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Abstract

This paper develops acomplete decomposition of the changein globa welfareinthe GTAP model. In
particular, thismoney metric changeisbroken down into component parts, each of which relatestoa
quantity change interacting with adistortion in the model. Thisenablesthe user to assess, for example,
how much of the gainsfrom trade reform are attributabl e to a given commaodity and/or agiven region.
The commodity - and region-specific changesin all ocative efficiency can be further decomposed by
transaction/tax instrument. Wefind that this greatly facilitates the presentation and analysis of results
from GTAP.

We motivate the derivation of this decomposition with the case of a one region, three commodity,
analoguetothe GTAP model. Thispermitsusto focuson purely alocative efficiency effects (noterms
of the trade changes). Extension to the multiregion model adds the prospect of terms of trade effects
onregional EV, and the multiregion decomposition isolates the contribution of tradable price changes
toregiona welfare. Thisisdemonstrated in a3 region, 3 commaodity example. Finally, we offer amore
complete decomposition which takes into account the impact of changes in endowments and
technology on regiona welfare.

Thisrevised (2001) version introduces a number of important changesto the original (1996) paper.
In particular, we build on the new final demand structure for GTAP proposed by McDougall (2001).
Thisincludes explicit recognition of changesin the marginal utility of income, aswell asaper capita
decomposition. Wealso take account of version 5.0 changesin the standard GTAP model, including
the introduction of multiple international margins commodities.



Table of Contents

Sections
Error! Bookmark Not defiNed.L.........coceeiieiiiiiiinii et Introduction
1
2. GraphiCal EXPOSITION. ......c.eiiiieieieiisiesiesie sttt se e sne e 1
3. Welfare Changesin the Single Region MOdeE! ... 6
4, Decomposition of the MUItITegion EV .......ccooiiiiiiiriseeeeee s 16
5. Decomposition of the Multiregion EV for the Nonstatic Model ............ccccooviniieininnns 21
Appendices
Appendix A: Derivation of EV Decomposition for Single Region Modél .............ccocvevviecinnne. 23
Appendix B: Derivation of EV Decomposition for Multiregion Modél .............cccceoeieivininiene. 29
REFEIEINCES. ...t bbbttt bbbt b e e et e et s e e e e 22
Figures
Figure1l ExcessBurdeninaTwo Sector ECONOMY ........cccooiiiriiiieinieninieniesiesee s 2
Figure2 Reduction in Excess Burden in the Two Sector ECONOMy ...........ccoeevvneneneiencnenienn 4
Figure3 Allocative Efficiency Consequences of an Advancement in Technology in Sector A ..... 5
Tables
Tablel Output Changesfrom Single Region EXPEriments.........ccoevererereerieieeieeesesesesiee 14
Table2 Welfare Decomposition for EXPeriment 1 .........ccocoveririneneieieieeesesesee e 14
Table3 Welfare Decomposition fOr EXPEriMENt 2 .........cocvveiiriiererieieeeeesiese e 15
Table4 Output Changes from Multiregion Liberalization EXperiment ..........ccccceevvenereeiennene 16
Table5 Welfare Results from Reducing Tariff on EU Imports of Food from USA ................. 16
Table6 Decomposition of the Regional Allocative Efficiency Effects........cccccoovvcvevvivniennnnne. 18
Table7 Decomposition of Allocative Efficiency Effect of Reducing Tariff on EU Imports of Food
TFOM USA bttt b et b e e 19
Table8 Decomposition of Import Tax Portion of Allocative Efficiency Component of Welfarein
O OSSR 19
Table9 Decomposition of Allocative Efficiency Effect of Reducing Tariff on EU imports of Food
TrOM USA bbbttt b e b bt e e e 20

Table 10 Decomposition of Contribution of Import Taxes on Food in EU by Trading Source... 20



Decomposing Welfare Changesin
the GTAP Model

1. IntroductionT his paper describes an extension to the theoretical structure of the GTAP model of the
world economy to facilitate further analysis of welfare changes (see also, Huff, 1999). This is
accomplished by implementing a decomposition of the equivalent variation (EV) welfare measure
currently employed in the model. The revised (2001) version of this paper draws on a new final
demand system for GTAP proposed by McDougall (2001).

The equations needed to decompose welfare changes have been treated as an "add-on" module which
may be appended to the bottom of the TABLO code used to implement the standard GTAP model.
[See HERTEL and TSIGAS (1996) for a complete description of the original GTAP model structure.]
This new module does not affect the basic theory of the model, nor are any additions to the data base
required. Rather, itsroleisto facilitate analysis of the sources of welfare gainsin the GTAP model.
Furthermore, since the theory embedded in the GTAP model is quite standard, this decomposition
technique could also be applied — with appropriate modifications — to other AGE models. Indeed
Hanslow (2001) hastaken up thischalenge. Heprovidesavery general welfare decomposition which
can be applied to a wide class of AGE models. His paper provides a useful companion to this
technical paper.

2. Graphical Exposition

The decomposition developed in this paper may be most easily understood in terms of a simple
graphical example which has been adapted from Loo and TOWER (1989). Figure 1 depicts a small,
closed economy in which al economic activity has been divided into two sectors: A and B.
Furthermore, thereis only one mobilefactor of production, labor. Thetwo lines, aA* and bB*, portray
the social marginal value product of labor in each of the two sectors. The optimal allocation of labor
between A and B, L*, isdefined by theintersection of these two lines. By equating the social marginal
value product of labor in the two sectors, thisisthe alocation which maximizeswelfareinthissmple
economy.
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However, the actual allocation of labor in figure 1 diverges from the optimal point €*. Thisisdueto
the presence of an ad valoremtax on labor usage (with rate 1) in sector A. The marginal value product
of labor, net of thistax, isrepresented by theline aA. Thisdiscourages the employment of labor in A,
resulting in an equilibrium at point e. In the face of this market outcome, the economy experiencesa
deadweight loss equal to the shaded triangle in figure 1. With the endowment of labor fixed
exogenoudly -- asis usually the case in comparative static simulations -- the only way to increase
welfare in this economy is to reduce the excess burden associated with this distortion. In the GTAP
model there are many such distortions, and akey contribution of thistechnical paper istoidentify how
these interact with ssimulation experiments in order to generate changesin welfare.

Figure 2 shows the outcome of a simulation experiment whereby the tax on labor in this two sector,
closed economy is reduced from 7 to 7'. This shiftsthe net of tax MV P schedule for sector A upwards
to aA' and accordingly changes the equilibrium from eto €. The resulting reall ocation of 1abor from
sector B to sector A (dL) reduces the excess burden associated with the labor tax, and generates an
improvement in allocative efficiency equa to the shaded trapezoid. Thesizeof thisgainisseentobea
function of the size of the initial distortion (t), the degree of reform (1-7), and the responsiveness of
the labor market to this change (dL).

Of course, most GTAP simulations only perturb afew of the taxes/subsidiesin the model. Indeed, in
some cases, hone of the distortions are shocked. Instead, technology or endowments are perturbed.
Nevertheless, welfare may change asaresult of allocative efficiency effects. Thispointisillustratedin
figure 3. Here, there is an improvement in the technology used to produce good A, resulting in an
upward shift of both the social and net-of-tax MV P schedules. This has the effect of shifting the
equilibrium allocation of labor in the economy to €. Now the gains from this technological
improvement may be decomposed into two parts. Thefirst isthedirect gain dueto the use of improved
technology to produce current levels of good A. However, thereisaso an indirect gain which results
from the reallocation of labor between sectorsin the face of the pre-existing labor market distortion.
Thisallocative efficiency effect stems from the fact that any external shock which causes|abor to be
reallocated from the relatively low social MV P sector B to the higher social MV P sector A, will bring
gainsto the economy. Alternatively, thisisthe gain which isforgone, if for somereason thelabor were
prevented from moving from B to A in the wake of this technological improvement. This areais a
function of the size of the pre-existing distortion (t) and the amount of labor reallocated across this
distortion as aresult of the ssimulation (dL).

The remainder of this paper outlines an approach to measuring the area of the trapezoid in Figure 2.
The beauty of this numerical approach is that it generalizes to handle any arbitrary number of
distortions, of which there are thousandsin most GTAP applications.
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Figure 3 Allocative Efficiency Consequences of an Advancement in Technology in Sector A
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3. Welfare Changesin the Single Region Model

The single region version of the GTAP model has proven to be very convenient for teaching and
demonstration purposes, so the decomposition isfirst developed in this context and asimple example
of itsimplementation is presented. The decomposition is then extended to the multiregion case.

The GTAP model features a representative regional household whaose behavior is governed by an
aggregate utility function specified over per capita private household consumption, per capita
government spending and per capita savings'. The percentage changein aggregate per capita utility
for aregion [u(r)] is the welfare change variable computed by the standard GTAP model during
simulations’. The model also computes a money metric equivalent of this utility change and any
change in population, [EV(r)]. This convenient measure summarizes the regional welfare changes
resulting from a policy shock in dollar values ($US million) and is frequently reported in studies
employing the GTAP model. The decomposition proposed in this paper is based on this measure.

3.1 Regional Equivalent Variation in GTAP

Following McDougall (2001), we can obtain the equivalent variation (EV) associated with a
perturbation to the GTAP model asfollows. Theregional household’s EV isequal to the difference
between the expenditure required to obtain the new (post-simulation) level of utility at initial prices

(Yey ) and that available initially (Y ):

EV=Yg -Y (1)

Differentiating we obtain:

dEV = (01)Ye Yo )

wherey,, is the percentage change in Yg, . Since McDougall’s revised demand system for the
regional household ison aper capitabasis, Y., can bebrokeninto apercentage changein population
(n) and the percentage change in per capita expenditure ( X g, ) required to achieve new per capita
utility at initial prices:

Yoo =N+ Xev ©)

One of McDougall’s contributionsto the new regional demand system wasto introduce the el asticity
of expenditure with respect to utility, @ , which capturestheimpact of non-homothetic preferencesfor
private consumption on per capita regional utility (see also Handow, 2001). Thus we have:

1. Savings enters the static utility function as a proxy for future consumption.

2. In line with standard GTAP notational conventions, this technical paper uses the following conventions: lower case
lettering isused when referring to variablesin the model representing percentage changesin underlying theoretical variables
and upper case lettering is employed when referring to the levels of model variables or coefficients.



X=P+® u (4)

Holding prices constant at initial levels we obtain the per capita change associated with the EV
measure:

Xev=Ppv U %)

Plugging (5) into (3) and the result into (2), we have the following expression for the change in
regiona welfare:

dev =(0.01) Yg (N + dgy U)

=(0.01) Yg N+ (0.01) Yoy Py U (6)

The ultimate goal in this paper® is to introduce a decomposition of real income, such that we can
explain the sources of dEV deriving from the second termin (6).

A decomposition of total regional real income may be defined as:
D=Y(y- p) )

Noting that the percentage change in total regional expenditure equals the sum of the percentage
changes in per capita expenditure and population, y = n + X, and using equation (4) to obtain
u®d = (x- p),wehavethefollowing:

u=o*(y-p-n). (8)

Plugging this into (6) results in the following decomposition of EV as a function of regional red
income:

_ _ Pev Pev Yev
dEV=(01) [1- 2 Yoy 0+ (02) O LD ©)

Thefirst term in (9) captures the impact of changing population on regional EV. Thisis astraight-
forward scaling of the population growth rate. The second termismoreinteresting. It showsthelink
between the changein total real incomein the region and the EV.

3.2 Basic Decomposition

As noted above, in a comparative static, AGE model, with fixed population, endowments and
technology, the only means of increasing welfare is by reducing the excess burden owing to existing
distortions. Furthermore, aswas shown in figures 2 and 3, any changein all ocative efficiency may be
directly related to taxes (or tax changes) interacting with equilibrium quantity changes. Thus the

3Whereas the earlier (1996) version of thistechnical paper focused on decomposition of the aggregate, regional EV, this
version follows McDougall’s suggestion of decomposing per capita regional utility.



following form for the single region, decomposition of real incomeis hardly surprising (a complete
derivation will be given below):

D = (10)
sum(i, ENDW COWM VOA(i) * qo(i))- VDEP*kb

+ sum(i, NSAV_COMM PTAX(i) * qo(i))

+ sun(i, ENDW COW sun(j, PROD_COW ETAX(i,j) * afe(i,j)))

+ sun(j, PROD_COMM sun(i, TRAD_COMM DFTAX(i,j) * qf(i,j)))

+ sum(i, TRAD_COW DPTAX(i) * qp(i))

+ sum(i, TRAD_COW DGTAX(i) * qg(i))

The first term on the right-hand side of (10) corresponds to the change in income due to changing
endowments, net of depreciation. Itistypically zeroin acomparative static smulation. Thefollowing
five terms each correspond to a transaction tax instrument in the one region model with PTAX,
ETAX, DFTAX, DPTAX and DGTAX representing a tax on output of good i, a tax on use of
endowment i inindustry j, atax on use of intermediategood i inindustry j, atax on private household
consumption of good i and a tax on government consumption of good i, respectively. Each tax
(subsidy) is paired with the relevant quantity change, which definesthe nature of thetax. For example,
gfe(i,)) is the percentage change in derived demand by industry j for endowment commodity i. As
mentioned above, ETAX(i,}) isthe tax on endowment i usage in sector j. For those unfamiliar with
GTAP notation, the other quantity changes are: qo(i) - change in supply of good i, gf(i,j) - changein
derived demand for intermediate good i by sector j, gp(i) - changein consumer demand for good i, and
gg(i)-change in government demand for good i.

The intuition behind this decomposition is straightforward in light of the discussion of figures 1 - 3.
For example, it is welfare-improving to increase the level of arelatively highly taxed activity, since
thisinvolvesthereallocation of acommodity or endowment from alow valueuseinto arelatively high
social marginal value usage. Conversely, if the ssmulation in question reducesthelevel of asubsidized
activity, this will tend to benefit the economy in question, since it involves the reallocation of
resources away from arelatively low social marginal value product use. Furthermore, notethat if there
areno taxesin theinitial equilibrium, and the nature of the shock is something other than atax/subsidy
intervention, then there will be no alocative efficiency effect from the simulation. Equation (1) also
shows why it is so important to utilize a non-linear solution procedure for this model, whereby tax
revenues are updated over the course of the simulation. For example, if one starts out in adistortion-
free setting (all tax termsin (1) equal zero), then the local approximation to the efficiency effect of
introducing a distortion will necessarily be zero. However, for a non-infinitesimal tax, once the tax
revenuetermisupdated, it will appear in (1), thereby interacting with the taxed quantity to generatea
change in allocative efficiency.

The decomposition offered in (1) is designed to provide as much detail as possible on the sources of
the welfare changes from policy experiments. Not only can it show that a portion of the overall
welfare change has resulted from decreased output (qo), but it also shows the components of the
change in terms of output changes of specific commodities interacting with the output taxes or



subsidies (PTAX) present in the model for each of the commaoditiesin question. Likewise, if amodel
simulation resulted in an increase in the use of aintermediate input (qf) that istaxed (DFTAX), the
decomposition clearly shows how this contributes positively to the overall welfare change. Finally,
note that summation of all of the various termsin the decomposition equalsthe overall changein real
income(D) from the policy simulation under study.

3.3 Formal Derivation of Equation (10)

Our derivation of equation (10) is inspired by the work of KELLER (1980), who offered a similar
decomposition which he implemented in an applied general equilibrium model of The Netherlands.
The complete derivation is provided in Appendix A. In the text below we simply provide the basic
idea behind this derivation.

The starting point isthe expression for the change in household income asafunction of primary factor
payments net of depreciation (first two termson theright hand side), and tax revenues net of subsidies
(remaining terms on right hand side):
INCOVE * y = sun(i, ENDWCOW VQOA(i) * [ps(i) + qgo(i)]) (11)
- VDEP * [pcgds + kb]
+ sun(i, NSAV_COW {VOMi) * [pn(i) + qo(i)]}
- {VOA(i) * [ps(i) + qo(i)]})
+ sun{i, ENDWM_COW sun(j, PROD_ COW {VFA(i,j) * [pfe(i,j) + afe(i,j)]}
- {VEMii,j) * [pm(i) + afe(i,j)]}))
+ sun{i, ENDW5_COW sun(j, PROD_ COW {VFA(i,j) * [pfe(i,j) + qfe(i,j)]}
- {VFMi,j) * [pres(i,j) + afe(i,j)]}))
+ sun{(j, PROD_COW sum(i, TRAD COW {VFA(i,j) * [pf(i,j) + qf(i,j)]}
- {VEMii,j) = [pn(i) + af(i,j)]}))
+ sun(i, TRAD_COW {VPA(i) * [pp(i) + ap(i)]}
- {VPMii) * [pn(i)+ qp(i)]})
+ sun(i, TRAD_COW {VGA(i) * [pg(i) + qg(i)]}
- {vavi) * [prti) + qg(i)l}).
The sets used in the single region model include: NSAV_COVM DEMD_COWVM  PROD_COWM
ENDW COMM ENDWS_COW ENDWM COWM and CGDS_COWM These represent the sets of
non-savings commodities, derived demand commodities, produced commodities, endowment

commodities, sluggish endowment commaodities (typically land), mobile endowment commaodities
(typically labor and capital), and capital goods commodities (cgds), respectively.

The left hand side of (11) consists of household income (I NCOVE) multiplied by its percentage
change (y). On theright hand side VOA, VFA, VPA and VGA represent value flows at agents
prices for output, firms purchases of intermediate inputs, private and government household
purchases, respectively, and VOM  VFM  VPM and VGM represent the same value flows, but at
market prices. Thus, the difference between the value of salesat market and agents’ prices represents
output tax revenues, and the difference between the value of purchases at agents' prices and market
pricesrepresentsinput tax revenues. VDEP isthevalueof depreciation, while pcgds and kb are

9



the price of capital goodsand initial stock of capital goods, respectively. Each of the above-mentioned
value flowsis multiplied by the sum of the percentage changesin its associated price and quantity.

We proceed by substituting most of the equilibrium conditionsin the model into expression (11). For
example, total differentiation of the zero profits condition and use of the envel ope thorem, yieldsthe
following relationship between output price and input prices:

(all,j, PROD_COW)

VOA(j ) * ps(]) (12)
= sun(i, ENDW.COW VFA(i,j)*pfe(i,j))

+ sum(i, TRAD_COWM VFA(i,j)*pf(i.j)).

If the right hand side of (12) is substituted into the second term on the right-hand side of (11), then
those portions of the third and fourth termsinvolving pfe(i,) and pf(i,j) can be canceled.

To simplify further, the following market clearing conditionsfor the traded goods and endowmentsare
used:

(all,i, TRAD COW)
VOM(i) = sum(j, PROD_COW VFMi,j)) + VPMi) + VGMi). (13)

(all,i, ENDW COW)
VOMi) = sum(j, PROD_ COWM VFMi,j)).

Multiplying both sides of this equation by the percentage change in the market price of i, pm(i), and
substituting into the expression for regional income gives.
I NCOVE * y = sun(i, ENDWCOW VOA(i) * [ps(i) + qo(i)]) (11")
- VDEP * [pcgds + kb]
+ sun{i, NSAV_COwW {VOMi) * qo(i)}
-{VOA(i) * qo(i)}) - VOA("cgds") * ps("cgds")
+ VOA("cgds") * ps("cgds") + VOM"cgds") * pm("cgds")
+ sun(i, ENDWS_COMM  {VOMi) * pn(i)})
- sum(i, ENDW.COW  {VOA(i) * ps(i)}
+ sum(i , ENDWM COMM sun(j, PROD COMM {VFA(i,j) * dgfe(i,j)}
- {VFEMi,j) * afe(i,j)}))
+ sum(i, ENDWs_COWM sun(j, PROD_COM {VFA(i,j) * gfe(i,j)}
- {VEMii,j) * [pres(i,j) + afe(i,j)]}))
+ sum(j, PROD_COW sun(i, TRAD COM {VFA(i,j) * af(i,j)}
- {VEMi L) *oaf(ihj)l}))
+ sun(i, TRAD_COW {VPA(i) * [pp(i) + ap(i)]} - {VPMi) * ap(i)})
+ sun(i, TRAD_COMW {VGA(i) * [pg(i) + qg(i)]} - {VGMi) * qg(i)}).

Severa relationships may then be employed in the simplification of the expression for regional
income. First, since there are no taxes on capital goods:

10



pcgds = ps("cgds") = pm("cgds"), and (14)
VOA("cgds") = VOM "cgds"). (15)
The market prices of duggish commodities can be related to their aggregate, as follows:

(all,i, ENDWS_COW)
VOMi) * pm(i) = sun(j,PROD_COMM VFMi,j) * pmes(i,j)). (16)

Net investment is defined as:
NETI NV = VOA("cgds") - VDEP. (17)

Using (14) - (17) to simplify the expression for income, subtracting ( SAVE * psave) from both
sides, and rearranging, the following expression for the regional welfare decomposition is obtained:

I NCOVE * vy
- SAVE * psave (117)
- sum(i, TRAD_COW VPA(i) * pp(i))
- sum(i, TRAD_ COW VGA(i) * pg(i))
sum(i , ENDW COW VOA(i) * qo(i))
sun(i, NSAV_COW {VOMi) - VOA(i)} * qo(i))
sum(i , ENDW COW sun{j , PROD_COWM
{VFACi,j) - VEMi,j)} * afe(i.j)))
+ sum(j, PROD_COW sumn(i, TRAD _COW
{VIFA(i,j) - VIFMI,j)} * afn(i,j)))
+ sum(j, PROD_COW sum(i, TRAD _COW
{VFACi,j) - VEMi,j)} * af(i.,])))
sum(i, TRAD_COW {VPA(i) - VPMi)} * qp(i))
sum(i, TRAD_COW {VGA(i) - VGMi)} * qg(i))
NETI NV * pcgds
- SAVE * psave.

+ + 1

+ + 4+

Thefina step involves extracting | NCOVE from each term on the left-hand side of (117") to get the
term:

INCOVE * [y - SAVE/ | NCOVE * psave
- sun(i, TRAD_COW VPA(i)/1NCOVE * pp(i)) (18)
- sun(i, TRAD_COW VGA(i)/I NCOVE * pg(i)) ]

This expression gives | NCOVE times the change in "deflated income”: Y(y-p) = D

Next, substitute in the following tax instruments:

VOMi) - VOA(i) = PTAX(i),
VFA(i,]) - VFMi,j)
VFA(i,]) - VFMi,j)

ETAX(i,j) for endowrent comrodities i,
DFTAX(i,j), (19

11



VPA(i) - VPMi) DPTAX(i),

and

VGA(i) - VGVi) = DGTAX(i).
Also note that

pcgds = psave, (20)
and, by virtue of Walras' Law:

NETI NV = SAVE (21)
Thisgives:

D = sum(i, ENDW COW VOA(i )*qo(i)) - VDEP*kb

+ sun{i, NSAV_COW PTAX(i) * qo(i))
sum(i , ENDW COW sum(j, PROD_COW ETAX(i,j) * qfe(i,j))) (22)
sum(j , PROD_COW sun(i, TRAD_COW DFTAX(i,j) * qgf(i,j)))
sun(i, TRAD COMM DPTAX(i) * qp(i))
sum(i, TRAD_COW DGTAX(i) * qg(i))

which isjust equation (10) above.

+ + + +

3.4 Per Capita Decomposition of Income and EV

McDougall (2001) arguesin favor of placing the EV decompositionin (9) on aper capitabasis. This
eliminates the interaction between population changes and changes in the elasticity of expenditure
with respect to utility. To do this, simply replace equation (7) with:

D'=Y (X-p) (23)
where X, isthe percentage change in per capita expenditure.

Notingthat u @ = (X - p),substitute thisinto (6) to get the per capita EV decomposition:

dEV = (0.01) Yo n + (0.01)‘1%EV YTEV D (24)
In order to convert (10) to a per capita basis, deduct | NCOVE * pop from both sides to obtain:
D =
sun(i, ENDW COMM VOA(i) * [qo(i)-pop]) - VDEP * [kb-pop] (25)

sun(i, NSAV._COW PTAX(i) * [qo(i)-pop])
sum(i , ENDW COW sun{j, PROD_ COW ETAX(i,j) * [qfe(i,j)-pop]))
sun(j, PROD_COM sun(i, TRAD COW DFTAX(i,j) *[af(i,])-pop]))
sum(i, TRAD_COW DPTAX(i) * [qp(i)-pop])
sun(i, TRAD_COW DGTAX(i) * [qg(i)-pop])

+ + 4+ + +

Note that al of the quantity termsin (25) are deflated by population.

Thefina step in obtaining a usable decomposition is to substitute (25) into (24) to obtain:

12



dEV = EV ALT =

{.01 * EVSCALFACT} * (26)
{ sum(i, ENDW COMW VOA(i) * [qo(i)-pop]) - VDEP * [kb-pop]

+ sun{i, NSAV_COW PTAX(i) * [qo(i)-pop])

+ sun{i, ENDW COW sun(j, PROD COW ETAX(i,j) * [qafe(i,])-pop]))

+ sun{(j, PROD_COW sum(i, TRAD COW DFTAX(i,j) *[af(i,j)-pop]))

+ sun{i, TRAD COW DPTAX(i) * [qp(i)-pop])
+ sun(i, TRAD_COW DGTAX(i) * [dqg(i)-pop])}
+ . 01* I NCOVEEV* pop ;

where EVSCALFACT =

For the sake of convenience, we also define a set of termswhich identify the contribution to regiona
EV of any given quantity change. For example, the contribution of changes in per capita output of
good i tothewelfare gain (loss) as measured by the EV would be given by:

CNT_qoi (i) = [.0L/INCRATIQ * PTAX(i) * [qgo(i)-pop] 27

For convenience these components of thetotal EV_ALT expression are routinely computed as part of
the add-on module accompanying this paper. They are subsequently processed using the program,
DECOMP.TAB, and presented in an easy-to-read, header array file: DECOMP.HAR

3.5 Empirical Examples

The use of the decomposition and demonstration of its practical value can be shown with afew simple
examples using the one region version of the model. Thisversion of the oneregion model isused in
the GTAP preparatory course: www.agecon.purdue.edu/gtap/gtaponline. It features three produced
commodities, namely, food, manufactures and services. The dataassociated with thismodel contains
no distortionsinitially, but taxes and subsidies can beintroduced through simulation of themodel. The
distortions introduced in the simulation are then present in the updated data which can be used for
subsequent policy experiments.

Thefirst two experiments areintended to correspond roughly to figures 1 and 3 above. Webeginwith
the undistorted data base and introduce a 50% ad valorem tax on labor used in the manufacturing
sector. This reduces the demand for labor in manufacturing activity and drives it into other sectors
until net of tax wages are equalized across sectors. The resulting change in volume of labor services
(measured in $US millions) isreported in Table 1. Most of thislabor isabsorbed by services, whichis
aready far-and-away the largest employer in this one region model.

Thefinal columnin Table 1 reportsthelossin welfare associated with the “Harberger triangle” created
by the manufacturing labor tax. It amounts to $102,014 million. Note that since there are no pre-
existing labor taxesin food or services production, the movement of labor into these sectors does not
make any direct contribution to the real per capita income (D*) and hence welfare.
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Table 1. Impact of Tax and Labor Used in Manufacturing

Sector Labor Tax Rates Change in Employment Welfare Contribution
Initial Final ($US mill.) (US mill.)

Food 0 0 13,307 0

Manufactures 0 50 -475,256 -102,014

Services 0 0 461,949 0

Tota n.a n.a 0 -102,014

Next consider an example motivated by Figure 3. Here we begin with the data base created by the
preceding labor tax experiment. Thusthereisnow apre-existing distortion in thelabor market. We
then introduce an exogenous shock to technology such that labor moves into the manufacturing
sector.” Theresultsareshownin Table2. Even though thetax on labor in manufacturesisunchanged
in this experiment, its presence interacts with the technology shock to produce asecond-best effect. In
particular, welfare rises as a result of the increased employment of labor in the taxed sector.

Table 2. Impact of Exogenous Technological Change in Presence of Pre-existing Labor Tax

Sector Labor Tax Rates Change in Employment Welfare Contribution
Initial Final ($US mill.) ($US mill.)

Food 0 0 15,136 0

Manufactures 50 50 81,928 41,911

Services 0 0 -97,064 0

Tota n.a n.a 0 41,911

The next experiment involves placing a 10% subsidy on the output of manufactures. This experiment
is conducted twice. First, the subsidy is introduced in a first-best environment using the origina,
undistorted data. In the second case, theinitial databaseisfirst shocked to introducea10% subsidy to
food output. The subsidy to manufacturesis then introduced in this second-best environment (i.e. in
the presence of a pre-existing subsidy on food). The analysisfocuses on the differencesin the welfare
change from the same policy experiment conducted first without, and then with, pre-existing
distortions.

Table 3 givesthe percentage changesin output from the two experiments. They arequitesimilar. (i.e.,
starting from the different base for the second experiment did not change the output results much.)
Food output rose by 0.61% and 0.65%, respectively, while manufacturing output rose by 3.20% and
3.21%, respectively. Services output fell by 0.74% for the first experiment and by 0.76%

4 Specifically, we introduce capital-augmenting technical change in the services sector (10% shock). Due to the price-
inelastic demand for manufactures, any technical changein that sector resultsin labor moving out of manufactures.
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Table 3. Output Changes Following Subsidy on Manufactures Output (% change)

No Distortions Pre-Existing Food Subsidy
Food 0.61 0.65
Manufactures 3.20 321
Services -0.74 -0.76

for the second experiment. Theincrease in manufacturing output isthe result expected following the
introduction of a subsidy on this activity. Typically, other sectors are expected to contract, as finite
resources are bid away from these non-subsidized activities. This is indeed the case for services.
However, food output actually risesin thissimulation. This complementary relationship derivesfrom
two sources. First, food and manufactures are compensated complements in private household
demand, in this 3 commodity aggregation. Secondly, because the food sector is heavily dependent on
manufactured inputs, lower prices for manufactures tends to lower the price of food output as well,
ceteris paribus.

Tables 4 and 5 report the output changes and welfare results for the introduction of amanufacturing
subsidy both without and with pre-existing distortion respectively.

The final column of Table 4 reports the welfare decomposition terms associated with the output
subsidiesin the model. Because there are no interventionsin food or servicesin theinitial data base,
the terms are zero for these two sectors. However, the introduction of a subsidy on manufactures
shows up in the second row of Table 4, since PTAX( " mnf ¢") < 0 after the subsidy isintroduced,
andgo("mfc") > 0. TheEV lossof US $20,280 millionisfully due to thisintervention.

Since the output changes resulting from the two manufactures subsidy experiments are virtually the
same, would one expect the welfare results to be the same? As table 5 shows, the answer to this
guestion is definitely "no". The welfare loss is about $5,000 million greater than for the first
experiment. Why do the results differ? This is where the decomposition comes in handy. Table 5
shows that the direct welfare loss attributed to the manufacturing subsidy, $20,395 million, is
comparableto that in Table 4. However, thereis now also an indirect effect owing to the interaction
between PTAX( " f ood") and qo("food") . The presence of the pre-existing subsidy on food
output has an additional negative effect on welfare equal to US $4,879 miillion.

The complementary relationship between food and manufacturing is crucia to the welfare outcome
obtained. Since theincrease in manufacturing output leadsto an increasein food output, this positive
changeto go("food") interactswiththenegative PTAX("f ood") term. (Thisisnegativesince
it represents a subsidy or negativetax.) The consequenceisa negative contribution to EV. Had the
two goods been substitutes, the welfare lossfor the second experiment would have been smaller than
for thefirst sincetheinteraction betweengo( " f ood") and PTAX( " f ood") would have produced a
positive welfare result which would partialy offset the loss due to increased manufacturing output.

From this very simple example of a policy experiment with the single region version of the GTAP
model, the usefulness of the proposed welfare decomposition is apparent. It enablesthe user to
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Table 4. Impact of Manufactures Subsidy in Undistorted Economy

Sector Output subsidy Rates Change in Output Welfare Contribution
Initial Final ($US mill.) (US mill.)

Food 0 0 27,429 0

Manufactures 0 10 443,989 -20,280

Services 0 0 -177,945 0

Tota n.a n.a n.a -20,280

Table5 Impact of Manufactures Subsidy in Presence of Pre-existing Food Subsidy

Sector Output subsidy Rates Change in Output Welfare Contribution
Initial Final ($US mill.) (US mill.)

Food 20 20 24,126 -4,879

Manufactures 0 10 446,391 -20,395

Services 0 0 -182,410 0

Tota n.a n.a n.a -25,275

pinpoint the exact sources of the model welfare changesthereby providing the correct explanation for
the results obtained.

4. Decomposition of the Multiregion EV

For policy applications, the multiregion version of the GTAP model is employed. The standard,
multiregion model has many pre-existing distortions and general equilibrium relationshipsamong the
model sectorsare more complex. In the singleregion case with few or no pre-existing distortions, itis
fairly straightforward to predict welfare outcomes and to see the underlying model interactions behind
them. With the multiregion trade model predicting experimental outcomes and being ableto explain
them isamuch more difficult task. This makesthe welfare decomposition very appealing asan aid for
analyzing results from the standard GTAP modeling framework. For the multiregion version of the
GTAP trade model, the equivalent variation can be expressed as follows:

EV_ALT(r) (27)
= [0.01*EVSCALFACT(r)]
* [sun{i, ENDW.COMWM VOA(i,r)*[qo(i,r) - pop(r)]}

- VDEP(r)*[kb(r) - pop(r)]

+ sum{i, NSAV_COWM PTAX(i,r)*[qo(i,r) - pop(r)]}
sun{i, ENDW COW sun{j, PROD COW ETAX(i,j,r)*[afe(i,j,r) - pop(r)] }}
surm{j, PROD_COW sun{i, TRAD COMM | FTAX(i,j,r)*[qfm(i,j,r) - pop(r)] }}
sun{j, PROD_COW sun{i, TRAD COW DFTAX(i,j,r)*[gfd(i,j,r) - pop(r)]}}
sum{i, TRAD_COW | PTAX(i,r)*[qpm(i,r) - pop(r)]}
sun{i, TRAD COMW DPTAX(i,r)*[qpd(i,r) - pop(r)]}

+ + 4+ + +
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+ sun{i, TRAD_COW | GTAX(i,r)*[qgm(i,r) - pop(r)]}
+ sun{i, TRAD_COW DGTAX(i,r)*[qgd(i,r) - pop(r)]}
+ sum{i, TRAD_ COMM sum{s, REG XTAXD(i,r,s)*[qxs(i,r,s) - pop(r)]}}
+ sun{i, TRAD COW sun{s, REG MIAX(i,s,r)*[gxs(i,s,r) - pop(r)] }}
+ sum{i, TRAD COMW sum{s, REG VXWD(i,r,s)*pfob(i,r,s)}}
+ sum{m MARG_COMM VST(mr)*pm(mr)}
- sum{i, TRAD_ COW sum{s, REG VXWD(i,s,r)*pfob(i,s,r)}}
- sum{m MARG_COW VTMD(mr)*pt(m}
+ NETI NV(r) *pcgds(r)
- SAVE(r)*psave(r) ]
+ 0. 01* 1 NCOVEEV(r) *pop(r);

The right hand side of this expression is the real income decomposition derived for the multiregion
GTAP model in Appendix B. One can see that the decomposition of the EV for the GTAP multi-
region trade model isvery similar to the single region version. The main differencesinvolve additional
terms arising from the presence of trade taxes (on both imports ( MTAX) and exports ( XTAXD) ) and
termsto capturethe effect of changesin regiona termsof trade. The other significant differenceisthe
added regional dimension of the decomposition. These differencesresult in the addition of three more
sets, namely, REG TRAD_COVM and MARG COMM These are the sets of regions, traded
commodities, and margins commodities, respectively.

Changesin welfarein the multiregion model are therefore attributed to the interactions between taxes
(both pre-existing and newly introduced taxes) and quantity changes taking place over the course of
the simulation, as well as the added effect of changes in regional terms of trade and changesin the
relative prices of savings and investment. The contribution of the regional terms of trade effect on
welfareis given by:
CNTtotr(r) =
[ 0. 01* EVSCALFACT(r)] * (28)
[ sun{i, TRAD_ COW sum{s, REG VXWD(i,r,s)*pfob(i,r,s)}}
+ sun{m MARG_COW VST(mr)*pm(mr)}
- sun{i, TRAD COW sum{s, REG VXWD(i,s,r)*pfob(i,s,r)}}
- sum{m MARG_COW VTMD(mr)*pt(m}]

Here VXD represents the value of exports at world prices, VST represents margins export values and
VTMD representsthevalue of margin of typemused in shipping for regionr. Thevariables pf ob and
pci f arethe percentage changesin the fob and cif prices respectively.

Those regionsthat are net suppliersof savingsto theglobal bank (SAVE(r) > NETI NV(r) ) benefit
from arise in the price of savings, relative to investment goods. This effect is captured in the next
term of (27):

CNTcgds(r)=[ 0. 01* EVSCALFACT(r)]*[ NETI NV(r)*pcdgs(r)-SAVE(r)* psave(r)].

This component of regional welfare has been considerably muted in the current version of the GTAP
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model by permitting psave(r) to vary by region. In particular, psave(r) moves closely with
pcgds(r) in order to capture the fact that the majority of savingsis invested domestically.”

Since balance of payments equilibrium in the GTAP data base requires that the difference between
exportsand importsequal the difference between savings and investment, the coefficients of theterms
in the CNTt ot r and CNTcgds equations sum to zero. This means that we can deflate the pricesin
these two equations by any arbitrary price index without altering their combined total.® We deflate
themby pxww d, theindex of global exports. This preventsthesetermsfrom giving spuriousindividua
results. A simple example of thiswould be when the numeraireis shocked. The formulation in (28)
and (29) would give equal and offsetting, but non-zero, contributions to welfare (unless exports
equaled imports), whereas the deflated version would report al individual contributions as zero.

Thefina termin (27) relatesto theimpact of population onregiona EV. Thisisnormally zero, since
population is seldom shocked in standard policy simulations.

A smple, empirical example using the multiregion welfare decomposition is presented in the next
section of this paper. For amore sophisticated use of this EV decomposition, see ARNDT, HERTEL,
HUFF, and MCDOUGALL (1996). It also provides a good reference for how to present and use the
results obtained for the welfare decomposition when analyzing policy experiments.

4.1 An Empirical Example

The policy experiment presented in this section makes use of a3x3 aggregation of theverson 2 GTAP
database. It featuresthree produced sectors: food, manufactures and services, and three regions: the
United States (USA), the European Union (EU) and the rest of the world (ROW). The experiment
involves the reduction of one distortion in the data base. The import tariff on food from USA to the
European Union is reduced by 10%.”

° Readers interested in replicating results from the GTAP book will need to adopt the “GTAP book closure” by which all
regional savings rates are fixed and equa to the average price of capital goods, worldwide.

6 Our thanks to Kevin Handow for suggesting this.

! See also, chapter 2 of Hertel (1997). Replication of this experiment may be readily undertaken using the RunGTAP
software (GTAP book, 3x3 aggregation) available at the GTAP website. See also the GTAP Short Course Hands-on
document (Pearson et al., 2000) Note that the results from this simulation differ from thosein the GTAP book dueto the
use of the region-specific price of savings.
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Table6 presentsthe percentage changesin output for the threeregions. All of the output changesare
small, with food output changing the most in al regions. Thetariff reduction resultsin an increase of
USA food production of 0.89% while it falls by 0.36% and 0.11%, respectively for EU and ROW.

Manufacturing output fallsby 0.15% in USA and rises by 0.09% and 0.03%, respectively for EU and
ROW.
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Table 6. Output Changes from Multiregion Liberalization Experiment (percentage change)

USA EU ROW
Food 0.89 -0.36 -0.11
Manufactures -0.15 0.09 0.03
Services 0 0.01 0

Table 7 provides a summary of the regional welfare changes that result from the experiment. USA
and EU both experience a dight increase in welfare due to cheaper US food imports into the EU,
while ROW experiences a small decrease in welfare. Welfare increased by 0.017% and 0.004%,
respectively for USA and EU while it falls by 0.004% for ROW. In dollar terms, the equivalent
variation measure of these welfare changes are $887 US million and $216 million for USA and EU,
respectively. ROW loses $440 US million. Columns 3-5 of Table 7 break down the total EV into
component parts. Theterms of trade component clearly dominatesfor USA. A much smaller, negative
allocative efficiency effect in USA ($-10 US million) haslittle impact on the overall EV, asdoesthe
$40 million contribution due to changes in prices of investment goods and savings. In the EU, the
alocative efficiency effects contribute $801 US millionto the EV. The deterioration in EU’sterms of
trade amount to areductionin EV of $556 US million, which offsets much of theallocative efficiency
gains. In ROW, both the allocative efficiency effects and theterms of trade effectsare negative, -$127
US million and -$295 US miillion, respectively.

Table 7. Welfare Results from Reducing Tariff on EU Imports of Food from USA (1992 $ US

million)

% Changein Aggregate Contribution Contribution Contribution

Region Welfare Welfare Effect of Allocative of TOT Effects of 1-S Effects
Effects

USA 0.017 887 -10 851 45
EU 0.004 216 801 -556 -28
ROW -0.005 -440 -127 -295 -17
Tota n.a 663 664 -1 0

Table 8 provides a decomposition of the allocative efficiency effects, by commodity for each of the
regions. From equation (27), it can be seen that each of these effects results from summing by
commodity, the products of distortions in individual markets and quantity changes for transactions
under each distortion. For example, the largest figure in Table 8 isa $771 US million contribution
from transactions involving food to welfare in EU. This gain results from the combination of the
decrease in output (-.35%) of the subsidized food sector (7.3% subsidy) and an increase in food
imports (4.7%) which faces an average tariff of 37% (post-simulation value).

20



Table 8. Decomposition of the Regiona Allocative Efficiency Effects by Community (1992 $ US

million)
USA EU ROW
Food -39 771 -254
Manufactures 35 17 113
Services -5 13 13
TOTAL -10 801 -127

Table 9 decomposesthe alocative efficiency effects by tax instrument for the EU. Taxesor subsidies
on output and import taxes contribute the most to the total. It is hardly surprising that import taxes
represent the most important tax instrument, since this is where the tariff cut occurs.

Table 9 Decomposition of Allocative Efficiency Effect of Reducing Tariff on EU Imports of Food
from USA by Tax Instrument(1992 $ US million)

Tax Instrument Contribution to Welfarein EU
Primary Factor Taxes 0
Output Taxes 341
Input Taxes 69
Taxes on Final Demand -20
Export Taxes -39
Import Taxes 449

TOTAL 801

Sincefood and imports have been identified as the major source of efficiency gainsin the EU asaresult of the
10% cut in the tariff on US food imports, Table 10 focuses more narrowly on the contribution to alocative
efficiency of food importsto the EU by source. Imports of food from USA to EU increased significantly (53.3%
or $4,565 US million) while food imports from ROW to EU declined by $2,148 US million. Since imports
from both regions face positive tariffs, the interaction between the change in imports and the tariffsis positive
for USA ($1,503 US million) and negative for ROW (-$1,016 US million). The net result is a positive
contribution to welfare of $487 US million.

Table 10 Decomposition of Contribution of Import Taxes on Food in EU by Trading Source (1992 $ US
million)

Tariff Equivaent® % Changein Bilateral Imports ~ Contribution to Welfare

Initial Find
23 4565
USA 37 1503
0
EU 0 0 0
42 -2148
ROW 42 -1016
Total n.a n.a 487
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& Tariff equivalents for post-simulation data base.

Asthis simple experiment demonstrates, the multiregion welfare decomposition isauseful tool of analysisfor
users of the GTAP model. It allows the user to pinpoint the contributions of each economic transaction to the
final welfare results of apolicy simulation. The tables presented for this example represent only asubset of the
possibleinformation that terms of the decomposition provide on economic activities by region and commodity.
Additional information is readily available from the DECOMP.TAB program which also accompanies this
technical paper. Thisisrunfollowing any GTAP simulation and it organizesthe EV contribution termsinto an
easily readable header array file: DECOMP.HAR. This offers a sequence of coefficients, beginning with the
aggregate EV decomposition, and ending with detailed contributions from individual flows.

5. Decomposition of the Multiregion EV in the
presence of Technical Change

The final piece of the decomposition involves the addition of terms relating to technical change. These are
exhaustively derived in Appendix B. However, only the final expression is produced here. Y ou can see that
each technical change term is premultiplied by the value of the associated economic flow.

EV_ALT(r)
= [ 0. 01* EVSCALFACT(r)] (29)
* [sun{i, ENDWOOW VOA(i, r)*[qo(i,r)-pop(r)]}- VDEP(r)*[kb(r) - pop(r)]
sum{i, NSAV_COW PTAX(i,r)*[qo(i,r) - pop(r)]}
sun{i, ENDW COW sun{j, PROD_ COW ETAX(i,j,r)*[qgfe(i,j,r) - pop(r)] }}
sun{j, PROD_COW sun{i, TRAD COW | FTAX(i,j,r)*[afn(i,j,r)- pop(r)] }}
sun{j, PROD_COW sun{i, TRAD COW DFTAX(i,j,r)*[qfd(i,j,r)- pop(r)]}}
sun{i, TRAD_COW | PTAX(i,r)*[gqpm(i,r) - pop(r)]}
sun{i, TRAD_ COW DPTAX(i,r)*[qpd(i,r) - pop(r)]}
sum{i, TRAD_COW | GTAX(i,r)*[qgm(i,r) - pop(r)]}
sun{i, TRAD COW DGTAX(i,r)*[qgd(i,r) - pop(r)]}
sum{i, TRAD_COW sum{s, REG XTAXD(i,r,s)*[gxs(i,r,s) - pop(r)]l}}
sun{i, TRAD COW sun{s, REG MIAX(i,s,r)*[gxs(i,s,r) - pop(r)] }}
sum{i, PROD_COM VOA(i,r)*ao(i,r)}
sun{j, PROD_ COMW WA(j,r)*ava(j,r)}
sum{i, ENDW COW sum{j, PROD_COM VFA(i,j,r)*afe(i,j,r)}}
sun{j, PROD_COW sun{i, TRAD COW VFA(i,j,r)*af(i,j,r)}}
sun{m MARG_COW sun{i, TRAD_COWM
sun{s, REG VITMFSD(mi,s,r)*atnfsd(mi,s,r)}}}
sum{i, TRAD_ COW sum{s, REG VXWD(i,r,s)*pfob(i,r,s)}}
sun{m MARG_COW VST(mr)*pnm(mr)}
sum{i, TRAD COW sum{s, REG VXWD(i,s,r)*pfob(i,s,r)}}
sum{m MARG_COMM VTMD(m 1) *pt ()}
NETI NV(r) *pcgds(r)
- SAVE(r)*psave(r) ]
+ 0. 01* 1 NCOVEEV(r) *pop(r);

+ + + + + + + + 4+ 4+ +++++

+ +

+

Inequation (29) ao, afe, ava, af andatnfsd represent the following technical change variables:
output augmenting technical change, primary factor i augmenting technical change, value-added augmenting
technical change, composite intermediate input i augmenting technical change, and technical change in the
transportation of tradable commodity i using mode m, from source r to destination s, respectively.
VIMFSD(m i, r, s) representsthe value of services of mode m, used to transport good i fromrtos.
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The TABLO source code for the welfare decomposition is available in electronic form as an appendix to this
paper. In order to make use of the proposed welfare decomposition, this code should be appended to the
TABLO code for the standard GTAP model (versions 5.0 and higher). An electronic version of the tablo file
combining the current version of the standard GT AP model with this decomposition codeisavailable fromthe
GTAP web site in conjunction with an electronic copy of this technical paper. The URL s
http://www.agecon.purdue.edu/gtap/

Readersinterested in asimilar welfare decomposition for CGE modelsthat isnot specificto GTAP arereferred
to the technical paper by Handow (2001). His paper offers a valuable companion to this technical paper.
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Appendix A: Derivation of the Real Income Decomposition
for Single Region Model

Thegoal of thisappendix isto derivethereal income decomposition: Y(Y- p)= D introduced in section 3.1.

The decomposition startswith the GTAP equation for regional income which equal s the sum of primary factor
payments and tax receipts.

INCOME * y = sum(i, ENDWCOW VOA(i) * [ps(i) + qo(i)])
- VDEP * [pcgds + kb]

+ sun(i, NSAV_COW {VOMi) * [pn(i) + qu!gH
i

- {VOA(i) * [ps(i) + qo )
+ sun{i, ENDWM COW, sun(j , PROD_COW
{VFA(i,j) * [pfe(i,j) + afe(i,j)]}
- {VFEMi,j) * [pn(i) + afe(i,j)]}))
+ sun{i, ENDW5s_COW, sun(j , PROD_COW
{VFA(i,j) * [pfe(i,j) + afe(i,j)]}
- {VFEMi,j) * [pres(i,j) + afe(i,j)]}))
+ sun{j, PROD_COW sun(i, TRAD COW
{VFA(i,j) = [pf(i,j) +af(i,j)]}
- {VEMi L) ¢ [pn(i) + af(i,])]1}))
+ sun(i, TRAD_COW {VPA(i) * [pp(i) + ap(i)]}
- {vPMi) * [pm(i)  + ap(i)]})
+ sun(i, TRAD_COW {VGA(i) * [pg(i) + qg(i)]}
- {veMi) * [pm(i) + qg(i)]})

To simplify the above expression, take the levels form of the zero profits condition for al j in the set
PROD_COWM

PROFITS(j) = VOA()) - sum(i,DEMD_COMM, VFA(i,})).

When thisistotally differentiated, the changein profitsis zero and the quantity changes cancel dueto
the model assumptions of constant returnsto scale and cost minimization. Theresulting expressionis.

VOA(j ) * ps(])
= sun(i, ENDW COW VFA(i,j)*pfe(i,j))
+ sun(i, TRAD_COW VFA(i, ) *pf(i,j)).

Next substitute in the zero profits condition without canceling out the terms involving the capital
goods commodity:

VOA("cgds") *ps("cgds") =
sum(i, ENDW COMW VFA(i, "cgds")*pfe(i,"cgds"))
+ sum(i, TRAD_COMM VFA(i,"cgds")*pf(i,"cgds")),

and the expression for regional income becomes:
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INCOME * y = sum(i, ENDWCOW VQOA(i) * [ps(i) + qo(i)])
- VDEP * [pcgds + kb]

+ sum(i, NSAV_COMWM {VOMi) * [pn(i) + qo(i)]}
- {VOA(i) * qo(i)})

- sun{i, ENDW COMW {VQA(i) * ps(i)}

- VOA("cgds") * ps("cgds")

+ VOA("cgds") * ps("cgds")

+ sum(i , ENDWM_COWM sunfj , PROD_COWM
{VFA(i,j) * dfe(i,j)} o
- {VRMii,j) * [pn(i) + gfe(i,j)]}))

+ sum(i , ENDWS_COWM sun{j , PROD_COWM
{VFA(i,j) * afe(i,j)} o
- {VFMii,j) * [pres(i,j) + afe(i,j)]}))

+ sum(j , PROD_COW sun{i, TRAD_COWM
{VFA(i,j) * af(i,j)} o
- {VFEMii,j) * [pm(i) + af(i,j)]}))

+ sunm(i, TRAD_COW {VPA(i) * [pp(i) + gp(i)]
- {VPMi) * [pn(i) + ap(i)
+ sun(i, TRAD_COW {VGA(i) * [pg(i) + qg(i)]}
- {vaMmi) * [pm(i) + qg(i)]}).
To simplify further, take the market clearing condition for the traded goods market in its linearized
formfor al i inthe set of TRAD_COMM:
go(i) = sum(j,PROD_ COW SHRFMi,j) * qf(i,j))
+ SHRPMi) * gp(i) + SHRGMi) * qg(i),
Now expressit inthelevelsform:
VOMi) = sun(j, PROD COWM VFMi,j)) + VPMi) + VGMi).

}
)

Multiply this by market price, pm(i), and substitute into the expression for regiona income giving:

INCOME * y = sum(i, ENDWCOW VOA(i) * [ps(i) + qo(i)])
- VDEP * [pcgds + kb]

+ sun(i, NSAV_COW {VOMi) * qo(i)}
- {VOA(i) * qo(i)})

- VOA("cgds") * ps("cgds")

+ VOA("cgds") * ps("cgds")

+ VOM "cgds") * pn("cgds")

+ sun(i, ENDWCOW {VOMi) * pn(i)})

- sum(i, ENDW COW {VQA(i) * ps(i)}

+ sum(i , ENDWM_COVW sun(j , PROD_COVWM
{VFA(i,j) * afe(i,j)} o

- {VFMi,j) * [pn(i) + afe(i,j)]}))

+ sum(i, ENDWs_COW sun(j , PROD_COVW
{VFA(i,j) * afe(i,j)}

- {VFMii,j) * [pmes(i,j) + afe(i,j)]}))
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+ sum(j , PROD_COW sun{i, TRAD_COWM
{VFA(i,j) * af(i,j)}
- {VFMi,j) * af(i,j)}))

+ sun(i, TRAD_COMM {VPA(i) * [pp(i) + ap(i)]}
- {VPMi) * ap(i)})

+ sun(i, TRAD_COWM {VGA(i) * [pg(i) + qg(i)]}
- {veMi) *oag(i)})-

The next step utilizes the market clearing condition for mobile endowments,
VOMi) * qo(i) = sun(j,PROD COMW VFMi,j) * gfe(i,j)).
In the levels this becomes:
VOMi) = sum(j, PROD_ COWM VFMi,j)).
for al i in the set of mobile endowment commodities ( ENDW COW) .

Thisis multiplied by market price, pn{i) and substituted into the expression for regional income
yielding:

I NCOVE * y = sum(i, ENDWCOW VQA(i) * [ps(i) + qo(i)])
- VDEP * [pcgds + kb]

+ sum(i, NSAV._COW {VOMi) * qo(i)}
- {VOA(i) * qo(i)})

- VOA("cgds") * ps("cgds")

+ VOA("cgds") * ps("cgds")

+ VOM "cgds") * pm("cgds")

+ sum(i, ENDWS_COMM {VOMi) * pn(i)})
- sun(i, ENDWCOW {VOA(i) * ps(i)}

+ sun( i, ENDWM_COMM sun(j, PROD_COW { VFA(i,j) * afe(i,j)}
- {VFMi, ) )}

+ sun{i, ENDW5s_COW sun(j , PROD_COW
{VEACL, j) > qfe(i,])} o
- {VFEMi,j) * [pres(i,j) + afe(i,j)]}))

*

o]
—h
[¢°]

~—~

+ sun(j, PROD_COMW sun(i, TRAD COMM {VFA(i,j) * of (i,j)}
- {VFMi,j) * af(i,j)}))
+ sun(i, TRAD_ COMW {VPA(i) * [pp(i) + qp(i)]}
- {VPMi) * ap(i)})
+ sun(i, TRAD_COMW {VGA(i) * [pg(i) + ag(i)]}
- {veMi) * qg(i)}).

The following relationships are to be employed in the simplification of the expression for regional
income:

pcgds = ps("cgds") = pn("cgds"),
and VOA("cgds") = VOM "cgds").

The expression for regional income becomes:
I NCOVE * y = sum(i, ENDW COMM VOA(i) * ps(i))
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+ VOA("cgds") * pcgds

- VDEP * pcgds

+ sun(i, ENDW COW VOA(i) * qo(i))
- VDEP * kb

+ sunm(i, NSAV_COW {VOMi) * qo(i)}
- {VOA(i) * qo(i)})

+ sun(i, ENDWs_COW {VOMi) * pn(i)})
- sun(i, ENDWCOW {VOA(i) * ps(i)}

+ sum(i , ENDWM_COWM sun(j , PROD_COMM {VFA(i,j) * afe(i,j)}
- {VFMii,j) * afe(i,j)}
+ sum(i , ENDWS_COWM sunfj , PROD_COWM
{VFA(i,j) * afe(i,j)} o
- {VFMii,j) * [pres(i,j) + afe(i,j)]}))

+ sun(j, PROD_COW sun(i, TRAD_COWM {VFA(i,j) * af (i,j)}
af (i,j)}

- {VFMi ,j) * )
+ sun{i, TRAD COW {VPA(i) * [pp(i) + qp(i)]}
- {VPMi) * ap(i)})
+ sun(i, TRAD_COW {VGA(i) * [pg(i) + qg(i)]}
- {VaMi) * qg(i)}).

The next ssimplification takes advantage of some price relationshipsin the model. First the equation
that generates the composite price for sluggish endowmentsis used:

pm(i) = sun(j, PROD COMM REVSHR(i,j) * pres(i,j)).
REVSHR(i,j) = VFMi,j) / sun{k, PROD COMM VFMi,k)),

which also can be written as:
REVSHR(i,j) = VFMi,j) / VOMi)).

Also note that:
NETI NV = VOA("cgds") - VDEP,

andfinally subtract SAVE * psave from both sidesand rearrangeto yield thefollowing expression
for the regional real income decomposition:

I *

- SAVE * psave

- sum(i, TRAD_COMM VPA(i) * pp(i))

- sun(i, TRAD COWM VGA(i) * pg(i)) =

sun(i, NSAV_COMM {VOMi) - VOA(i)} * qo(i))

+ sum(i, ENDW COW VOA(i) * qo(i))
- VDEP * kb

+ sun(i , ENDW COMM sun(j , PROD_COMM
{VFA(i,j) - VFMi,j)} * dafe(i,j)))

+ sun{j, PROD_COW sun(i, TRAD COW
{VFA(i,j) - VFMi,j)} * af(i.j)))
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+ sun{i, TRAD COMWM {VPA(i) - VPMi)} * agp(i))
+ sun{i, TRAD COM {VGA(i) - V@GJi)} * qg(i))
+ NETINV * pcgds

- SAVE * psave.

To smplify the LHS of the expression for regional welfare decomposition, divide and multiply
through by | NCOVE.

| NCOMVE *

(y
- SAVE/ | NCOVE * psave

- sun(i, TRAD_ COMM VPA(i)/ 1 NCOVE * pp(i))

- sun(i, TRAD_COW VGA(i)/INCOVE * pg(i)) ) =Y(y- p)= D
Hence we have achieved our decomposition of real income.
Finally, substitute in the following tax instruments on the right-hand side of the decomposition:
VOMi) - VOA(i) = PTAX(i),

VFA(i,j) - VFMi,j)

ETAX(i,j) for all i endowrent comodities,

VFA(i,j) - VFMi,j) = DFTAX(i,j),

VPA(i) - VPMi) = DPTAX(i),
and

VGA(i) - VGMi) = DGTAX(i).
Also note that:

pcgds = psave,

and NETI NV=SAVE. Thefina expression for the decomposition becomes:
D =

sum(i, ENDW COW VOM (i) * qo(i)) - VDEP * kb

+ sunm(i, NSAV_COW PTAX(i) * qo(i))

+ sun(i, ENDW COW sun(j, PROD_COMM ETAX(i,j) * afe(i,j)))
+ sun(j, PROD_COMWM sun(i, TRAD_COW DFTAX(i,j) * af (i,j)))
+ sum(i, TRAD_COWM DPTAX(i) * qp(i))

+ sum(i, TRAD_COW DGTAX(i) * qg(i))

Thisisequation (10) in thetext. It can be placed on a per capita basis, as discussed in Section 3.4.
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Appendix B: Derivation of EV Decomposition for the
Multiregion Model

[Note: Thisderivation appliesto version 5.0 of GTAP.TAB. Thisincludes aregion-specific price of
savings and multiple margins commodities.]

The multiregion real income welfare decomposition, Y(r) [y(r)- p(r)] = D(r), starts with the
GTAP equation for regional income which equals the sum of primary factor payments and tax
receipts:

I NCOVE(r) * y(r) =

sum(i, ENDW COMM VOA(i,r) * [ps(i,r) + qo(i,r)])
- VDEP(r) * [pcgds(r) + kb(r)]

+ sum(i, NSAV_COMW {VOMi,r) * [pm(i,r) + qgo(i,r)]
- {VOA(i,r) * [ps(i,r) + qo(i,r)]

——

)

+ sun{i, ENDWM COW, sun(j, PROD_COW
{VFA(l j ry * [pfe(i,j,r) + qfe(l , )11}
- {VFEMi,j,r) * [pn(i, r) + gfe(i,j, r)]}))

+ sum(i , ENDWs_COW sun{(j , PROD_COW
{VEA(i,j,r) * [pfe(i,j,r) + afe(i,j,r)]}
- {VEMiij,r) * [pres(i,j,r) + afe(i,j,r)l}))
+ sum(j , PROD_COW sun(i, TRAD_COW
{VIFACi,j,r) * [pfn(i,j,r) + qu(
- {VIFMi,j,r) * [pin(i,r) + qgfn(i,

+ sum(j , PROD_COW sun{i, TRAD_COWM

1)1}
)]}))

{ VDFA(i , j.r) * [pfd(i,j,r) + gfd(i,j,r)]}
- {VDFMi,j,r) * [pn(i, r) ¥ afd(i,j, i)
+ sum(i, TRAD_COW {VIPA(i,r) * [ppn(i,r) + gpm(i,r)]}
- {VIPMi,r) * [pin(i,r) + qpn(i,r)]})
+ sum(i, TRAD_COW {VDPA(i,r) * [ppd(i,r) + gpd(i,r)]}
- {VDPMi,r) * [pn(i,r) + qpd(i,r)]})
+ sum(i, TRAD_COW {MI GA(i,r) * [pgn(i,r) + qggnm(i,r)]}
- v, r) * [pin(i,r) + qgn(i,r)]})
+ sum(i, TRAD COW {VDGA(i,r) * [pgdi ry + qgd(i,r)]}
- {VvDaMi,r) * [pn(i,r) + qgd(i,r)1})

+ sum(i, TRAD_COW sun(s, REG
{VXWD(i,r,s) * [pfob(i,r,s) + gxs(i,r,s)]}
- {vXV(i,r,s) * [pn(i,r) + gxs(i,r,s)]}))

+ sum(i, TRAD_COW sun(s, REG,

{VIns(i,s,r) * [pns(i,s,r) + gxs(i,s,r)]}
- {VIWS(i,s,r) * [pcif(i,s,r) + gxs(i,s,r)l})).

To simplify the above expression, take the levels form of the zero profits condition (for al j inthe
setof PROD_COWM) :

PROFITS(j,r) = VOA(j,r) - sun(i, DEMD_COW VFA(i,j,r)).
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When thisistotally differentiated, and the model isin equilibrium, the changein profitsis zero dueto
the envel ope result and the quantity changes cancel dueto the model assumptions of constant returns
to scale and cost minimization. The potential for technical changeisincluded inthisformulation. The
resulting expression is:

VOA(j, r)*[ps(j,r) + ao(j,r)]

= sun(i, ENDW COW VFA(i,j,r)*

[pfe(i,j,r) - afe(i,j,r) - ava(j,r)])

+ sum(i, TRAD_ COMM VFA(i,j,r)*[pf(i,j,r) - af(i,j,r)] ).

Note the following:

VFA(i,j,r) = VDFA(i,j,r) + VIFA(i,j,r),
and

pf(i,j,r) = FMSHR(i,j,r)*pfm(i,j,r) + [1-FMSHR(i,j,r)]*pfd(i,j,r),
with

FVBHR(i ,j,r) = VIFA(i,j,r)/VFAGi,j,r).

Thefina expression for zero profits becomes:

VOA(j, r)*[ps(j,r) * ao(j,r)l]
= sun(i, ENDW COW VFA(i,j,r)*

_ [pfe(i,j,r) - afe(l dar) - ava(j,r)l)
+ sun(i, TRAD COMWM VI FA(i,j,r)*[pfm(i,j,r) af (i,j,r)]
+ sun{i, TRAD_ COMWM VDFA(i,j,r)*[pfd(i,j,r) af (i,j,r)] ).

If the following term is both added and subtracted to the expression for regional income,
sum(i, TRAD_COW VQA(i,r) * ao(i,r)),

and the zero profits condition is substituted in without canceling out the terms involving the capital
goods commodity:

VOA("cgds", r)*ps("cgds",r) =i
sum( i, ENDW COMM VFA(i, "cgds",r)*pfe(i,"cgds",r))
+ sum(i, TRAD_COMM VDFA(i,"cgds",r)*pfd(l,"cgds",r)
+ VIFA(i,"cgds", r)*pfm(i,"cgds",r)),
the expression for regiona income becomes:

INCOVE(r) * y(r) = _ _ _
sum(i, ENDW COW VQA(i,r) * [ps(i,r) + qo(i,r)])
- VDEP(r) * [pcgds(r) + kb(r)]

+ sun(i, NSAV_.COWM {VOM(i,r) * [pn(i,r) + qo(i,r)]}
- {VOA(i,r) * qo(i,r)})

- sun(i, ENDW COW {VQA(i,r) * ps(i,r)})
- VOA("cgds",r) * ps("cgds",r)
+ VOA("cgds",r) * ps("cgds",r)

+ sun(i, ENDW_COW suny(j , PROD_COW { VFA(i,j,r) * qfe(i,

.1}
- {VFMii,j,r) * [pm(i,r) + qfe(i,j,r)]}))
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+ sun(i, ENDWs_COWM sun(j , PROD_COMM { VFA(i ,j,r) * afe(i,j,r)}
- {VFMii,j,r) * [pres(i,j,r) + afe(i,j.r)]}))

+ sun(j, PROD_COW sun(i, TRAD_COMM {VI FA(i,j,r) * qfnm(i,j,r)
- AMEMi ) x [pin(i,r) + af (i, j,r)]}))

}

)

+ sun(j, PROD_COWM sun{i, TRAD_COMM { VDFA(i,j,r) * qgfd(i,j,r)}
- {VDFMi,j,r) * [pr(i,r) + qfd(i,j,r)]}))

+ sun(i, TRAD COW VOA(i,r) * ao(i,r))

+ sum(i , ENDW COMM sun(j , PROD_COWM
VFA(i,j,r) * [afe(i,j,r) + ava(j,r)]))

+ sum(j , PROD_COWM sun( i, TRAD_COMM
{VIFACi,j,r) + VDFA(i,j,r)}*af(i,j,r)))

+ sun(i, TRAD_ COW {VIPA(i,r) * [ppm(i,r) + gpn(i
- {VIPMi,r) * [pin(i,r) + gpn(i,

1)1
1}

+ sun(i, TRAD COW {VDPA(i,r) * [ppd(i,r) + gpd(i,r
- r

{voPMii, r) * [pn(i,r) + qpd(i,

+ sun(i, TRAD COWM {VIGA(i,r) * [pgm(i,r) + qgn(i,r
- {viaVi,r) * [pin(i,r) + qgn(i,r
+ sum(i, TRAD_COW {VDGA(i,r) * [pgd(i,r) + qgd(i,r
- {vDaW(i, r) * [pn(i,r) + qgd(i,r)]

+ sum(i, TRAD_ COW sun(s, REG
{VXWD(i,r,s) * [pfob(i,r,s) + gxs(i,r,s)]}
- {vXV(i,r,s) * [pn(i,r) + gxs(i,r,s)]}))

+ sum(i, TRAD_COMM sun(s, REG,
{Vinms(i,s,r) * [pns(i,s,r) + gxs(i,s,r)]}
- {VIWS(i,s,r) * [pcif(i,s,r) + gxs(i,s,r)l})).

)]}
)1}
)]}
)11
)]}
)11)
)]}
)

]
]
]
}

The following termsin this expression capture the impact of technica change on regiona welfare:

sun(i, TRAD_ COW VOA(i,r) * ao(i,r))
+ sun{i , ENDW COVW sun(j , PROD_COW
VFA(i,j,r) * [afe(i,j,r) + ava(j,r)]))
+ sun{j, PROD_COW sun(i, TRAD COW
{VIFA(i,j,r) + VDFA(i,j,r)}*af(i,j,r))).

To simplify further, the market clearing condition for the traded goods market in its linearized form
(for al i intheset TRAD_COWM :
VOMi,r) * qo(i,r) = VDMi,r) * qds(i,r)

+ VST(i,r) * gst(i,r)

+ sum(s, REG VXMD(i,r,s) * qgxs(i,r,s)),
isexpressed in the levels as.
VOMi,r) = VDMi,r) + VST(i,r) + sun(s,REG VXMD(i,r,s)).

Likewise, the market clearing condition for domestic output,

qds(i,r) = sum(j, PROD_COW SHRDFMi,j,r) * qfd(i,j,r))
+ SHRDPM(i,r) * gpd(i,r) + SHRDGVi,r) * qgd(i,r),

isexpressed in the levelsform ( OVER ALL TRAD_COWMM AND ALL REG) as:

VDMi,r) = sun(j, PROD_COW VDFMi,j,r)) + VDPMi,r) + VDGMi,r).

Conmbi ning the two expressions in levels formyields (OVER ALL TRAD COW) :
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VOM(i , 1)

= VDPMi,r) + VDGVi,r) + sum(j,PROD_ COW VDFMi,j,r))
+ VST(i,r) + sum(s, REG VXMD(i,r,s)).

Multiply this by market price, pm(i,r), and substitute into the expression
for regional inconme giving:

I NCOVE(r) * y(r) =

sum(i,

+ sum(i,

ENDW COW VQA(i,r) * [ps(i,r) + qo(i,r)])
- VDEP(r) * [pcgds(r) + kb(r)]

NSAV_COW {VOMi,r) * qo(i,r)}
- {VOA(i,r) * qo(i,r)})

- VOA("cgds",r) * ps("cgds",r)

+ VOA("cgds",r) * ps("cgds",r)

+ VOV "cgds",r) * pm("cgds",r)

+ sun{i,
- sun(i,
+ sun{i,

+ sun{i,

+ sun(j,

+ sun(j,

+ sun{i,
+ sun{i,

+ sun(j,

+ sun{i,

+ sun{i,

+ sun{i,

+ sun{i,

ENDW COW  {VOMi,r) * pn(i,r)})
ENDW COMWM  {VOA(i,r) * ps(i,r)})

ENDWM_COMM sun(j , PROD_COMM { VFA(i,j,r) * afe(i,j,r)}
- {VFMii,j,r) * [pn(i,r) + qgfe(i,j,r)]}))
ENDWS_COWM sun(j , PROD_COMM { VFA(i,j,r) * afe(i,j,r)}
- {VFMii,j,r) * [pmes(i,j,r) + afe(i,j,r)]}))
PROD_COMM  sum(i, TRAD_COMM {VI FA(i,j,r) * qfn(i,j,r)}
- {MIFEMi,j,r) * [pinCi,r) + afn(i,j,r)]}))
PROD_COMM sun(i, TRAD_COWM { VDFA(i,j,r) * qfd(i,j,r)}
- {VDFMi,j,r) * qfd(i,j,r)}))

TRAD COW VOA(i,r) * ao(i,r))

ENDW COMM sun(j , PROD_COWM
VFA(i,j,r) * [afe(i,j,r) + ava(j,r)]))

PROD_COMM sun(i , TRAD_COWM
{VIFA(i,j,r) + VDFA(i,j,r)}*af(i,j,r)))

TRAD_COW  {VIPA(Ci,r) * [ppn(i,r) + qgpn(i,r)]}
- {VIPMi,r) * [pin(i,r) + qgpn(i,r)l})

TRAD COMM { VDPA(i,r) [ppd(i,r) + qpd(i,r)]}
- {VDPMi,r) * qgpd(i,r)})

TRAD COM {VIGA(i,r) * [pgm(i,r) + qgn(i,r)]}
- {vVIaVi,r) * [pin(i,r) + qgn(i,r)l})

TRAD COM {VDGA(i, r) [pgd(i,r) + qgd(i,r)]}
- {VDGMi,r) * qgd(i,r)})

33



+ sun{i, TRAD COW sun(s, REG
{VXVD(i,r,s) * [pfob(i,r,s) + gxs(i,r,s)]}
- {VXMD(i,r,s) * gxs(i,r,s)}))

+ sun{i, TRAD COW sun(s, REG
{VIMS(i,s,r) * [prs(i,s,r) + gxs(i,s,r)]}
- {VIWS(i,s,r) * [pcif(i,s,r) + gxs(i,s,r)]}))
+ sum(i, TRAD COMM VST(i,r) * pm(i,r)).

The next simplification uses the market clearing condition for tradeable commaodities entering each
region in itslinearized form,

ginmi,r) = sum(j,PROD_COM SHRIFMi,j,r) * gfnm(i,j,r))
+ SHRIPMi,r) * gpm(i,r) + SHRIGVi,r) * qgn(i,r),

and convertsit to the levels expression (for all i in TRAD COW and al r in REG) :
VIMi,r) = sun(j, PROD.COW VIFMi,j,r)) + VIPMi,r) + VIGVi,r).

This expression is then multiplied by pi m(i, r) and substituted into the expression for regional
income yielding:

INCOVE(r) * y(r) = ' ' '
sum(i , ENDW COW VQA(i,r) * [ps(i,r) + qo(i,r)])
- VDEP(r) * [pcgds(r) + kb(r)]

+ sun{i, NSAV_COW {VOMi,r) * qo(i,r)}
- {VOA(i,r) * qo(i,r)})

- VOA("cgds",r) * ps("cgds",r)
+ VOA("cgds",r) * ps("cgds",r)
+ VOM "cgds",r) * pm("cgds",r)
+ sun(i, ENDV.COW {VOMii,r) * pn(i,r)})
- sun(i, ENDW.COW {VOA(i,r) * ps(i,r)})

+ sun(i,ENDV\M_CO\/I\/lsun’(J PRCD_COWM { VFA(i,j,r) * afe(i,j,r)}
{VEMi,j.r) * [pni, r) + afe(i,j, r)]}))
+ sun{i, ENDW5 CO\/MSUH(] PROD _COW {VFA(i,j,r) * qfe(| j.r)}
{VEM(i,j.r) * [pres(i.j.r) + afe(i.j,r)1}))
+ sun(j, PROD_COW sun{i, TRAD COW {VI FA(i,j,r) * ofm(i,j,r)}
- {VIFMii . r) * afnm(i,j,r)}))
+ sum(j, PROD_COW sun{i, TRAD COWM {VDFA(i,j,r) * qgfd(i,j,r)}
- {VDFM(i,j,r) * afd(i,j.r)}))

+ sun{i, TRAD COW VOA(i,r) * ao(i,r))

+ sum(i , ENDW COW sun{j, PROD_COW
VFA(i,j,r) * [afe(i,j,r) + ava(j,r)]))

+ sun{j, PROD_COW sun(i, TRAD COW
{VIFA(l j,r) + VDFA(i,j,r)}*af(i,j,r)))
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+ sun(i, TRAD_COW {VI PA(i,r [ppr(i,r) + gpn(i,r)]}
- {MPMi,r) * qpn(i,r)})

+ sun(i, TRAD_COW {VDPA(i,r) * [ppd(i,r) + qgpd(i,r)]}
- {VDPMii, 1) * qpd(i,r)})

+ sun(i, TRAD_COW {VIGA(i,r) * [pgn(i,r) + qgn(i,r)]}
- v, r) *oqgnti,r)})

+ sun(i, TRAD_COW {VDGA(i,r) * [pgd(i,r) + qgd(i,r)]}
- {vbaMi, r) * qgd(i,r)})

+ sum(i, TRAD_ COW sun(s, REG
{VXVD(i,r,s) * [pfob(i,r,s) + gxs(i,r,s)]}
- {VXMD(i,r,s) gxs(i,r,s)}))
+ sum(i, TRAD_ COW sun(s, REG
{VInMs(i,s,r) * [pns(i,s,r) + gxs(i,s,r)]}
- {VIWS(i,s,r) * [pcif(i,s,r) + qgxs(i,s,r)]}))
+ sun{i, TRAD COW VST(i,r) * pn(i,r))

- sun(i, TRAD COM VIMi,r) * pin(i,r)).

N—r
*

*

*

*

*

The next step utilizes the market clearing condition for mobile endowments:

VOMi,r) * qo(i,r) = sun(j,PROD COMW VFMi,j,r) * qgfe(i,j,r))
+ VOMi,r) * endwslack(i,r).

Inthelevelsthisbecomes (foral i in ENDWM COMWM and al r in REG):
VOMi,r) = sum(j, PROD_ COW VFMi,j,r)).

Thisismultiplied by market price, pn(i , r) and substituted into the expression for regional income
yielding:

INCOVE(r) * y(r) = ' ' '
sum(i , ENDW COW VQA(i,r) * [ps(i,r) + qo(i,r)])
- VDEP(r) * [pcgds(r) + kb(r)]

+ sum(i, NSAV_COW {VOMi,r) * qo(i,r)}
- {VOA(i,r) * qo(i,r)})

- VOA("cgds",r) * ps("cgds",r)

+ VOA("cgds",r) * ps("cgds",r)

+ VOM "cgds",r) * pm("cgds",r)

+ sun(i, ENDAS_COMWM {VOMii,r) * pn(i,r)})
- sun(i, ENDWV.COW {VOA(i,r) * ps(i,r)})

+ sun{i, ENDWM COW sun(j, PROD_COW {VFA(i,j,r) * dofe(i,j,r)}
- {VFMii,j,r) * afe(i,j,r)}))

+ sun( i, ENDWs_COMM sun(j , PROD_COW { VFA(i,j,r) * afe(i,j,r)}
- {VFMii,j,r) * [pmes(i,j,r) +afe(i,j,r)]1}))

+ sum(j , PROD_COMM sun(i, TRAD COMM {VI FA(i,j,r) * afm(i,j,r)}
- AMIEMii L, r) *afn(i,j,r)}))

+ sun(j, PROD_COW sun(i, TRAD_ COWM {VDFA(i,j,r) * qgfd(i,j,r)}
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- {VDFMii, j,r) * afd(i,j,r)}))
+ sum(i, TRAD_COMW] VOA(i,r) * ao(i,r))

+ sum(i , ENDW COMM sun(j, PROD_COMM
VFA(i,j,r) * [afe(i,j,r) + ava(j,r)]))

+ sum(j , PROD_COW sun{i, TRAD_COWM
{VIFA(i,j,r) + VDFA(i,j,r)}*af(i,j,r)))

+ sun(i, TRAD_COW {VIPA(i,r) * [ppn(i,r) + qgpn(i,r)]}
- {MPMi,r) * qpn(i,r)})

+ sun(i, TRAD_COW {VDPA(i,r) * [ppd(i,r) + qgpd(i,r)]}
- {VDPMii, 1) * qpd(i,r)})

+ sum(i, TRAD_COW {MI GA(i,r) * [pgn(i,r) + qggnm(i,r)]}
- {vraMi,r) * qgn(i,r)})

+ sum(i, TRAD_COW {VDGA(i,r) * [pgd(i,r) + qggd(i,r)]}
- {VvDGMi,r) * qgd(i,r)})

+ sun(i, TRAD_ COWM sun{(s, REG
{VXWD(i,r,s) * [pfob(i,r,s) + gxs(i,r,s)]}
- {VXMD(i,r,s) gxs(i,r,s)}))
+ sun(i, TRAD_ COWM sun{(s, REG
{VIMS(i,s,r) * [pns(i,s,r) + gxs(i,s,r)]}
- {VIWS(i,s,r) * [pcif(i,s,r) + gxs(i,s,r)]}))
+ sun{i, TRAD COW VST(i,r) * pn(i,r))

- sun(i, TRAD COM VIMi,r) * pin(i,r)).

*

The following relationships are to be employed in the ssimplification of the expression for regional
income:

pcgds(r) = ps("cgds",r) = pm("cgds",r),
and VOA("cgds",r) = VOM"cgds",r).
The expression becomes:
I NCOMVE(r) * y(r) = sun(i, ENDWCOW VOA(i,r) * ps(i,r))
+ VOA("cgds",r) * pcgds(r)
- VDEP(r) * pcgds(r)
+ sum(i, ENDW COW VOA(i,r) * qo(i,r))
- VDEP(r) * kb(r)

+ sun{i, NSAV_COW {VOMi,r) * qo(i,r)}
- {VOA(i,r) * qo(i,r)})

+ sun(i, ENDWS_COMWM {VOMi,r) * pn(i,r)})
- sun(i, ENDW COW {VQA(i,r) * ps(i,r)})

+ sun( i, ENDW_COMM sun(j , PROD_COW { VFA(i,j,r) * afe(i,j,r)}
- {VFEMi,j,r) * afe(i,j,r)}))
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+ sum( i, ENDWs_COWM sun(j, PROD_COMM { VFA(i,j,r) * qfe(l j.r)}
- {VFMi,j,r) * [pres(i,j,r) + gfe(i,j,r)1}))

+ sun(j, PROD_COW sum(i, TRAD COMW {VI FA(i,j,r) * qfm(i,j,r)}
- {VIEMi,j,r) * afn(i,j,r)}))

+ sun(j, PROD_COW sum(i, TRAD_ COW { VDFA(i,j,r) * qfd(i,j,r)}
- {VDEMii ,j,r) afd(i,j.r)}))

*

+ sum(i, TRAD_COMM VOA(i,r) * ao(i,r))

+ sum(i , ENDW COMM sun(j, PROD_COMM
VFA(i,j,r) * [afe(i,j,r) + ava(j,r)]))

+ sum(j , PROD_COW sun{i, TRAD_COWM
{VIFA(i,j,r) + VDFA(i,j,r)}*af(i,j,r)))

+ sum(i, TRAD_COW {VIPA(i,r) * [ppn(i,r) + gpm(i,r)]}

)

- {VIPMi,r) * qpn(i,r)})

+ sum(i, TRAD_COW {VDPA(i,r) * [ppd(i,r) + gpd(i,r)]}
- {VDPMi,r) * qpd(i,r)})

+ sum(i, TRAD_COW {MI GA(i,r) * [pgn(i,r) + qggnm(i,r)]}
- v, r) * qgn(i,r)})

+ sum(i, TRAD_COW {VDGA(i,r) * [pgd(i,r) + qggd(i,r)]}
- {vDaMi,r) * qgd(i,r)})

+ sum(i, TRAD_COW sun(s, REG
{VXWD(i,r,s) * [pfob(i,r,s) + gxs(i,r,s)]}
- {VXMD(i,r,s) * gxs(i,r,s)}))

+ sum(i, TRAD_COW sun(s, REG,

{VIns(i,s,r) * [pns(i,s,r) + gxs(i,s,r)]}
- {VIWS(i,s,r) * [pcif(i,s,r) + gxs(i,s,r)]}))

+ sun{i, TRAD COW VST(i,r) * pm(i,r))
- sun(i, TRAD COM VIMi,r) * pin(i,r)).

The following portion of the expression for regional income shows the impact of changes in factor
endowments and theinitial capital stock on welfare:

sum(i, ENDW COMM VOA(i,r) * qo(i,r))

- VDEP(r) * kb(r).

The next part takes advantage of some price relationships in the model. First the equation that
generates the composite price for sluggish endowmentsis used:

pm(i,r) = sun(j, PROD_COW REVSHR(i,j,r) * pmes(i,j,r)).
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The revenue share equals:
REVSHR(i,j,r) = VFMi,j,r) / sun(k, PROD COWM VFMi,k,r)),

which also can be written as:
REVSHR(i,j,r) = VFMi,j,r) / VOA(i,r)).

Then the equation that generates a price for aggregate importsis used:
pim(i,s) = sunmk, REG MSHRS(i,k,s) * pms(i,k,s)).

The import share equals:
MBHRS(i,r,s) = VIMS(i,r,s)/sun(k, REG WVIMS(i,k,s)),

which can also be written as:
MSHRS(i,r,s) = VIMS(i,r,s)/VIMi,s).

Also note that:
NETI NV(r) = VOA("cgds",r) - VDEP(r),

and finally subtract SAVE(r) * psave (r) from both sides and rearrange to yield the following
expression for the regional real income decomposition:

I NCOVE(r) * y(r)
- SAVE(r) * psave(r)

- sun(i, TRAD COW VIPA(i,r) * ppm(i,r))
- sun(i, TRAD COMW VDPA(i,r) * ppd(i,r))
- sun(i, TRAD COMWM VI GA(i,r) * pgm(i,r))
- sum(i, TRAD_COW VDGA(i,r) * pgd(i,r)) =
sum( i, NSAV_COW {VOMi,r) - VOA(i,r)} * qo(i,r))

+ sum(i, ENDW COW VOA(i,r) * qo(i,r))
- VDEP(r) * kb(r)

+ sum(i , ENDW COW sum(j , PROD_COWM
, {VFA(i,j,r) - VEMi,j,r)} * afe(i,j,r)))
+ sun{j, PROD_COW sun(i, TRAD COW
{VIFA(i,j,r) - VIFMi,j,r)} * gfn(i,j,r)))
+ sun{j, PROD_COW sun(i, TRAD COW
{VDFA(i ,j,r) - VDEMi,j,r)} * afd(i,j,r)))

+ sum(i, TRAD_COW VOA(i,r) * ao(i,r))
+ sum(i, ENDW COW sumn(j, PROD_COW

VFA(i,j,r) * [afe(i,j,r) + ava(j,r)]))
+ sun(j, PROD_COW sun(i, TRAD_COW

{VIFAC(i,j,r) + VDFA(i,j,r)}*af(i,j,r)))

+ sum(i, TRAD_COW {VIPA(i,r) - VIPMi,r)} * qpm(i,r))
+ sum(i, TRAD_COW {VDPA(i,r) - VDPMi,r)} * qpd(i,r))
+ sum(i, TRAD_COW {VIGA(i,r) - VIGMi,r)} * qgm(i,r))
+ sum(i, TRAD_COW {VDGA(i,r) - VDGMi,r)} * qgd(i,r))
+ sun{i, TRAD COW sun(s, REG

{VXVD(i,r,s) - VXMX(i,r,s)} * agxs(i,r,s)))
sum(i, TRAD_COW sunts, REG
{VIMS(i,s,r) - VIMB(i,s,r)} * gxs(i,s,r)))

+

+ sun(i, TRAD COW sum(s, REG {VXWD(i,r,s) * pfob(i,r,s)}))
+ sum(i, TRAD_COW VST(i,r) * pn(i,r))
+ NETINV(r) * pcgds(r)
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- sum(i, TRAD_COW] sun(s, REG {VIWS(i,s,r) * pcif(i,s,r)}))
- SAVE(r) * psave(r)

Since technical change in the shipping activity is aso possible, this is incorporated through the
following substitution:

pcif(i,r,s) = FOBSHR(i,r,s)*pfob(i,r,s) + TRNSHR(i,r,s) * ptrans(i,r,s),
where ptrans(i,r,s) = sun(m MARG COW VTFSD MSH(i,r,s) * [pt(m
atnfsd(mi,r,s)]).
Therefore, we now have:

I NCOVE(r) * y(r)
- SAVE(r) * psave

- sum(i, TRAD_COMM VI PA(i,r) * ppm(i,r))
- sum(i, TRAD_COMM VDPA(i,r) * ppd(i,r))
- sum(i, TRAD_ COMWM WVIGA(i,r) * pgmii,r))
- sum(i, TRAD_COMM VDGA(i,r) * pgd(i,r)) =

sum(i, NSAV_COW {VOMi,r) - VOA(i,r)} * qo(i,r))

+ sum(i, ENDW COMM VOA(i,r) * qo(i,r))
- VDEP(r) * kb(r)

+ sun(i, ENDW COW sun(j, PROD_COW,
_ {VFA(i,j,r) - VFEMi,j,r)} * afe(i,j,r)))
+ sun(j, PROD_COW sun(i, TRAD COWM
{MFACI,j,r) - VIFMi,j,r)} * afn(i,j,r)))
+ sun(j, PROD_COW sun(i, TRAD COWM
{VDFA(I!J!r) - VDFN(I!J!r)} * qfd('!]!r)))

+ sun{i, TRAD COW VQOA(i,r) * ao(i,r))
+ sum(i, ENDW COW sun(j, PROD_COVW

VFA(i,j,r) * [afe(i,j,r) + ava(j,r)]))
+ sum(j, PROD_COW sum(i, TRAD COVWM

{VIFA(i,j,r) + VDFA(i,j,r)}*af(i,j,r)))

+ sun{i, TRAD COW {VIPA(i,r) - VIPMi,r)} * qpn(i,r)
+ sun{i, TRAD COW {VDPA(i,r) - VDPMi,r)} * qpd(i,r)
+ sun{i, TRAD COMWM {VIGA(i,r) - VIGMi,r)} * qgm(i,r)
+ * r)
+

— N

sunm(i, TRAD COW {VDGA(i,r) - VDAGMi,r)} qod(i,
sunm(i, TRAD_COW sun(s, REG,
{VXWD(i,r,s) - VXMD(i,r,s)} * gxs(i,r,s)))

+ sum(i, TRAD_COW sun(s, REG
{VIMS(i,s,r) - VIMB(i,s,r)} * gxs(i,s,r)))

+ sun{i, TRAD COW sun(s, REG {VXWD(i,r,s) * pfob(i,r,s)}))
+ sun{i, TRAD COW VST(i,r) * pn(i,r))
+ NETINV(r) * pcgds(r)

- sun{i, TRAD COW sun(s, REG VIWS(i,s,r) * FOBSHR(i,s,r)*pfob(i,s,r)
+ TRNSHR(i, s, r)*[sum(m MARG COW VTFSD_ MsH

(i,s,r)*pt(m-atnfsd(mi,s,r)])1}))
- SAVE(r) * psave (r).

This may be simplified by using the coefficients for the Value of Transport Margin usage by Margin,
Freight, Source and Destination, VTMFSD(m i , r, s) and the Value of aggregate Transport Margins
used in shipmentsto Destination r, VIMD (mr).
I NCOVE(r) * y(r)
- SAVE(r) * psave (r)
- sun(i, TRAD COMW VIPA(i,r) * ppm(i,r))
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- sum(i, TRAD_COMM VDPA(i,r) * ppd(i,r))
- sum(i, TRAD_ COMWM WVIGA(i,r) * pgmii,r))
- sum(i, TRAD_COMM VDGA(i,r) * pgd(i,r)) =
sum(i, NSAV_COMWM {VOMi,r) - VOA(i,r)} * qo(i,r))

+ sum(i, ENDW COMW VOA(i,r) * qo(i,r))
- VDEP(r) * kb(r)

+ sun(i, ENDW COW sun(j, PROD_COW,
_ {VFA(i,j,r) - VFEMi,j,r)} * afe(i,j,r)))
+ sun(j, PROD_COW sun(i, TRAD COWM
{MFACI,j,r) - VIFMi,j,r)} * afn(i,j,r)))
+ sun(j, PROD_COW sun(i, TRAD COWM
{VDFA(I!J!r) - VDFN(I!J!r)} * qfd('!]!r)))

+ sun{i, TRAD COW VQOA(i,r) * ao(i,r))
+ sum(i, ENDW COW sun(j, PROD_COVW

VFA(i,j,r) * [afe(i,j,r) + ava(j,r)]))
+ sum(j, PROD_COW sum(i, TRAD COVWM

{VIFA(i,j,r) + VDFA(i,j,r)}*af(i,j,r)))

+ sun{i, TRAD COW {VIPA(i,r) - VIPMi,r)} * qpm(i,r))
+ sun{i, TRAD COW {VDPA(i,r) - VDPMi,r)} * qpd(i,r))
+ sun{i, TRAD COMWM {VIGA(i,r) - VIGMi,r)} * qgn(i,r))
+ sun{i, TRAD COW {VDGA(i,r) - VDGMi,r)} * qgd(i,r))
+ sum(i, TRAD_COW sun(s, REG
{VXVD(i,r,s) - VXMD(i,r,s)} * gxs(i,r,s)))
+ sum(i, TRAD_COW sun(s, REG
{VIMS(i,s,r) - VIMB(i,s,r)} * gxs(i,s,r)))

+ sun{i, TRAD COW sun(s, REG {VXWD(i,r,s) * pfob(i,r,s)}))
+ sun{i, TRAD COW VST(i,r) * pn(i,r))
+ NETINV(r) * pcgds(r)

- sun(i, TRAD COMWM sun(s, REG {VXWXi,s,r) * pfob(i,s,r)}
- sun(m MARG_COW VIMD(m r) * pt(m)
- SAVE(r) * psave (r)

+ sun{i, TRAD COW sun(s, REG summ MARG COW VTMFSD(mi,s,r)*
atnfsd(mi,s,r)))).

To simplify the LHS of the expression for theregional real income decomposition, divide and multiply
through by | NCOVE(r) :

| NCOVE(r) *
[ y(r)
- SAVE(r)/ I NCOVE(r) * psave(r)
- sum(i, TRAD_COMM VI PA(i,r)/INCOVE(r) * ppn(i,r))
- sum(i, TRAD_COMM VDPA(i,r)/INCOVE(r) * ppd(i,r))
- sum(i, TRAD_COMM VI GA(i,r)/INCOVE(r) * pgn(i,r))
b(Sl)m(i,TRAD_COVI\/l VDGA(i, r)/ INCOVE(r) * pgd(i,r))] = Y(r)*[y(r) - p(r)]
= r

Next substitute the following tax instruments into the expression:
VOMi,r) - VOA(i,r) = PTAX(i,r),

VFA(i,j,r) - VFMi,j,r) = ETAX(i,j,r) for all i ENDW COWM
VIFA(I,j,r) - VIFMi,j,r) = |FTAX(i,j,r),
VDFA(i ,j,r) - VDFMi,j,r) = DFTAX(i,j,r),

VIPA(i , ) - VIPMi,r) = IPTAX(i,r),
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VDPA(i,r) - VDPMi,r) = DPTAX(i,r),
VIGA(I,r) - VIGMi,r)

| GTAX(i,r),
VDGA(i,r) - VDGVi,r) = DGTAX(i,r),
VXWD(i,r,s) - VXMD(i,r,s) = XTAXD(i,r,s),

and
VIMS(i,s,r) - VIMB(i,s,r)

MIAX(i,s,r).

The decomposition expression becomes:

DéLZr(lz NSAV_COW PTAX(i,r) * qo(i,r))

+ sun{i, ENDW COW VOA(i,r) * qo(i,r))
- VDEP(r) * kb(r)

+ sun(i , ENDW COMM sun(j , PROD_COW ETAX(i,j,r) * afe(i,j,r)))
+ sun(j, PROD_COW sun{i, TRAD COW | FTAX(i,j,r) * gfm(i,j,r)))
+ sun(j, PROD_COW sun{i, TRAD COW DFTAX(i,j,r) * qgfd(i,j,r)))

+ sum(i, TRAD_COW VOA(i,r) * ao(i,r))
+ sun{i, ENDW COW sun(j, PROD_COW

VFA(i,j,r) * [afe(i,j,r) + ava(j,r)]))
+ sun{j, PROD_COW sun(i, TRAD COW

{VIFAC(i,j,r) + VDFA(i,j,r)}*af(i,j,r)))

+ sum(i, TRAD_COW | PTAX(i,r) * qgpm(i,r))

+ sum(i, TRAD_COW DPTAX(i,r) * qpd(i,r))

+ sum(i, TRAD_COW | GTAX(i,r) * qgm(i,r))

+ sum(i, TRAD_COW DGTAX(i,r) * qgd(i,r))

+ sun(i, TRAD COW sum(s, REG XTAXD(i,r,s) * qgxs(i,r,s)))
+ sun(i, TRAD COW sum(s, REG MIAX(i,s,r) * gxs(i,s,r))))
+ sun(i, TRAD COW sum(s, REG {VXWD(i,r,s) * pfob(i,r,s)}))
+ sum(i, TRAD_COW VST(i,r) * pn(i,r))

+ NETINV(r) * pcgds(r)

- sun(i, TRAD COW sun(s, REG {VXWXi,s,r) * pfob(i,s,r)}
- sum(m MARG COW VIMD(m r) * pt(m)
- SAVE(r) * psave (r)

+ sun(i, TRAD COW sum(s, REG sum(m MARG COW VTMFSD(mi,s,r)*
atnfsd(mi,s,r)))).

This decomposition may be placed on a per capita basis in the same manner as in Section 3.4.
Substituting the resulting per capita decomposition, D*, into the EV decomposition given in equation
(24), and adding regional indexes to al the terms in that equation, we obtain the final welfare
decomposition for the multiregion model:
EV_ALT(r)
= [0.01*EVSCALFACT(r)]

( )]‘ [ sun{i, ENDW COW VOA(i,r)*[qo(i,r) - pop(r)]} - VDEP(r)*[kb(r) -

pop(r

+ sun{i, NSAV_COW PTAX(i,r)*[qo(i,r) - pop(r)]}

+ sun{i, ENDW COW sum{j, PROD_ COMW ETAX(i,j,r)*[qfe(i,j,r) - pop(r)] }}
+ sun{j, PROD_ COW sum{i, TRAD COW | FTAX(i,j,r)*[qfm(i,j,r) - pop(r)] }}
+ sun{j, PROD_COW sum{i, TRAD COW DFTAX(i,j,r)*[qfd(i,j,r) - pop(r)]}}
+ sun{i, TRAD_COW | PTAX(i,r)*[gpm(i,r) - pop(r)]}

+ sun{i, TRAD_COW DPTAX(i,r)*[gpd(i,r) - pop(r)]}

+ sun{i, TRAD_ COW | GTAX(i,r)*[qgm(i,r) - pop(r)]}
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sum{i, TRAD_COMM DGTAX(i,r)*[qgd(i,r) - pop(r)]}
sum{i, TRAD_ COW sum{s, REG XTAXD(i,r,s)*[gxs(i,r,s) - pop(r)]l}}
sum{i, TRAD_ COW sum{s, REG MIAX(i,s,r)*[gxs(i,s,r) - pop(r)] }}
sum{i, PROD_COM VOA(i,r)*ao(i,r)}
sum{j, PROD_COMW WA(j,r)*ava(j,r)}
sun{i, ENDW COW sun{j, PROD_ COW VFA(i,j,r)*afe(i,j,r)}}
sun{j, PROD_COW sun{i, TRAD COW VFA(i,j,r)*af(i,j,r)}}
sun{m MARG_COW sun{i, TRAD_COWM
sum{s, REG VTMFSD(mi,s,r)*atnfsd(mi,s,r)}}}
sum{i, TRAD_ COW sum{s, REG VXWD(i,r,s)*pfob(i,r,s)}}
sum{m MARG_COW VST(mr)*pm(mr)}
NETI NV(r) *pcgds(r)
sum{i, TRAD_ COW sum{s, REG VXWD(i,s,r)*pfob(i,s,r)}}
sum{m MARG_COW VTMD(mr)*pt(m}
SAVE(r) *psave(r) ]
+ 0. 01*I NCOVEEV(r) *pop(r);

++ + + 4+ +++

I

This decomposition of regional EV is composed of the allocative effects which are given by the
various per capita quantity change terms multiplied by initial taxes, the terms of trade effects, the
effects of technical change, and the effects of per capita endowment and population change® For
example, the contribution of per capita changesin output of good i in region r to its welfare gain
(loss) as measured by the EV would be given by:

CONT_EV qoir(i,r) = .01*EVSCALFACT(r)* PTAX(i,r) * [qgo(i,r) - pop].

This concludes the formal derivation of the welfare decomposition used in the GTAP model.

8 Notethat anew valueflow VVA(j,r) corresponding to the Value of Value Added in sector j of region r hasbeen added to
match up with value-added augmenting technical change.
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