)φk]

φx + (P − σ)φcψ̃
, (6.39)and Kτ is the 
apital sto
k inherited from Phase I. Sin
e the LDC's optimalprogram in Phase I under Type II regulation is identi
al to the one underType I regulation, we already have the solution for Kτ from the previoussubse
tion. Evaluating eq. (6.33) at t = τ and equating with Kτ expressedin terms of c̃τ from eq. (6.39), we 
an solve for the initial 
onsumption ratein Phase I:

cII0 =
ρ
[

K0e
ρτ − δε

eρτ−e−(θ+ψ)τ

θ+ψ+ρ

]

φx+(P−σ)φcψ̃
φx+(P−σ)φk

+ (φx+Pψφc)(eρτ−1)
φx+Pφk

(6.40)or, substituting for δε,
cII0 =

ρ
[

K0e
ρτ (φx + Pφk)−

(eθτ−e−(ρ+ψ)τ )Pθεeρτ

(θ+ψ+ρ)

][

φx + (P − σ)φk

]

[

φx + (P − σ)φcψ̃
]

(φx + Pφk) + [φx + (P − σ)φk] (φx + Pψφc)(eρτ − 1)(6.41)The present value of lifetime welfare under Type II regulation is given by:
W II =

ln cII0
ρ

+
ψ + ψ̃e−ρτ

ρ2
−
ε2(ρe2θτ + 2θe−ρτ )

2ρ(2θ + ρ)Having solved for the lifetime welfare under the two regulation types, we arenow in the position to analyze the 
onditions su
h that an LDC 
hooses to
omply with the �rst or the se
ond regulation or not to 
omply at all.
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6.3 Analysis of Complian
eThe 
ountry will 
hose to 
omply if and only if its lifetime welfare under
omplian
e is at least as large as its welfare under non-
omplian
e.The poli
y tools at the disposal of the regulators (world 
ommunity) are:
• emissions threshold ε
• emissions de
line rate θ
• 
omplian
e deadline τ
• pollution-
ontrol subsidy σ
• 
ompensation FThe model also embeds the possibility of a te
hnology transfer from theadvan
ed to the developing 
ountries by a�e
ting φc, φk and φx.What type of regulation the developing 
ountry is more likely to 
omplywith?Under what 
onditions?Whi
h tools are more e�e
tive in indu
ing 
omplian
e?Do 
ountries' 
hara
teristi
s (su
h as initial 
apital sto
ks, rate of timepreferen
e, polluting and abating intensities, et
.) matter for the 
ompli-an
e? If yes, then what type of regulation should be applied for what typeof 
ountries? (Given that less advan
ed 
ountries are not homogeneous interms of their development levels, it is natural to think that di�erent typesof regulations should be designed for di�erent groups of 
ountries...notion ofdi�erentiated responsibility)6.3.1 Complian
e with Type I Regulation vs Status QuoThis se
tion examines the 
onditions that should be in pla
e so that LDC
omplies voluntarily with the Type I regulation instead of 
hoosing the status181



quo (hereafter SQ). In parti
ular, we look at the 
ombinations of the emissionsthreshold ε and the rate of emissions de
line, θ, su
h that LDC is indi�erentbetween the two options, i.e., W I =W . Let us de�ne the di�eren
e betweenthe two welfare levels as DI ≡W I −W , so that
DI =

ln cI0 − ln c0
ρ

−
ε2(ρe2θτ + 2θe−ρτ )

2ρ(2θ + ρ)
+

(

γ

c0(1 + γφc)

)2
1

2(ρ+ 2ψ)
.Setting DI to zero de�nes a s
hedule in ε and θ spa
e along whi
h LDC isindi�erent between Type I regulation and SQ. The slope of the s
hedule isgiven by

dθ

dε

∣

∣

∣

∣

DI=0

= −
∂DI/∂ε

∂DI/∂θ
= −

∂W I/∂ε

∂W I/∂θ
< 0.The numerator is unambiguously negative:

∂W I

∂ε
=

1

ρcI0

∂cI0
∂ε

− ε
ρe2θτ + 2θe−ρτ

ρ(2θ + ρ)
< 0,where

∂cI0
∂ε

= −
ρPθ(eθτ − e−(ψ+ρ)τ )

(φx + Pψφc)(θ + ψ + ρ)
< 0 for τ > 0.The denominator is also negative:

∂W I

∂θ
=

1

ρcI0

∂cI0
∂θ

−
ε2
[

e2θτ [τ(2θ + ρ)− 1] + e−ρτ
]

(2θ + ρ)2
< 0,sin
e

∂cI0
∂θ

= −
ρPε

[

eθττθ2 + (ψ + ρ)[eθτ (1 + τθ)− e−(ψ+ρ)τ ]
]

(φx + Pψφc)(θ + ψ + ρ)2
< 0and

e2θτ [τ(2θ + ρ)− 1] + e−ρτ > 0 for τ > 0.Thus the DI = 0 s
hedule is negatively sloped: a smaller emissions targetmust be a

ompanied by a slower 
onvergen
e rate in order to keep an LDCindi�erent between 
omplying with Type I regulation and Status Quo.182



6.3.2 Complian
e with Type II Regulation vs StatusQuoSimilarly, de�ne the di�eren
e between the welfare levels under Type II reg-ulation and SQ as DII ≡W II −W :
DII =

ln cII0 − ln c0
ρ

+
ψ̃e−ρτ

ρ2
−
ε2(ρe2θτ + 2θe−ρτ )

2ρ(2θ + ρ)
+

(

γ

c0(1 + γφc)

)2
1

2(ρ+ 2ψ)
.The slope of the DII = 0 s
hedule is given by

dθ

dε

∣

∣

∣

∣

DII=0

= −
∂DII/∂ε

∂DII/∂θ
= −

∂W II/∂ε

∂W II/∂θ
< 0.The numerator is unambiguously negative:

∂W II

∂ε
=

1

ρcII0

∂cII0
∂ε

− ε
ρe2θτ + 2θe−ρτ

ρ(2θ + ρ)
< 0,where

∂cII0
∂ε

= −

(eθτ−e−(ρ+ψ)τ)Pθρeρτ

(θ+ψ+ρ)
[φx + (P − σ)φk]

[φx + (P − σ)φcψ̃](φx + Pφk) + [φx + (P − σ)φk] (φx + Pψφc)(eρτ − 1)
< 0.We 
an also write

∂cII0
∂ε

=
∂cI0
∂ε

µ,where
µ ≡

eρτ (φx + Pψφc)[φx + (P − σ)φk]

[φx + (P − σ)φcψ̃](φx + Pφk) + [φx + (P − σ)φk] (φx + Pψφc)(eρτ − 1)
> 0.The denominator is also negative:

∂W II

∂θ
=

1

ρcII0

∂cII0
∂θ

−
ε2
[

e2θτ [τ(2θ + ρ)− 1] + e−ρτ
]

(2θ + ρ)2
< 0,sin
e

∂cII0
∂θ

= −

ρPε

[

φx+(P−σ)φk

]

{e(θ+ρ)τ [(ψ+ρ)(1+τθ)+τθ2]−e−ψτ (ψ+ρ)}
(θ+ψ+ρ)2

[φx + (P − σ)φcψ̃](φx + Pφk) + [φx + (P − σ)φk] (φx + Pψφc)(eρτ − 1)
=183



=
∂cI0
∂θ

µ < 0.Thus the DII = 0 s
hedule is negatively sloped: a stri
ter emissions targetmust be a

ompanied by a slower 
onvergen
e rate in order to keep an LDCindi�erent between 
omplying with Type II regulation and Status Quo. It
an be shown that the DII = 0 s
hedule is �atter than the DI = 0 s
hedule(see Appendix).6.3.3 Complian
e with Type I vs Type II RegulationUnder what 
onditions an LDC is more likely to 
omply with one or the othertype of regulation? The answer to this question depends on how the LDC'swelfare is a�e
ted by various poli
ies under the two regulations. Let us de�nethe di�eren
e in lifetime welfare under regulation II (W II) and regulation I(W I) by D, i.e.,
D ≡W II −W I =

ln cII0 − ln cI0
ρ

+
ψ̃e−ρτ

ρ2
.Clearly, when cII0 > cI0, the di�eren
e in welfare is positive, so that an LDCwill always 
hoose to 
omply with Type II regulation but not with Type I.For the rest of the analysis we 
ontinue to assume that the initial 
onditionsare su
h that cII0 < cI0. We are interested in 
ombinations of θ and ε su
hthat D = 0. The slope of the D = 0 s
hedule is given by

dθ

dε

∣

∣

∣

∣

D=0

= −
∂D/∂ε

∂D/∂θ
= −

∂W II/∂ε − ∂W I/∂ε

∂W II/∂θ − ∂W I/∂θ
=

= −

1
cII0

∂cII0
∂ε

− 1
cI0

∂cI0
∂ε

1
cII0

∂cII0
∂θ

− 1
cI0

∂cI0
∂θ

= −

∂cI0
∂ε

(

1
cII0
µ− 1

cI0

)

∂cI0
∂θ

(

1
cII0
µ− 1

cI0

) = −

∂cI0
∂ε

∂cI0
∂θ

< 0.It 
an be shown the D = 0 s
hedule is �atter than the DII = 0 s
hedule (seeAppendix).The relative positions of the three s
hedules are illustrated graphi
allyin �gure 6.1. The s
hedules divide the quadrant into six zones. Ea
h zone184



θ W > W I I W I > W I IW I > W W > W I IW I > W W I > W I I W > W IW I I > W W I > W I IW I I > W I W I I > W I D = 0W I I > W W I I > W I W > W I IW I > W W > W I W > W IW I I > W D I I = 0D I = 0 εFigure 6.1: Emissions threshold and emissions redu
tion speed.is 
hara
terized by the 
ombinations of θ and ε su
h that one of the threeoptions, i.e., the Status Quo or Type I regulation or Type II regulation,dominates the other two. An in
rease in ε has a negative e�e
t on W I and
W II and no e�e
t on the status quo welfare. Thus, W > W I to the right of
DI = 0 andW > W II to the right of DII = 0. We also know that an in
reasein ε has a more negative e�e
t on W II than on W I and hen
e W I > W IIabove and to the right of D = 0. Thus the six zones 
an be grouped in three:(i) the zone of 
omplian
e with Type I regulation (hereafter ZCI), (ii) thezone of 
omplian
e with Type II regulation (hereafter ZCII), and (iii) thezone of non-
omplian
e (hereafter ZNC), as illustrated in �gure 6.2a. Type Iregulation is preferred when the emissions target, ε, is relatively low whilethe 
onvergen
e rate, θ, is moderate. Type II regulation is preferred for awide range of emissions threshold but with the 
onvergen
e rate being faster(slower) the higher (lower) the threshold. The non-
omplian
e is preferredwhen either the 
onvergen
e rate is relatively high and the emissions targetrelatively low or when both are relatively high. This latter 
ase arises whenthe emissions target imposed by a regulation is in fa
t above the emissionslevel attained by a non-regulated e
onomy. This situation is not relevant for185



our further analysis.θθ A AC O M P L I A N C Eθ B W I T H T Y P E I B Z O N E O F S T R I C TR E G U L A T I O N N O N – C O M P L I A N C EG D = 0θ C C C O M P L I A N C E HW I T H T Y P E I I R E G U L A T I O N D I I = 0D I = 0 ε(a)

θ W > W I IW I > W W I > W I I Z O N E O F S T R I C TN O N Z C O M P L I A N C EZ O N E O F S T R I C TC O M P L I A N C E W I I > W IW > W IW I I > W D I I = 0D I = 0 ε(b)Figure 6.2: Zones of 
omplian
e and non-
omplian
e.Consider, for instan
e, points like A, B, and C in �gure 6.2a, whi
h areall lo
ated at the same targeted emissions level. Depending on the proposed
onvergen
e rate, an LDC will either 
hoose not to 
omply with any regulation(if θ is relatively high, su
h as θA), or to 
omply with Type I regulation (if θis relatively moderate, su
h as θB), or to 
omply with Type II regulation (if θis relatively low, su
h as θC). Voluntary 
omplian
e with Type II regulationrequires a slower 
onvergen
e rate, θ, be
ause the (negative) e�e
t of θ on
W II (working through the 
onsumption rate) is stronger than on W I . Thus,for any targeted emissions threshold, the 
hoi
e of the 
onvergen
e speeddetermines whi
h regulation type will be voluntarily a

epted by an LDC.Consider next a point in the zone of 
omplian
e with Type I regulationsu
h as G. Assume that the 
ombination of θ and ε 
orresponding to point G(whi
h lies in ZCI) is proposed within the Type II regulation but Type Iis not o�ered. Will an LDC still 
omply? The answer is yes, be
ause forthis 
ombination of θ and ε, W II ex
eeds W , as 
an be seen in �gure 6.1.If, however, the 
ombination B is proposed, then an LDC will 
hoose notto 
omply sin
e W II falls short of W for the 
orresponding θ and ε (see�gure 6.1). More generally, for any 
ombination of θ and ε whi
h lies between186



DI = 0 and DII = 0 to the left of their interse
tion, an LDC will prefer non-
omplian
e if only Type II regulation is o�ered. Similarly, for any 
ombinationof θ and ε whi
h lies between DI = 0 and DII = 0 to the right of theirinterse
tion (su
h as, e.g., point H), an LDC will 
hoose not to 
omply ifType I is the only regulation available. If, however, θ and ε lie between
D = 0 and DII = 0 to the left of their interse
tion, belonging to ZCI , butonly Type II regulation is o�ered, then an LDC will still 
hoose to 
omply.And �nally, for any 
ombinations of θ and ε whi
h fall below D = 0 and tothe left of DI = 0 an LDC will voluntarily 
omply, regardless of whether theregulation is of Type I or Type II. This zone will be referred to as Zone ofStri
t Complian
e (see �gure 6.2b).
6.4 Poli
y Analysis6.4.1 Un
onditional Aid, FIn the present framework, the un
onditional foreign aid, or a monetary 
om-pensation, is the amount F given to LDC on date τ if 
omplian
e with Type Iregulation is a
hieved. During the subsequent periods, i.e., t > τ , LDC re-
eives Fe−g(t−τ), where g is the rate at whi
h the foreign aid de
lines overtime. As mentioned earlier, this de
line in the amount of monetary transfermay re�e
t the limited 
ommitment on behalf of donors or gradual improve-ment in the standard of living in LDC due to development pro
ess. Theun
onditional aid, F , a�e
ts only the lifetime welfare W I and has no e�e
ton either W II or W . A higher F unambiguously improves W I through it'spositive e�e
t on the initial 
onsumption rate cI0:

∂cI0
∂F

=
ρφxe

−(ψ+ρ)τ

(φx + Pψφc)(ψ + ρ+ g)
> 0.This indu
es a rightward shift of the DI = 0 s
hedule and a downward shiftof the D = 0 s
hedule (see �gure 6.3). The magnitudes of the respe
tive187



(horizontal) shifts are given by
dε

dF

∣

∣

∣

DI=0
= −

1
cI0

∂cI0
∂F

1
cI0

∂cI0
∂ε

− ε(ρe2θτ+2θe−ρτ )
2θ+ρ

> 0and
dε

dF

∣

∣

∣

D=0
= −

− 1
cI0

∂cI0
∂F

1
cII0

∂cII0
∂ε

− 1
cI0

∂cI0
∂ε

< 0.The dashed lines in �gure 6.3 represent the original equilibrium, while theθ J Z O N E O F S T R I C TN O N – C O M P L I A N C EE J ’( D = 0 ) ’ D = 0D I I = 0D I = 0 ( D I = 0 ) ’ εFigure 6.3: In
rease in foreign aid.solid lines labeled (DI = 0)′ and (D = 0)′ are drawn for a higher value of
F . The overall e�e
t of the poli
y is to expand the zone of 
omplian
e withType I regulation (ZCI) at the expense of the zone of stri
t non-
omplian
e(ZNC), shaded by the slanted solid lines, and the zone of 
omplian
e withType II regulation (ZCII), shaded by the verti
al dotted lines. When ahigher amount of foreign aid is promised in 
ase of 
omplian
e with Type Iregulation, an LDC is willing to a

ept a wider range of 
onvergen
e ratesand emission thresholds. These in
lude faster 
onvergen
e rates for the sameemissions-target level, as in the area between DI = 0 and (DI = 0)′ to the left188



of EJ line, but also faster 
onvergen
e rates a

ompanied by a less stringentemissions target, as in the area EJ ′J .6.4.2 Pollution-Control Subsidy, σThe pollution-
ontrol subsidy, σ, a�e
ts only W II and hen
e indu
es shiftsof DII = 0 and D = 0, while DI = 0 s
hedule is not a�e
ted. The horizontalshift of DII = 0 is given by:
dε

dσ

∣

∣

∣

DII=0
= −

1
cII0

∂cII0
∂σ

+ e−ρτ

ρ
∂ψ̃
∂σ

1
cII0

∂cII0
∂ε

− ε(ρe2θτ+2θe−ρτ )
2θ+ρ

,where the denominator is unambiguously negative (as has been shown earlier),while the numerator is positive:
1

cII0

∂cII0
∂σ

+
e−ρτ

ρ

∂ψ̃

∂σ
=

=

φx+(P−σ)φcψ̃
φx+(P−σ)φk

(φx + Pφk) + (φx + Pψφc)(e
ρτ − 1)

ρ
[

K0eρτ (φx + Pφk)−
(eθτ−e−(ρ+ψ)τ)Pθεeρτ

(θ+ψ+ρ)

] ×

×
−ρ
[

K0e
ρτ (φx + Pφk)−

(eθτ−e−(ρ+ψ)τ )Pθεeρτ

(θ+ψ+ρ)

]

(φx + Pφk)
{

φx+(P−σ)φcψ̃
φx+(P−σ)φk

(φx + Pφk) + (φx + Pψφc)(eρτ − 1)
}2 ×

×
∂

∂σ

[

φx + (P − σ)φcψ̃

φx + (P − σ)φk

]

+
e−ρτ

ρ

∂ψ̃

∂σ
=

= −
(φx + Pφk)

∂
∂σ

[

φx+(P−σ)φcψ̃
φx+(P−σ)φk

]

φx+(P−σ)φcψ̃
φx+(P−σ)φk

(φx + Pφk) + (φx + Pψφc)(eρτ − 1)
+
e−ρτ

ρ

Aφxφk

[φx + (P − σ)φk]
2 =

=
Aφxφke

−ρτ

ρ [φx + (P − σ)φk]
2 +

+
Aφ2

x(φx + Pφk)

[φx + (P − σ)φk]
2
{

φx+(P−σ)φcψ̃
φx+(P−σ)φk

(φx + Pφk) + (φx + Pψφc)(eρτ − 1)
}2 −

−
ρ(φx + Pφk)

{

φx+(P−σ)φcψ̃
φx+(P−σ)φk

(φx + Pφk) + (φx + Pψφc)(eρτ − 1)
}2 > 0.Thus, the DII = 0 s
hedule shifts to the right when σ in
reases.189



The horizontal shift of D = 0 s
hedule is given by:
dε

dσ

∣

∣

∣

DII=0
= −

1
cII0

∂cII0
∂σ

+ e−ρτ

ρ
∂ψ̃
∂σ

1
cII0

∂cII0
∂ε

− 1
cI0

∂cI0
∂ε

> 0,sin
e the numerator is positive (as just proved) and the denominator is nega-tive (see Appendix). Thus, theD = 0 s
hedule shifts up and to the right when
σ in
reases. This is illustrated graphi
ally in �gure 6.4. The total e�e
t ofthe poli
y (i.e., an in
rease in the pollution-
ontrol subsidy) is to expand thezone of 
omplian
e with Type II regulation at the expense of ZCI (shaded bydotted verti
al lines) and ZNC (shaded by solid slanted lines). Consequentlyboth ZCI and ZNC shrink. With a higher σ, an LDC is willing to 
omplywith the Type II regulation 
hara
terized by faster 
onvergen
e rates for anygiven emissions target.θ Z O N E O F S T R I C TN O N – C O M P L I A N C E ( D = 0 ) ’E D = 0( D I I = 0 ) ’D I I = 0D I = 0 εFigure 6.4: In
rease in pollution-
ontrol subsidy.
6.5 Con
lusionThere is a global agreement that e�orts should be made to deal with 
limate
hange. However, there is not yet an agreement on how these e�orts should190



be shared between advan
ed and developing 
ountries. Advan
ed e
onomiesfear the loss of 
ompetitiveness of their domesti
 �rms when the latter mustpur
hase pollution permits in order to 
omply with environmental standards.Developing 
ountries prioritize e
onomi
 growth and improvement in the stan-dard of living over environmental problems. This paper looks at the problemof 
omplian
e with environmental regulation from the perspe
tive of a de-veloping 
ountry and examines the 
onstellations of 
onditions/poli
ies thatshould be in pla
e in order to guarantee voluntary 
omplian
e.I fo
us on supporting/stimulating measures provided by the advan
ed
ountries to the developing 
ountry, su
h as monetary transfers. More spe
if-i
ally, I analyze two types of regulation: One where a prede�ned transfer isinitiated on the date of 
omplian
e with emissions target; and the other wherethe amount transferred is tied to emissions-
ontrol e�ort. Both regulations,however, impose an emissions target that should be a
hieved by a given dateand the rate of 
onvergen
e to this target. I show the 
ombinations of theemissions target and the 
onvergen
e rate su
h that the 
ountry is willing to
omply with either the �rst or the se
ond regulation type or does not 
omplyat all. The main result of the paper is that o�ering one or the other option isine�
ient. The 
han
es that an LDC 
omplies voluntarily with environmen-tal standards are higher when a menu of options is on the table. The dire
timpli
ation of this results is that the number and/or diversity of 
ountrieswilling to 
omply with environmental standards is also higher when a varietyof alternatives is available instead of just one regulation type.
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6.6 Appendix: Comparisons of Slopes6.6.1 Slopes of DI = 0 and DII = 0 S
hedulesBy 
omparing the absolute values of the slopes, we need to prove that
∣

∣

∣

∣

∣

dθ

dε

∣

∣

∣

∣

DII=0

∣

∣

∣

∣

∣

<

∣

∣

∣

∣

∣

dθ

dε

∣

∣

∣

∣

DI=0

∣

∣

∣

∣

∣

∂W II/∂ε

∂W II/∂θ
<

∂W I/∂ε

∂W I/∂θ

1
ρcII0

∂cII0
∂ε

− ερe
2θτ+2θe−ρτ

ρ(2θ+ρ)

1
ρcII0

∂cII0
∂θ

−
ε2[e2θτ [τ(2θ+ρ)−1]+e−ρτ ]

(2θ+ρ)2

<

1
ρcI0

∂cI0
∂ε

− ερe
2θτ+2θe−ρτ

ρ(2θ+ρ)

1
ρcI0

∂cI0
∂θ

−
ε2[e2θτ [τ(2θ+ρ)−1]+e−ρτ ]

(2θ+ρ)2For notational 
onvenien
e de�ne y ≡ ερe
2θτ+2θe−ρτ

ρ(2θ+ρ)
and z ≡ ε2[e2θτ [τ(2θ+ρ)−1]+e−ρτ ]

(2θ+ρ)2
.Then we 
an rewrite the inequality as:

1
ρcII0

∂cII0
∂ε

− y

1
ρcII0

∂cII0
∂θ

− z
<

1
ρcI0

∂cI0
∂ε

− y

1
ρcI0

∂cI0
∂θ

− z
(

1

ρcII0

∂cII0
∂ε

− y

)(

1

ρcI0

∂cI0
∂θ

− z

)

<

(

1

ρcII0

∂cII0
∂θ

− z

)(

1

ρcI0

∂cI0
∂ε

− y

)multiplying the terms and re
alling that ∂cII0
∂ε

=
∂cI0
∂ε
µ and ∂cII0

∂θ
=

∂cI0
∂θ
µ weobtain

1

ρcII0

∂cI0
∂ε

µ
1

ρcI0

∂cI0
∂θ

− z
1

ρcII0

∂cI0
∂ε

µ− y
1

ρcI0

∂cI0
∂θ

+ yz <

<
1

ρcII0

∂cI0
∂θ

µ
1

ρcI0

∂cI0
∂ε

− y
1

ρcII0

∂cI0
∂θ

µ − z
1

ρcI0

∂cI0
∂ε

+ yz.Eliminating identi
al terms on both sides and multiplying by ρ we are leftwith
z
∂cI0
∂ε

(

1

cI0
−

1

cII0
µ

)

< y
∂cI0
∂θ

(

1

cI0
−

1

cII0
µ

)

.Given that the term in the parentheses on the LHS is identi
al to the oneon the RHS, we 
an divide through. However we need to keep in mind that194



this term is negative, so that division entails a 
hange of the inequality sign.Then we have
⇒ z

∂cI0
∂ε

> y
∂cI0
∂θ

⇒ −
ε2
[

e2θτ [τ(2θ + ρ)− 1] + e−ρτ
]

(2θ + ρ)2
ρPθ(eθτ − e−(ψ+ρ)τ )

(φx + Pψφc)(θ + ψ + ρ)
>

> −
ρPε

[

eθττθ2 + (ψ + ρ)[eθτ (1 + τθ)− e−(ψ+ρ)τ ]
]

(φx + Pψφc)(θ + ψ + ρ)2
ε
ρe2θτ + 2θe−ρτ

ρ(2θ + ρ)

⇒ −

[

e2θτ [τ(2θ + ρ)− 1] + e−ρτ
]

θ(eθτ − e−(ψ+ρ)τ )

2θ + ρ
>

> −

(

ρe2θτ + 2θe−ρτ
) [

eθτ [τθ2 + (ψ + ρ)(1 + τθ)]− (ψ + ρ)e−(ψ+ρ)
]

ρ(θ + ψ + ρ)Multiplying both sides by −(2θ + ρ)ρ(θ + ψ + ρ) < 0 and noting that againthe inequality will 
hange sign, we get
⇒ ρ(θ + ψ + ρ)

[

e2θτ [τ(2θ + ρ)− 1] + e−ρτ
]

θ(eθτ − e−(ψ+ρ)τ ) <

< (2θ + ρ)
(

ρe2θτ + 2θe−ρτ
) [

eθτ [τθ2 + (ψ + ρ)(1 + τθ)]− (ψ + ρ)e−(ψ+ρ)
]

⇒ e2θτ
{

ρ(θ + ψ + ρ)[τ(2θ + ρ)− 1]θ(eθτ − e−(ψ+ρ)τ )
}

+

+e−ρτ
{

ρ(θ + ψ + ρ)θ(eθτ − e−(ψ+ρ)τ )
}

<

< e2θτ (2θ + ρ)ρ
[

eθτ [τθ2 + (ψ + ρ)(1 + τθ)]− (ψ + ρ)e−(ψ+ρ)
]

+

+e−ρτ (2θ + ρ)2θ
[

eθτ [τθ2 + (ψ + ρ)(1 + τθ)]− (ψ + ρ)e−(ψ+ρ)
]Now 
ompare the terms multiplying e2θτ on the LHS and the RHS:

⇒ ρ(θ + ψ + ρ)[τ(2θ + ρ)− 1]θ(eθτ − e−(ψ+ρ)τ ) ∼

∼ (2θ + ρ)ρ
[

eθτ [τθ2 + (ψ + ρ)(1 + τθ)]− (ψ + ρ)e−(ψ+ρ)
]

∣

∣

∣

∣

÷ ρ

⇒ eθτ
{

(θ + ψ + ρ)[τ(2θ + ρ)− 1]θ − (2θ + ρ)[τθ2 + (ψ + ρ)(1 + τθ)]
}

∼

∼ e−(ψ+ρ) {(θ + ψ + ρ)[τ(2θ + ρ)− 1]θ − (2θ + ρ)(ψ + ρ)}De�ne the term on the LHS as a fun
tion α(τ) and the term on the RHS as afun
tion β(τ). At τ = 0 we have α(0) = β(0) = −θ(θ+ψ+ρ)−(2θ+ρ)(ψ+ρ).The slopes are given by dα
dτ

= −[θ(θ+ψ+ρ)−(2θ+ρ)(ψ+ρ)]θeθτ < 0 and dβ
dτ

=

{−(ψ + ρ) [(θ + ψ + ρ)[τ(2θ + ρ)− 1]θ − (2θ + ρ)(ψ + ρ)] + θ(θ + ψ + ρ)(2θ + ρ)}×195



e−(ψ+ρ)τ ≷ 0. It 
an be shown that β(τ) is monotoni
ally rising on τ ∈

[0, τ ∗), where τ ∗ = θ(θ+ψ+ρ)(2θ+ρ)+(ψ+ρ)[(2θ+ρ)(ψ+ρ)+θ(θ+ψ+ρ)]
θ(θ+ψ+ρ)(2θ+ρ)(ψ+ρ)

> 0 is the max-imum, and monotoni
ally de
lining on τ ∈ (τ ∗,∞). There is a unique
τ̄ = θ(θ+ψ+ρ)+(2θ+ρ)(ψ+ρ)

θ(θ+ψ+ρ)(2θ+ρ)
< τ ∗ su
h that β(τ̄) = 0, a unique in�e
tion point

τ̃ = 2θ(θ+ψ+ρ)(2θ+ρ)+(ψ+ρ)[(2θ+ρ)(ψ+ρ)+θ(θ+ψ+ρ)]
θ(θ+ψ+ρ)(2θ+ρ)(ψ+ρ)

> τ ∗, and lim
τ→∞

β(τ) = 0. Giventhese 
hara
teristi
s, it is 
lear that α(τ) < β(τ) ∀τ > 0. A similar analysis
an be done for the terms multiplying e−ρτ to show that the term on the LHSis smaller than on the RHS. Thus we proved that the slope of DII = 0 issmaller in absolute value than the slope of DI = 0.Slopes of D = 0 and DII = 0 S
hedulesIt 
an be shown the D = 0 s
hedule is �atter than the DII = 0 s
hedule:
∣

∣

∣

∣

∣

dθ

dε

∣

∣

∣

∣

DII=0

∣

∣

∣

∣

∣

>

∣

∣

∣

∣

∣

dθ

dε

∣

∣

∣

∣

D=0

∣

∣

∣

∣

∣

1
ρcII0

∂cII0
∂ε

− y

1
ρcII0

∂cII0
∂θ

− z
>

∂cI0
∂ε

∂cI0
∂θ

1
ρcII0

∂cI0
∂ε
µ− y

1
ρcII0

∂cI0
∂θ
µ− z

>

∂cI0
∂ε

∂cI0
∂θ

(

1

ρcII0

∂cI0
∂ε

µ− y

)

∂cI0
∂θ

>

(

1

ρcII0

∂cI0
∂θ

µ− z

)

∂cI0
∂ε

1

ρcII0

∂cI0
∂ε

µ
∂cI0
∂θ

− y
∂cI0
∂θ

>
1

ρcII0

∂cI0
∂θ

µ
∂cI0
∂ε

− z
∂cI0
∂ε

−y
∂cI0
∂θ

> −z
∂cI0
∂ε

y
∂cI0
∂θ

< z
∂cI0
∂εWe have proved in the previous subse
tion that the above inequality holdstrue for any τ > 0. Thus the slope of DII = 0 is larger in absolute value thanthe slope of D = 0.
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