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Abstract: As an additional approach to the traditional Jorgenson’s accounting
method based on the sectoral total factor productivity (TFP), this paper aims
to measure GVC-based TFP by explicitly considering intermediate inputs as
an endogenous variable. Based on the theoretical derivations, simulations, and
a recursive approach, we first clarify the distinction between the Domar- and
Leontief-based GVC TFP. We further point out the knife-edge feature of
Domar aggregation based on the sectoral TFP, as well as the “missing
productivity” of the conventional approach based on the share-weighted
sectoral TFP or aggregate production function. Finally, we unify the Domar-
and Leontief-based GVC TFP within Jorgenson’s accounting framework and
decompose it into four parts. Using the world input—output database, we show
that the new GVC TFP helps better understand the nature and structure of
international fragmentation production and the evolution of global resource
allocations.
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Highlights:

1. Gap between the Domar and Leontief-based GVC TFP was clarified.
2. Domar and Leontief approaches were unified within Jorgenson’s accounting framework.
3. The knife-edge feature of Domar aggregation based on sectoral TFP was pointed out.
4. The performance and evolution of sectoral TFP and those of GVC TFP differ greatly.
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1 Introduction

The new century has witnessed rapid globalization and the rise of global value chains (GVCs),
making production activities seem more like a “spider” (production network) than a “snake”
(sector). The “made in” label, typical of manufactured goods, which attributes them to a specific
economy, has become an archaic symbol of a bygone era as most manufactured goods are now
“made in the world.” Although sectoral total factor productivity (TFP) well describes the economy
in which products are made, it is insufficient in describing and accounting for the globalized
manufacturing process, especially the activities of multinational enterprises. Therefore, new
theories are needed to provide appropriate explanations of new phenomena and constructive
suggestions for policymakers in this new era.

“The correct measurement of the rate of growth in economy-wide productivity is no less
important today than it has ever been” (Gollop, 1979). The aggregate production function (APF)
approach, proposed by the seminal work of Solow (1956, 1957), has been criticized for its stringent
assumptions and lack of micro-foundations (Jorgenson et al., 2005). The conventional aggregated
approach in calculating aggregate TFP with micro-foundations uses output or value-added shares
as weights. However, these approaches neglect the endogeneity of intermediate inputs and are likely
to underestimate the TFP. Assuming A and B as two sectors, that provide intermediate goods for
one another, their TFPs are likely to be affected by one another. This confers a kind of mutual
causality that is similar to the endogeneity issue in econometric models.

Notably, Domar aggregation provides a progressive intermediate endogenizing capability.
Domar (1961) worked out a method of integrating and aggregating with and without input—output
relations, respectively, and the method has been widely cited in productivity literature, especially
in the canonical framework of Jorgenson’s productivity accounting. Hulten (1978) proved that the
Domar-weighted sectoral TFP change equals the share-weighted effective rate of productivity
change, which is derived from recent GVC insights into the propagation of intermediate goods in
production networks; the result is the Domar-based GVC TFP. Although the effective rate of
productivity change is expressed as a complex function across a series of partial elasticities, which
is difficult for empirical analysis, later scholars (Peterson, 1979; Durand, 1996; Aulin-Ahmavaara,
1999; Basu et al., 2013) have calculated the Domar-based GVC TFP based on sectoral TFP with
the help of the Leontief inverse. However, the early research highlighted by those works focuses
on closed economies. Only recently has the approach been extended to open economies (Gu & Yan,
2017).

Another branch of literature that endogenizes intermediates is that of GVC TFP, which is
directly based on the Leontief inverse without relying on sectoral TFP (Timmer, 2017; Timmer &
Ye, 2020; Turégano, 2021). We call it Leontief-based GVC TFP. However, the Domar- and
Leontief-based GVC TFPs have mistakenly been considered duplicative (Gu & Yan, 2017; Timmer,
2017). Hence, illuminating the differences between them is crucial for understanding GVC TFP in
general, which remains nascent in the literature. If we succeed in this, we will gain a better
understanding of the micro-foundations of aggregate TFP.

This paper measures GVC TFP by explicitly considering intermediate inputs as an endogenous
variable. We aim to contribute to productivity accounting theory in the following three ways: (1)
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We clarify the gap between the Domar- and Leontief-based GVC TFPs, which remains ambiguous
in the literature; however, understanding the differences is critical to comprehending the
relationship between sectoral TFP and GVC TFP, and also the micro-foundations of aggregate TFP;
(2) We integrate GVC TFP into the accounting framework of Jorgenson and provide a symmetrical
interpretation of GVC TFP as the traditional Jorgenson’s accounting method based on sectoral TFP;
and (3) We highlight the knife-edge feature of Domar aggregation based on sectoral TFP and the
“missing productivity” of the conventional approaches based on share-weighted sectoral TFP.
Furthermore, we obtain many novel empirical findings in terms of GVC TFP and its gap with
sectoral TFP.

The structure of the remaining article is as follows: Section 2 briefly introduces the TFP
measures at disaggregate and aggregate levels respectively, points out the difference between
sectoral TFP and GVC TFP, and also the properties of accurate aggregate TFP measures. Section 3
provides top-down and bottom-up derivations of the Leontief-based GVC TFP; Section 4 compares
the Domar and Leontief-based GVC TFP models, points out the potential issues with Domar
aggregation, and integrates GVC TFP into Jorgenson’s framework; In Section 5, we investigate the
missing productivity of conventional approaches based on the share-weighted sectoral TFP; In
Section 6, we apply our model to the World Input—Output Database (WIOD) and provide empirical
evidence at the world, country, and country-sector levels while decomposing GVC TFP growth;
Finally, Section 7 concludes the paper.

2 Definition of different types of GVC TFP

Sectoral TFP measures the residual growth of sectoral gross output not accounted for by the
growth of intermediate and primary inputs of the sector.

_ X gopxdxy  nkidk  wihdh s
T[] = % le/.x]- x5 P ] K pxj 5 = (Zl pidaij + rdej + Wjdfj)/p]
=1 = —(pdA + rdi + wd?)p~" (11-1)

where k; = k;/x; and £; = [;/x; represent the capital and labor service of sector j directly
required to produce one unit of output j. r, w, k, £, p and 7 refers to the row vector of r;, w;, k;, £;,
pj and sectoral TFP growth m;. A4 is the direct input coefficient matrix, where the element a;; refers
to the output of sector i delivered as intermediate inputs to sector j. The hat notation over a vector
denotes a diagonal matrix with the diagonal filled with the elements of the vector. The letter in bold
black refers to a matrix.

However, GVC TFP measures the residual growth of sectoral final products not accounted
for by the growth of primary inputs of various sectors within the GVC. There are two different
ways to calculate GVC TFP, as indicated in Wolf (1994). The first one can be derived using the
recursive approach indicated in Domar (1961), and thus we call it Domar-based GVC TFP growth
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where ° is the row vector of Domar-based GVC TFP growth. S$ = pBp~ 1. B = (I — A)~!
is the Leontief inverse.

The aggregate TFP growth rate based on Domar approach can be obtained from the following
equation:

90 = P BY —  PX (11-3)
py pry

where 5—; is the Domar weight. y and x denotes the column vector of final output and gross
output respectively. Equation (11-3) means that Domar approach provides a succinct way to
aggregate both sectoral TFP and GVVC TFP.

The second one can be derived directly from Solow residual, and thus we call it Solow-based
GVC TFP growth 5. The Solow-based GVC TFP growth of each commodity can be expressed as:

s _ d_y'j _ (Zi”(yjyij) . a(yry) +Y wi(y4) d(yf’lif)>

P = ; *
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= nf = — (Sirdy, + Ziwiddy) /p,

= 185 = —(rdy + wdA)p " (11-4)

where y = B and A = ?B denotes the matrix with element yij and 4;; representing the total

capital and labor service of sector i directly and indirectly resulting from one unit of final demand
j.

Both Domar-based GVC TFP and Solow-based GVC TFP relies on Leontief inverse, but in
different ways. There might be some relationships between them. Wolf (1994) proved that the two
types of GVC TFP growth are equal to each other if the prices of capital and labor across sectors to
are assumed to be constant: ¥ and w. In this case, the Solow-based GVC TFP growth of each
commodity can be expressed as:

njss - _ (7 de + Wdlj)/Pj

= 155 = —(Fdy + wdA)p ! (11-5)
where y = kB and A = £B denotes the row vector of y; and A;, respectively, and y; = ¥, ¥,
A; = XiAij. The difference between S and 755 can be boiled down simply to whether the
heterogeneity across sectors and thus the reallocation effect between sectors has been taken into
account.
With the help of the following two equations.

p(I—A) =7+ wt (11-6)
dl=(I—-AdI-A)1+[dI-A]UI-A)1 (11-7)

We can prove that
55 =n5 =nP (11-8)

However, the equation will not hold if we consider the heterogeneity among sectors.



S = —(rdy + wdA)p ™" = —(rdkB + wd?B)p~" = —[(r& + w?)dB + (rd& + wd?)B]p ™"
= —[p(I — A)dB + (rd& + wd?)B|p~" = —[pdA + rd& + wd?|Bp~"

= nf)Bﬁ_l =P

p(I—A) =1k +w? (1-9)

In general, the prices of capital and labor are not the same in different sectors. Therefore, we should
find new ways to the investigate the difference and relationship between Domar-based GVC TFP
and Solow-based GVC TFP.

= 1 = —(pdA + rdi + wd?)p~' (11-1)
pI—A) =1k +w? (11-6)
dl=(I—-AdI-A)1+[dI-A]UI-A)1 (11-7)

3 Difference between two types of GVC TFP

— a,B1.,Y11,.Y21 . _ az1,B2..Y22,.Y12
X1 =AMk T o1 Xy = Al Pk PR x5 (1-1)

By substituting x; and x, reciprocally into the two equations and using a recursive process, we
can derive 1T, i.e. GVC TFP 1.
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= Ty = My + appT; + z_:a12”1 + a11z—la127f1 + Z_lan Z_iazﬂfz (11-5)
Therefore, we have: & = &S, (11-6)
where 77 = (1, 7,) = (4§V¢Y, A5Y), = (my,m,) = (44, 4,)

The recursive process of 77, is as follows. For simplicity, we assume a;; = a,, = 0.

Ay +y21(4; +v1247)

Ay + 14, + V21V12(A1 + V21A2)

Ay + V2145 + VarVi2di + VarVizV214z + Va1ViaVarVizds + -

(1 +¥21¥12 + Va1V12¥a1¥iz + - )A1 + (Va1 + Va1Vaa¥a1 + V21Vi2VarVaa¥ar + -+ )Ind; =
InA{+yp11InA,
1-Y21Y12

The TFP contribution of sector 2 to sector 1 includes different channels:
Y214, the intermediate inputs directly delivered to sector 1. 2-1
Y21Y12V214: indirect channel, 2-1-2-1

Y21Y12Y21Y12V21-: indirect Channel, 2-1-2-1-2-1

3 Leontief-Based GVC TFP

3.1 Leontief inverse: final demand and inputs in GVCs

The computation of the GVC TFP requires information about the final demand and inputs
within the GVC. Although the final demand can be obtained directly from the input—output matrix,
the intermediate and primary inputs to each GVC must be derived indirectly from the Leontief
inverse. Prior to explaining the GVC TFP model, some matrixes related to input—output tables must
be defined. For notational convenience, we consider only the dimension of the sector and suppress
the country dimensions. The sector-country setting can be derived in the same way.

For expositional convenience, we employ capital letters to represent the nominal variables and
lowercase letters to represent variables in physical units. The prime symbol in the upper-right
corner refers to the transpose of a matrix or vector. The E in the upper-right corner refers to the sum
of all matrix or vector elements, and the D in the upper-right corner refers to the sum of the diagonal
elements in a matrix. The dot over variables indicates their growth rate. The hat notation over a
vector denotes a diagonal matrix with the diagonal filled with the elements of the vector, and the
hat over a matrix denotes a diagonal matrix with the diagonal filled with the diagonal elements of



the matrix. The letter in bold black refers to a matrix or vector. Table 3-2 provides the definition of
symbols.

Table 3-2: Definition of Symbols

Symbols Definitions
Elements

Zij Value of output i directly used as intermediates of sector j.

a;j Value of output i directly used as intermediates by one unit value of output j.

b;; Total value of output i directly and indirectly used as intermediates by one unit
value of output j.

Cij Total value of output i directly and indirectly resulting from one unit value of final
demand j.

li; (k;j) | Total labor (capital) service of sector i directly and indirectly resulting from final
demand j.

Column vectors

Column vector of output value X; with n X 1 dimension.
Column vector of value added V; with n X 1 dimension.
Column vector of final demand Y; with n X 1 dimension.
Column vector of labor compensation L; with n x 1 dimension.
Column vector of capital compensation K; with n x 1 dimension.
Column vector of real final demand y; with n x 1 dimension.
Column vector of labor service [; with n x 1 dimension.
Column vector of real capital service k; with n X 1 dimension.
Column vector with ones as the elements

Matrices
Intermediate use matrix (x;;) with n X n dimension.

|~ x|~ <] =

o~

Z
I Identity matrix with n X n dimension.

A Direct input coefficient matrix (a;;) with n X n dimension.
c

Leontief inverse matrix (c;;) with n X n dimension.

A; (A;) | Direct labor (capital) service coefficient vector.
C; (Cy) | Labor (capital) service Leontief inverse matrix.

(1) Intermediate inputs in GVCs
X=Zi+Y orX; = Z;‘=1Xi]- +Y (i=12..,n) (3-1)
Then we have
X:AX-I'Y, OI’XL' =Z;-l=1ainj+Yi (l = 1,2, ...,Tl) (3-2)

We can then rewrite equations (3-2) as
X=(I-AY=CY,orX; =% c;;¥; (i=12,..,n) (3-3)
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Where C = (I —A)™' =1+ A+ A% 4+ -+ A" is Leontief inverse matrix. The element c;;
of Leontief inverse matrix represents the total value of output i resulting from one unit value of
final demand j.

(2) Primary inputs in GVCs
Like the direct input coefficient, we can also obtain direct labor service coefficient vector
ki ki &)

. . . . . [P l
and direct capital service coefficient vector: A; = (X—1X—2 X—") and Ay = (X—,X—, vy
1 2 n 1 2 n

. li ki . . . .
respectively. Note thatX—’_ (X—’_) means the labor (capital) service of sector j directly required to
J J

produce one unit value of output ;.

Equation (3-3) indicates that the Leontief inverse matrix serves as an amplifier to transform
the final demand matrix to gross output matrix. Therefore, we could obtain the total labor service
coefficient matrix C; as shown in Equation (3-4).

Ci=AC orly =y (i =12, ..,mj = 1,2,...,n) (3-4)
13

Where element [;; represents the total labor service of sector i directly and indirectly
resulting from final demand ;.

Similarly, we have the total capital service coefficient matrix, Cy, as shown in Equation (3-
5).

Ci = AC,or kyj = ey (1 = 1,2, 0,155 = 1,2, ..,1) (3-5)

Where element k;; represents the total labor service of sector i directly and indirectly resulting
from final demand j.

LetW = (W, W,,...,W,)’,and R = (R4, R,, ..., Ry,)"; hence, we can obtain the following
total labor compensation coefficient matrix

CL=WC; or Ly="Yc;(i=12..,mj=12.,0) (3-6)

Likewise, total capital compensation coefficient matrix can be given as

Cx =RCy or Ky="Cic;(i=12..,mj=12.,0) (3-7)

(3) Intermediate inputs canceled out
The total value-added coefficient matrix can be given as

Cy = WA+ RA)YC or Vy="00e, (i=12,..,0j=12,..,n) (3-8)
Where element V;; represents the total value added of sector i directly and indirectly resulting

from the final demand of sector j. Because the sum of intermediate input, labor compensation, and
capital compensation equals the value of the output, we have



i'(I—A) = WA, + RA, or 1 - Yy a;; =2+ L (i =1,2,..,mj = 12,...,n) (3-9)
] J

Next, we right-multiply both sides by € to obtain

i’ =WC,+RC,, =i'C,+i'Cy (3-10)

The j" element of vector WC, represents the total labor compensation of all sectors directly
and indirectly resulting from final product j. Equation (3-10) indicates that the total labor and
capital compensation coefficients embodied in each final product sum to unity. Thus, all
intermediates are canceled out in the total coefficient setting.

3.2 Leontief-based GVC TFP: Top-down

As mentioned above, GVC TFP measures the residual growth of sectoral final products not
accounted for by the growth of labor and capital within a GVC, and it focuses on all production
stages, regardless of sector. We assume that the price of primary inputs is homogeneous for a sector,
regardless of the value chain in which they are engaged. Then the growth rate of GVC TFP could

be noted as:
A]geontiefGVC _ Yj :1 . ‘;‘:;ul ? 11;"1] k (=1.2,..n) (3-11)
(B, wilij) 3
Y1 Py

To prepare the above formulas for empirical analysis, we obtain y; and P;y; directly from the
input-output tables, and l;;, k;; W;l;;, and R;k;; are obtained indirectly based on the Leontief
inverse (see Equation (3-4)~ (3-7) respectively). Timmer (2017) assumes that all the labor (capital)
service inputs are homogenous across sectors in a representative GVC, which is unrealistic because
it treats one hour work in Thailand and that in Japan are same. Because there is no input-output
relationship among GVCs, we can aggregate the TFP of each GVC with the share of each’s final
demand as the weight to obtain aggregate productivity growth (hereinafter “APG”).

Wil

1T pyyy

Pjyj iLeontiefGVC __ Pjy; y
— J7J J7]
APGLeontiefGVC - Z A; - Z j Z] 12 ij

i= Iyn Pyt i= ya 1Py
Rikij
(=15 Py, Kii

j=1 21 (3-12)

Thus, the aggregate TFP can be expressed as the gap between the Divisia index of the final
demand and that of the total primary input.
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4 GVC TFP: Leontief vs. Domar

The endogeneity issue lies in the static input-output relationship™. Therefore, aggregate
productivity (hereinafter “ AP ) is a better starting point than the transtemporal APG for
understanding the difference among various TFP aggregation approaches. After that, we will focus
on the APG based on different TFP aggregation approaches.

There are two ways to calculate aggregate TFP based on Domar approach. The first is the
aggregate sectoral TFP based on Domar weight (APpomarsector)> and the second is aggregate GVC
TFP (i.e. aggregate from Domar-based GVC TFP) (APpomarcvc)- By proposing the effective rate
of productivity change, which is derived from recent GVC production network insights, Hulten
(1978) theoretically proved that the two methods are identical. However, the differences between
the Leontief and Domar approaches remain unclear (Gu & Yan, 2017; Timmer, 2017). Recall that
snake-like sectoral TFP and spider-like GVC TFP are not directly comparable. Therefore, we derive
APpomarcve, Which serves as an excellent intermediary to help illuminate the gap between
APpomarsector A APpeonticrcvc (i-€., aggregate TFP based on the Leontief approach).

4.1 Theoretical Derivations

In the scenario where there are no input-output relations, Domar aggregation is a very useful and
concise approach in calculating aggregate TFP. However, this is only an extreme scenario. Now
we provide more general scenarios, with the intermediates delivered to each other.

[ [ _ [*11 *12 .
X = [xz], y= [yz], zZ= [x21 xzz], where x refers to the vector of output, y is the vector of

final demand, z is the matrix of intermediate input, .; x;; +y; = x;

Then we have direct input coefficient matrix

_[Q11 Q12 _ Xy
= [a21 azz]' where 0 < q;; = %, <1
1—a —a
S —A= [ 11 12 ]
—az  l—ap

Then the Leontief inverse matrix can be expressed as:

_ €11 2] _ o oan-1 1 1—ay, az )
¢= [C21 622] =U-A"= (1-a11)(1-azz)—aszaz azq 1—-ay, (4-1)

Here we provide a very simple scenario, with the intermediate inputs directly, but not
indirectly, delivered to the sector itself to be zero. More complex scenarios are provided in
Appendix I11.

x1 = Fi1(Ay, 11, ky,x21) 5 X = FR(Ag, 1o, kg, x12) (4-2)

@ It can also be extended to the dynamic scenario.
11



For convenience’s sake, we assume that the prices of output and intermediate input are equal
to one. It is worth mentioning that, in this case, the physical TFP (TFPQ) and revenue TFP (TFPR)
are equal. The distinction between TFPQ and TFPR has been well-documented in the literature
(e.g., Syverson, 2004; Foster et al., 2008; Hsieh & Klenow, 2009; Braguinsky et al., 2015;
Haltiwanger, 2016; Li et al., 2016; Yang & Chen, 2019; Grover & Maloney, 2022). TFPR
incorporates the impacts of both demand shock, which relates to output price™, and TFPQ is
measured as the quantity of output per unit input. The selection of survival firms is based on
profitability, including both technical efficiency and demand shocks. Therefore, TFPR, which
equals the product of TFPQ and output price, is more suitable for explaining reallocations and firm
turnover than TFPQ?.

(1) Aggregate TFP based on Leontief
Since the intermediate inputs directly delivered to the sector itself are zero. The direct input

coefficient matrix can be expressed as: A = , and thus we have y; = x; — x4, = X1 —

a,
aq 0
A12X2; Y2 = X — X1 = X3 — A1 Xy,

Then the Leontief inverse can be expressed as: € = ! [
1-ajzaz1 |Apq
diagonal elements of € are not zero, which means that the intermediate inputs indirectly delivered

to the sector itself are zero, despite the zero in the diagonal elements of A.

] To note that the

With Leontief inverse, we obtain the induced output of each sector by each final demand:

C11 €121 Y1 C11Y, C12Y,
C21 sz] [ ] 021}’1 sz)’z] (4-3)
The induced primary inputs of each sector by each final demand can be expressed as:
Iy I Wil Wil
7 111 Ly, x—lcn)’l ;Cuyz _ 7011}’1 x—lcuyz
C l21 122 lZ = CLY - WZIZ WZIZ (4-4)
L €21Yq Zczzyz XZ 1Y, xZ €22Y,
kq Rikq 1ky
? k11 ky, Pl SRS PA S N o C11Y1 T G2y
Ci¥ k21 kzz] k k2 = Cx¥ = Raka Raks (4-5)
_C21y1 gczzyz xZ 1Y, 22Y,
Based on the definition of Leontief-based GVC TFP, we have
lnAieontiefGVC = lnyl — Wx;lllcll * lnlll — WXLZZZC21 * lanl - R;_flcll * lnkll - RJZC_I:ZC21 * lnk21(4'
6)

@1t is highly possible that firms facing particularly high demand would charge higher prices.
@ Entrants usually have higher technical efficiency but would set lower prices than incumbents (Foster et al., 2008).
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LeontiefGVC __ Wily Wl Rikq Ryk,
lnAz = lnyz ——Cqp * lnllz — ?CZZ * lnlzz - x_lclz * lnklz - X_ZCZZ * lnk22(4'

X1
7)

Then we obtain the aggregate Leontief-based TFP:

_ LeontiefGVC h% LeontiefGVC
APLeontiefGVC - V145 lnA1 + lezyz lnAz (4"8)
(2) Aggregate TFP based on Domar
(1) AP pomarsector
InA, = Inx, — 2%« ity — 25 5 kg — 222 4 iy, (4-9)
X1 X1 X1
Ind, = lnx, — 222 4 Inl, — 22 4 g, — 22 4 Iy, (4-10)
X2 X2 X2

Then we obtain the aggregate TFP based on Domar weight:

X X
APpomarsector = lelyz InA;+ )’1"-23/2 InA, (4-11)

(2) APDomarGVC

In order to demonstrate the process of calculating Domar-based GVC TFP, it is beneficial to
use a Cobb—Douglas function as the starting point. However, it should never be used as an ending
point since the GVC TFP model is independent of the forms of its production function.

X1 = Allflklﬁlx;/il; Xy = Azl;ZZkZBZxI%Z (4'12)

Following Domar (1961), we define the share of gross output of sector 2 used as intermediate
inputs of sector 1 to be §;; = % where 0 < §;; < 1.
i

Then we have: x; = A, 1% kP12 = 4,19 kP (5,1 4,152 kB2 2)vas
Inxq = InAq + aInly + f1Ink, + y51Ind,1 + V21INA5 + vy aylnly, + 5120k, +
Y21Y12ln812 + Y21¥V12lnxy (4-13)

InA; + y,1(Ind, + y12InA,)

InA; +v21InA; +v21712(InAg + v211nA3)

InA; + y21InA; + ¥21712InA1 + V21V12V21 A2 + V21V12V21V12InA, + -

13



(A +v21¥12 + Y21V12V21Y12 + ) InA; + 21 (1 + Y12¥21 + Vi2V21Vi2V21 + ) Ind, =

lnA1+]/21lnA2
1-Y21¥12 (4-19)
InA,1+Yy,21IlnA
= lnA{)omarGVC - lnA1 + )/21lnA2 + yZlylzlnA?omarGVC - —1 Y1 z (4'14)
1-Y21Y12
With perfect competition assumption, we have y;; = a;;.
= [pADomarGve — InA;+as1lnd; _
1 1-azias;
(Inxq—az *lnxy1)— ( U, 11 +R1 1*lnk1)+a21(lnx2 aj*Inxy2)—az; 22*lnl +R2k2*lnk2)
1-aza;;
(lnx1—a21*lnxz1)—(”;1111*ln11+%*lnk1) + a21(lnxz—alz*lnxlz)—an(Mizzlz*lnlz+%*lnkz) (4 15)
- 1-azia;; 1-aza;;
i InAjy+aqlnA
Similarly, we have: [nAYomarcve — % =
21012
(Inxy—aqpxlnxip)— ( 22,1, I+ B2 z*lnk2)+a12(lnx1 azy*lnxy)— a12( Lylnly + >klnk )
1-azia;;
Then we obtain the aggregate Domar-based TFP:
AP — lnADomarGVC 2 lnADomarGVC 4-16
DomarGVC y1+y2 y1+y2 ( )
(3) Domar vs. Leontief
Proof 1: APpomarsector = AP pomarcvc
N DomarGVC Y2 DomarGVC
AP pomarcve = ——— InAP +—2 InAb
Y1ty Y1ty
— X1 alzle ADomarGVC + X2 T Q21X In ADomarGVC
Y1ty Y1ty
X1 — Xy INA1 + ay1Ind,  x, —ay1xq N4, + aqylnd;
Y1ty 1-azas, Y1ty 1—azag

(%1 — a12%; + a12X; — a12a21%1) N4,
(1 +y2)(1 — aziaq;)
(21X — Az1a12%; + X3 — az1%1)In4;
(1 +¥2)(1 — aziaq;)
_ (1 — a1pa21%1) Ay (—az1a15x; + x3)InA,
Sty —azan) O +y)(A —azan)

Xq X,
= m lnAl + m lnAZ - APDomarSector
14




To note that if we use value added share or output share as the weight to aggregate
InAP™TEVC | then APpomarcvc Will not be equal to APpgmarsector - This indicates that

InA?°™TVC captures only the GVC TFP of final goods, rather than that of gross output.
Proof 2: APpomarcvc > AP reontiefevc

LeontiefGVC __ Wil Rikq Wal, Rak;y _
lnAl = lny1 — [C11 * (X_l l‘l’llll + Tlnkll) + C21(x—2 ln121 + x_z * lnk21)] = l‘l’l_’yl -
Wil Rikq Waly Roka
( o il *lnk11)+az1( vy byt "odnkay) = Iny. — (Inxy—az nxy; ~lnAy) +az (Inxy—asplnxip—Indy) _
1-ajpaz 1 1-ajzaz;

_ (lnxl—a21lnx21)+a21(lnxz—alzlnxlz) + lnA1+a21lnA2

Iny, (4-17)

1-agpaz 1-ajzaz;

wil Rk
lnA1 = lnx1 - aleanl - f * lnlll - ; 1

Leontief GVC
* Inkyy = IADMTEVE _ pafeontiel Ve =

(Inx1—ay Inx, ) +ay; (Inxy—a,5Inx,;) (Inx1—aq2a51InXx15)+az X —ay1Inx5,

—1In(x; —xq2) =

1-as2a2; 1-ay2a21
(Inx1—a4,0,1INXx1)—A1205,IN81,+a5, (INX,—INX51)
ln(xl _ xlz) — 1~ 012021(NX, 12321iNM012+0d31 2 21) ln(l _ 512) —In X1 =
1-aj,a;z1
—a1201IN81,—a51Ind
12421 12 21 21 _ ln(l _ 512) > O (4_18)

1-a4202,

Similarly we have: [nADomarcvc > lnAéeontief ave

ThusrAPDomarGVC > APLeontiefGVC
The reason behind the gap between APpomargve aNd APpeontiesgvc €an be identified from the

DomarGVC
A7

recursive process of as follows:

lnAl + ]/Zl(lnAZ + ylzlnAl)
Ay +y21InA; +v21712(InAq + v211nA3)

InA; + y21InA; + ¥21712InA1 + V21V12V21 A2 + V21V12V21V12nA, + -

(A +v21¥12 + Y21V12V21Y12 + ) IMA; + V21 (1 + Y12V21 + Vi2V21V12V21 + ) Ind; =

InA{+y21IlnA, (4_19)
1-Y21Y12

In the recursive process, the TFP contributions of sector 2, as intermediate inputs, to sector 1
have been decomposed into different parts: the intermediate inputs directly delivered to sector 1
(y21In4,), and the intermediate inputs indirectly delivered to sector 1 through channels such as
first sector 1 and then sector 2 (y,1Y12Y21In4,). Of course, there are lots of different indirect
channels. However, all these direct and indirect channels are considered to be the homogenous,
which is shown in the element of a Leontief inverse matrix, that is, the total output of sector i
resulting from one unit of final product ;.

In other words, in the Domar-based GVVC TFP, the intermediate products of a sector delivered
to other sectors or the same sector through different channels are considered to be heterogenous,
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because they are aggregated by aggregating sectoral TFP with a weight. However, in the Leontief-
based GVC TFP, these intermediate products are considered to be homogenous, because they are
aggregated with simple addition.

In terms of the more general scenario, with n sectors providing intermediate goods to each
other and to themselves, the Domar-based GVC TFP cannot be derived with recursive approach
easily, but we have proved that the results based on recursive approach are in line with the results
calculated based on sectoral TFP with the help of Leontief inverse. Please see appendix Il for
detailed proof. The formula can be expressed as follows.

Pv1V1 l
——1[nA
InAPomarGve InA, D1%1 vl

Pv1V1
DomarGVC 222 nA
lnAz ) — CI ln:42 — CI P11 v2 A

lnAgomarGVC lTlAn ll;::—:: lTlAan

InA; is the sectoral TFP based on gross output production function, and In4,; is the sectoral
TFP based on value added production function. This means that Domar-based GVC TFP is a
function of sectoral TFP based on output or value added production function.

We provide a simple case to illustrate the reason behind the difference between Domar-based
GVC TFP and Leontief-based GVC TFP. Let’s take the GVC of a car manufacture in the United
States as an example. China provides steels, as intermediate goods, to the US car manufacturer
through three channels. First, China delivers steels to the axles manufacturer in Japan, and then to

the US car manufacturer (xc_;_y). Second, China delivers steels to the engines manufacturer in
Germany, and then to the US car manufacturer (x._s—y). Third, China delivers steels directly to
US car manufacturer (x.__y). These (direct and indirect) channels are treated differently in the
Domar-based GVC TFP. However, all the different channels are considered to be homogeneous
and aggregated together with simple addition, that is, x;_y = xX¢—;—y + Xc—g-v + Xc——u.

Domar GVC Leontief GVC
US car US car
A A
Japan axle Germany engine
Xe-
Xc-j-u CW v Xc—G-u
China steel Xc-u

Figure 4-1: Domar-based GVC TFP v.s. Leontief-based GVC TFP

(4) Extreme Scenarios
Scenario 1: Aggregation
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Assume that a;; = a1, = ay; = a,, = 8;, = 6,1 = 0, then we obtain an economy with two
sectors lacking input—output relations.

yi=x1=F (ALl k) ys = x = F(A, 1, k) (4-20)

In this scenario, each sector forms an independent GVC, and thus we have AX¢°"¢/¢V¢ =

APemarGVe — 4. There is only aggregation process (i.e. aggregation of different GVCs), without

integration (i.e. integration of different production stages of a GVC). The aggregate Leontief-based
GVC TFP and aggregate Domar-based TFP can be expressed as follows, respectively:

L tiefGVC Y L tiefGVC
APpeontiefevc= Yitys lnAleon terGve leZyZ lnAZeon tef (4-21)
APDomarGVC= ™ ADomarGVC+ y1+y2 In ADomarGVC (4_22)
_ X1 X2
APpomarsector= yitys InA;+ yitys InA, (4-23)

= APLeontiefGVC = APpomarcvc = APpomarsector

Scenario 2: Integration (different sectors)
Assume that a;; = a;, = a,, = 6;, = 0and 6,; = 1, then we obtain an economy with two
sectors, with sector two providing intermediates to sector one.

yi=x1 = F (A L, k1, x21) 5 %0 = X01 = Fo(A3, 15, k) (4-24)

In this scenario, the two sectors form an integrate GVC. There is only integration process (i.e.
integration of different production stages of a GVC), without aggregation (i.e. aggregation of

different GVCs). We have, € = [ 1 O]; CY = [l” 112] [ ]
azq 1 lz 0

l21 122

LeontiefGVC
nA s

: = Iny, — [(M;llll

lnxl - [(lnx1 - alenX21 - lnAl) + aZl(lan - lnAz)] = lnA1 + alenAz (4'25)

* lnlll + Rl_kl * lnkll) + a21(W212 * lanI + Rz_kz * lnk21)] =
X1 X2 X2

InADPOMarGVe — InA, + a,,InA, (4-26)

DomarSector _ _*1 X2 =% Xz = -
InA7 =t nA; + e InA, " nA; + " InA, = InA; + ayIlnA, (4-27)

= APLeontiefGVC = APpomarcvc = APpomarsector

Scenario 3: Integration (same sector)

Now we further consider an economy with one sector, with intermediates delivered to itself.
In this scenario, the intermediate products of a sector delivered to the same sector in different
production stages are considered to be heterogenous.

x1 = AL kP (4-28)
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C=1/1-y)=>CP=A-yDx1/(A-y)=x1=>CY =1;,CY = k4

APregtiereve = Inl(1 = ¥1)x1] = 12 Inly - f—;llnkl = nxy — 2= Inl; — f;l Ink, + In(1 —

Y1) (4-29)
APDomarGVC — 1111;41 — lnxl—allnll—ﬁll_l;jcl—]/lln(ylxl) — (1—]/1)lnx1—alllni;/:ﬁllnkl—]/llnyl (4_30)
APpomarcyc = APreontiereye = —rASTITETY > (4-31)

1-y1
4.2 Simulation

Figure 4-2 shows the ratio of the aggregate Domar-based to Leontief-based GVC TFP. We set
different parameters for their input—output ratio (intermediate input to output). As can be seen, the
ratio is greater than one in all situations, meaning that the Domar-based GVC TFP is larger than
the Leontief-based GVC TFP at the aggregate level. Furthermore, we find that a larger input—output
ratio brings a larger ratio, indicating that the gap between the two types of GVC TFP results from
the role of intermediate inputs.

I0ratio<-¢(0.7030, 0.7403) 10ratio<-¢(0.1030,0.1403)

density
density

value

IOratio<-c(0.9993,0.9996) I0ratio<-c(0.0012,0.0015)

density
density

18 o3t
value
value



Figure 4-2: The ratio of aggregate Domar-based to Leontief-based GVC TFP

Note: Repeat generating random matrix 1,000 times.

4.3 From Jorgenson and Solow to GVC TFP

Based on the analysis above, the key difference between APpomargve aNd APpreontiercrc 110
treat the intermediate products of a sector delivered to other sectors or the same sector through
different channels as heterogenous (weighted sum) or homogenous (simple addition). Following
Jorgenson’s framework, where the ratio of weighted sum to simple addition of factors is defined as
the reallocation effect, the gap between APpymargrc @Nd APpeontiercve Can be considered as the
intra-sector (and intra-GVC) reallocation effect. Likewise, the gap between the weighted sum to
the simple addition of factors across sectors within a GVC can be viewed as the intra-GVVC (and
inter-sector) reallocation effect. Furthermore, the gap between the weighted sum to the simple
addition of factors across GVCs can be viewed as the inter-GVC reallocation effect.

The APG based on PPF (Jorgenson type) could be expressed as:

v
n Pyvj

. wl : Rk :
APGPPFSector = j=1 mvj - E (2521 l]) - E (Z?:l k]) (4'32)

Similarly, the APG based on PPF (GVC type) could be expressed as:

yn, 2% =l = gk (4-33)

APGpprgyc =
j= 12, WPjyi7l Py

Then we have the following decomposition framework, which unifies the Domar-based
and Leontief-based GVC TFPs, and integrates the GVC TFPs into the framework of Jorgenson.
Jorgenson’s model has been widely used as an accounting framework in aggregating sectoral
TFP. This paper is the first attempt to apply Jorgenson’s model to GVC TFP aggregation.

APGpprgyc=APGpomarcve +

(APGLeontiefGVC - APGDomarGVC)

n sy Wil 5 CEawil); ] [ Rikij _ (i Riky) ]}
+{ Fl[ i=12?:1pjy]'l” Py l i Y k” L1 Py; ;
Wll]) wl ] [ n (2 1Ry kl/) Rk ]}
BiaWiliy) WL (ZaRiky) o Rk 4-34
+{[mpn Gy ] ¢ [y, Bt - 2 (4-34)

In other words, PPF-based aggregate TFP growth (Jorgenson type) can be decomposed into
different components with value chain connections. APGppr=APGpomarcvc + Intra-sector (and
intra-GVC) reallocation effect + Intra-GVC (and inter-sector) reallocation effect+ Inter-GVC
reallocation effect. TFP measures our ignorance, but our framework provides more knowledge to
the “ignorance” than existing productivity studies. It is worth mentioning that the inter-GVC
reallocation, which cannot be captured in studies based on sectoral TFP, matters a lot since job-
hopping is likely to happen within the same sector but across GVCs considering the asset specificity
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(Williamson, 1979), such as hopping from the upstream companies of Toyota to the upstream
companies of Ford.

Since the pioneer works of Cobb & Douglas (1928), Tinbergen (1942) and Solow (1957), APF
has become a widely used approach for calculating APG. The Solow-type TFP can be expressed
as follows

|4
P] vj

APGaprsector = APGrprsector — | Sjer et ¥ = (Ee1 ) (4+:35)
]:

In Jorgenson’s model, the APF-based aggregate TFP growth (Solow type) is the sum of PPF-
based aggregate TFP growth and value added reallocation effect or substitution bias.

Plu; .
APGpprsector = APGpprsector — [ ?:1#13}11171,”]‘ - (21]1=1 17])] (4-36)
=

There are some strict assumptions for the existence of APF: all sectors have a value added
production function and these functions are identical; capitals (or labors) in all sectors are
homogeneous (Domar, 1961; Hulten, 1978; Jorgenson et al., 1987; Wu, 2020). Furthermore, this
approach treat value added and inputs in different ways: geometric index is used for aggregating
labor and capital, while arithmetic index is employed for aggregating outputs (Domar, 1961).
Despite of the possible drawbacks, it has been widely used due to the availability of country-level
data.

The APF-based aggregate TFP growth (GVC type) is the sum of PPF-based aggregate TFP
growth and final demand reallocation effect or substitution bias.

(Z?=1 WGVleGVCj)
(2r Pyv)

(Z?=1 RGVCjkGVCj)
(2 Pyvs)

APGyprevc = (Z;l=‘1 y]) - (Z?:l.lGVC]) - (Z?ﬂkavc])

(4-37)

Where [y means all the labor services embodied in value chain j, and [; refers to the

labor service in sector j. We can have the following equations only in a closed economy
APGupreve = APGuprsector » and thus decompose APGyppsector INt0 components with value
chains connections. In this way, we can link the Solow type TFP to the GVC TFP.

5 Conventional approaches: missing productivity

5.1 Conventional approaches

The aggregation of sectoral TFP offers two conventional methods of calculating aggregate
TFP. The first approach aggregates sectoral TFP based on the output production function (Watanabe,
1971), and its common expression of sectoral TFP is as follows:

M
. Rik: Pm;
AGOSIM = [ny; — — Ink; — ——

wil;
—Inl; —
‘ Pix; Pix;

Pix;

In Inm; (5-1)
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If the industrial origins of intermediate inputs are considered, sectoral TFP is expressed as

Pjixj;

Px; l')’lle' (5'2)

Wil Rik;
mASC = Inx; — —inl; — - ink; — 2
Pix;i Pix;

The second approach is based on the value-added production function (Kendrick, 1961, 1973),
and its common expression of sectoral TFP is as follows:

Wili Rik;
mAY = Inv; — mlnli — %l"ki (5-3)

i Y

Using output or value-added shares as the weight, Equations (5-1)—(5-3) can be used to
aggregate TFP. The aggregate TFP corresponding to Equation (5-1) is expressed as follows:

im _ Pixi GOsi
InAGOsim — ?=1 Zg:pixi lnAi sim (5_4)

The aggregate TFP corresponding to Equation (5-2) is expressed as follows:

InA%0 = Y =t
1_1221Pixi

InAGO (5-5)

The aggregate TFP corresponding to Equation (5-3) is expressed as follows:

v
P; v;
mav = yr -
LI P

InAY (5-6)

These conventional approaches are widely used because the sectoral inputs and output are
often easily obtained. However, intermediates are considered exogenous in sectoral TFPs. In fact,
the TFP growth of Sector A might benefit from the TFP growth of upstream sectors through
intermediates, which could further benefit itself. Therefore, the intermediate inputs are actually
endogenous.

5.2 Scenarios

Scenario 1: one sector, with all upstream stages coming from the same sector

It is highly likely that upstream production stages come from the same sector, which is also
covered in our model above. We consider an extreme scenario, in which all upstream stages come
from the same sector.

lnAieontiefGVC = InA; + y1Ind, + vy Inds + Y1y, . Vno1Ind, (5-7)
According to the Equation (5-7), we have [n AL e/VE =y yi-1.ng, = i’:‘/ll > Ind,.

In this scenario, the share-weighted method underestimates sectoral TFP owing to its ignorance of
input—output relations within the sector. In the real world, these relations might not be successive
in production stages; they could alternate with intermediate inputs from other sectors.
Scenario 2: Two sectors, with one final sector and one intermediate sector

Next, we again consider the extreme scenario in section 4.1.
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v = A1 kP x, = A,102k0 (5-8)

Then we have

1 P. Pyx P. Pyx
lnAieon“efGVC - 1—3:17’1141 + 13213’211 lnAz > P1y1131:12x21 1t P1y12+;21x21 Az:
In this scenario, the share-weighted aggregate TFP is smaller than the aggregate GVC TFP
because x, is part of y;, which leads to the double-counting in the denominator of the share-
weighted aggregate TFP.

Scenario 3: Two sectors, providing intermediate inputs for each other.

Y1 = Aﬂf”"f1 V27215 ¥, = Azlgzkgz (71212 (5-9)
1%
2y = Allflkfl [5211421;{21‘52 (5123’1)Y12] ® =
_r
[(8%/;1 8}’;2V21)(A1A)2/21)(lf11‘21’2]/21) (kfl k232]/21)]1—712721 (5_10)
Then the Leontief-based GVC TFP can be expressed as
lnAieontiefGVC _ (1210821 +¥12Y21n815) +(In4; V24 InA,) (5-11)

1-Y12V21
Since 0 < 512,621 <1l= y21ln621 + )/12)/21ln512 <0, y21lnA2 =0, and 1 — Y12Y21 <1,

we have InAXe"eIVE 5 g,

Similarly, we could also have:

Y12
V2 = Azl;xzkfz [512141[;(1"51 (521}’2))/21]

[(5}’52 521]/12)(14214}1’12)(1‘21211111)’12) (kfz kfﬂﬁz)]l-)’zlﬂ’n (5_12)

N lnAléeontiefGVC _ (11211851 1¥21712In815) +(Indy +y1,1n44)
1-Y12Y21

> Ind, (5-13)

Therefore, we could obtain aggregate GVC TFP [nALeontiefGVC and share-weighted aggregate
TFP InA%°;

InALeontiefGVC — P1(y1~Y12) pLeontiefGVC Py (Y2=Y21) pLeontiefGve
P1(¥1=Y12)+P2(¥V2—Y21) 1 P1(¥1=Y12)+P2(¥2—Y21) 2
(5-14)
InAGO = Py InA, + PyY> InA, < InALeontiefGvc (5-15)

P1y1+Py, P1y1+P2y,

To sum up, share-weighted aggregate sectoral TFP is smaller than aggregate GVC TFP.

5.3 Simulation

As discussed, the conventional approach fails to consider the endogeneity of intermediate
inputs. Figure 5-1 illustrates the ratios of aggregate TFP based on conventional approaches and that
based on Leontief approach. The conventional approaches include the aggregate TFP based on
value added function (Kendrick, 1961, 1973), that based on output function (i.e., the weighted or
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simple sum of intermediate inputs). The ratios are all smaller than one, indicating that conventional
approaches underestimate the aggregate TFP, and thus brings missing productivity.

100 1
754
= variable
o 501 Aggregatetfp_V_to_Leontief
iy
= I:l Aggregatetfp_GO_to_Leontief
254
|:|_
067 068 069 070 071 072 073

value

Figure 5-1: The ratio of aggregate TFP based on conventional approach and that based on
Leontief approach

Note: Repeat generating random matrix 1,000 times.
6 Empirical Analysis

6.1 Data

We used the WIOD, which covers 56 sectors in 44 countries ranging from 2000 to 2014. It
includes the world input—output tables (WIOTs)" and social economic accounts (SEAs)?, which
provide abundant information on output, value-added, intermediate input, labor input, capital input,
and price indices at the country-sector level. The output, value added, and intermediate input from
the WIOT and those from the SEA are basically equal.

Whereas the WIOT contains information on the output and intermediate input of the rest of
the world (ROW), the SEA dataset does not. Thus, we estimate the primary inputs of ROW by
assuming that the average ratio between primary inputs and output of all the middle-income
countries equals to that of ROW. 10 out of 44 countries in the WIOT are middle-income countries.

We converted the local currency in the SEA to USD based on the exchange rate data provided
by the WIOD and transformed all the nominal values into real values using the price index with
2010 as the basic year. The unit of all values was USD, and the unit of labor was a person.

@ Source: http://www.wiod.org/database/wiots16
@ Source: http://www.wiod.org/database/seas16
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The number of employees (EMPE) and total hours worked by employees (H _EMPE) were
missing for China; thus, we used the number of persons engaged (EMP) to measure labor input.
The number of abnormal values for compensation of employees (COMP), which is larger than
value-added (VA), was 483, whereas that for labor compensation (LAB) was 1,827. Therefore, we
used COMP rather than LAB to measure labor compensation, and if COMP was greater than VA,
we set them equal. There were too many negative and zero values for capital compensation (CAP);
hence, we used the difference between one and CAP, which is in line with the assumption of
constant returns to scale.

The WIOT allowed us to calculate the total output of the world resulting from the unit final
demand of sector j in country s (i.e., the Leontief inverse). By matching WIOT and SEA, we further
obtained the total labor and capital inputs of GVC resulting from the unit final demand of sector j
in country s, from which we calculated the Leontief-based GVC TFP.

6.2 World GVC TFP

Figure 6-1 shows the evolution of the world’s aggregate TFP based on the Domar approach
and that based on the Leontief approach. The Domar aggregation based on sectoral TFP was equal
to the aggregate Domar-based GVC TFP. And also, the aggregate Domar-based GVC TFP is, 28.03%
on average during 2000-2014, larger than the aggregate Leontief-based GVC TFP, which agrees
with the theoretical predictions and simulations.

Domar-based GVC TFP

Domar aggregation
Leontief-based GVC TFP

12

10

2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014
Figure 6-1: GVC TFP (World): Domar v.s. Leontief

To investigate the missing productivity in conventional approaches, including the aggregate
TFP based on share (output or value added) weight. And also, we display the results based on APF.
Figure 6-2 shows that all the aggregate TFPs based on conventional approaches and APF were
smaller than the aggregate Domar-based GVC TFP, which aligns with our theoretical analysis and
the simulation results. Therefore, the conventional approaches and APF miss significant
productivity measurements: roughly half of the aggregate Domar-based GVC TFP during 2000-
2014.
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Figure 6-2: GVC TFP v.s. conventional approaches and APF (World)
6.3 Country-Level GVC TFP

Compared with the world’s TFP, national TFP might be of more interests to scholars and
decision makers. Therefore, we further calculate the aggregate TFP at the country level (or region
level). As we mentioned above, Domar aggregation based on sectoral TFP at the country level is
problematic because it neglects the endogeneity of imported intermediate inputs. The national TFP
based on conventional approaches fails to consider the endogeneity of both domestic and imported
intermediate inputs, which might be more problematic than Domar aggregation. However, the
Domar-based GVC TFP at the country level is free of the endogeneity issue.

Table 6-3 lists the GVC TFP growth rates of selected countries. For example, those of China
and Russia are higher than other developed countries, such as the US, Germany, and Japan (prior
to the 2008 financial crisis). However, after 2008, the advantages of China and Russia disappeared,
which is likely the result of a strong anti-globalization push made by developed countries. Table 6-4
lists the foreign contributions to the GVC TFP levels (%) of selected countries (2000-2014).
Foreign contributions to China’s GVC TFP experienced an inverted U shape over the sample period,
with 2007 as the turning point. Foreign contributions to India’s GVC TFP also stopped growing
after 2007. However, foreign contributions to developed countries kept growing. All of these
findings provide evidence of the negative impact of anti-globalization on developing countries.

GVC TFP Growth (%) GVC TFP Growth (%)
CHN IND = e = RUS

14

USA = e e DEU JPN

-6 -6
Figure 6-3: GVC TFP Growth (%) of selected countries (2000-2014)

25



e—— CHN_FOR IND_FOR e=» e» == RUS_FOR 20 USA_FOR DEU_FOR e» e= == JPN_FOR
30
15
25
L d
20 10 o
’—‘\\ ’—‘
15 "— v'
10 - \’——~~_\\ i [ 5
5
0
0 2288388588858 853
o < 0D O~ 0 0 O O O O O O O O O O 0O O O OO o o
o O O O O O O « AN N N N AN AN AN AN AN AN ANANANANAN
o O OO O O O o o
N N NN AN AN AN AN AN N

FP level (%) of selected countries (2000-2014)

Based on the Domar-based GVC TFP, we can further identify the country origins of the GVC
TFP of a specific country. From this, we can answer the question, “Which country contributes more
to the international competitiveness of a specific country?”

Table 6-1 shows each country’s contribution to the GVC TFP level of the US. From this, it can
be seen that Canada, Japan, and Germany have long been the three most important contributors to
the US’ GVC TFP. The contributions of China, Russia, India, and South Korea grew dramatically,
and China became the most important foreign contributor to the US” GVC TFP in 2014.

Table 6-2 lists each country’s contribution to the GVC TFP level of Japan. Compared with the
US, foreign contributions grew dramatically, especially those from China. The US, China, and
Australia have long been the top three contributors to the GVC TFP of Japan. The contributions
from China, Russia, and India increased many times during 2000—2014, and China became the
most important foreign contributor to their GVC TFP in 2014.
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Table 6-1: Each country’s contribution to the GVC TFP level of the US (%)

2000 2014
USA 93.3386 USA 90.0230
ROW 1.5898 ROW 2.4440
CAN 1.2060 CHN 1.3584
JPN 0.6979 CAN 1.3472
DEU 0.4303 DEU 0.6281
GBR 0.3953 JPN 0.5889
FRA 0.2984 GBR 0.4435
MEX 0.2724 MEX 0.4283
CHN 0.1961 KOR 0.3535
ITA 0.1809 FRA 0.3020
KOR 0.1681 ITA 0.2126
TWN 0.1497 NLD 0.1886
NLD 0.1307 BRA 0.1855
BRA 0.0992 TWN 0.1690
AUS 0.0788 RUS 0.1642
ESP 0.0774 BEL 0.1358
BEL 0.0758 CHE 0.1168
SWE 0.0742 ESP 0.1032
CHE 0.0726 IND 0.0933
RUS 0.0714 AUS 0.0830
IRL 0.0662 IRL 0.0816
NOR 0.0532 SWE 0.0726
FIN 0.0409 AUT 0.0559
IND 0.0339 NOR 0.0557
AUT 0.0321 FIN 0.0529
TUR 0.0316 TUR 0.0508
IDN 0.0299 IDN 0.0496
DNK 0.0275 POL 0.0406
POL 0.0170 DNK 0.0369
CZE 0.0111 CZE 0.0287
HUN 0.0091 HUN 0.0185
PRT 0.0086 PRT 0.0181
LUX 0.0068 ROU 0.0151
GRC 0.0060 LUX 0.0117
ROU 0.0053 SVK 0.0078
CYP 0.0049 GRC 0.0077
HRV 0.0030 LTU 0.0057
SVN 0.0023 BGR 0.0054
SVK 0.0021 SVN 0.0050
MLT 0.0015 HRV 0.0035
LVA 0.0011 EST 0.0034
LTU 0.0008 LVA 0.0020
EST 0.0007 CYP 0.0012
BGR 0.0007 MLT 0.0010
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Table 6-2: Each country’s contribution to the GVC TFP level of Japan (%)

2000 2014
JPN 93.7262 JPN 85.3558
ROW 2.1645 ROW 6.2179
USA 1.2316 CHN 2.0334
CHN 0.3748 USA 1.2519
AUS 0.3060 AUS 0.9158
KOR 0.2561 KOR 0.6267
DEU 0.2538 RUS 0.4745
CAN 0.2437 DEU 0.4356
GBR 0.2347 TWN 0.3297
TWN 0.1722 GBR 0.2907
IDN 0.1469 IDN 0.2821
FRA 0.1357 CAN 0.2787
RUS 0.0852 FRA 0.2095
ITA 0.0835 BRA 0.1511
NLD 0.0760 ITA 0.1356
CHE 0.0663 NLD 0.1117
BRA 0.0623 CHE 0.1040
BEL 0.0478 ESP 0.0901
SWE 0.0472 BEL 0.0777
NOR 0.0448 IND 0.0725
DNK 0.0352 SWE 0.0687
ESP 0.0347 NOR 0.0683
FIN 0.0248 DNK 0.0583
IRL 0.0242 FIN 0.0560
IND 0.0228 AUT 0.0446
MEX 0.0223 IRL 0.0383
AUT 0.0182 MEX 0.0326
TUR 0.0125 TUR 0.0325
POL 0.0087 POL 0.0310
LUX 0.0071 LUX 0.0225
GRC 0.0068 CZE 0.0190
CZE 0.0050 ROU 0.0135
HUN 0.0043 GRC 0.0131
PRT 0.0042 PRT 0.0118
ROU 0.0026 HUN 0.0115
HRV 0.0022 SVK 0.0058
SVN 0.0010 EST 0.0048
SVK 0.0009 BGR 0.0046
EST 0.0007 HRV 0.0043
CYP 0.0007 SVN 0.0040
LVA 0.0006 LTU 0.0040
LTU 0.0006 LVA 0.0030
MLT 0.0004 CYP 0.0019
BGR 0.0004 MLT 0.0014
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Table 6-3: Each country’s contribution to the GVC TFP level of China (%)

2000 2014
CHN 87.8275 CHN 89.8796
ROW 3.9580 ROW 4.4115
JPN 2.0045 JPN 0.7454
USA 1.1826 USA 0.7272
TWN 0.8744 KOR 0.7180
KOR 0.8266 DEU 0.5461
DEU 0.5591 AUS 0.4880
FRA 0.3940 TWN 0.4093
AUS 0.3363 RUS 0.2591
GBR 0.3258 FRA 0.2206
RUS 0.2242 BRA 0.1969
CAN 0.1762 GBR 0.1877
ITA 0.1637 CAN 0.1414
IDN 0.1595 NLD 0.1271
NLD 0.1257 ITA 0.1086
SWE 0.0997 IDN 0.1061
BRA 0.0833 BEL 0.0745
BEL 0.0805 CHE 0.0717
CHE 0.0780 ESP 0.0639
ESP 0.0679 IND 0.0595
FIN 0.0641 SWE 0.0567
IND 0.0419 AUT 0.0430
AUT 0.0410 NOR 0.0424
NOR 0.0407 DNK 0.0419
ROU 0.0369 FIN 0.0410
IRL 0.0368 TUR 0.0362
DNK 0.0346 POL 0.0317
MEX 0.0326 IRL 0.0295
TUR 0.0280 CZE 0.0234
POL 0.0213 MEX 0.0218
LUX 0.0157 LUX 0.0147
CZE 0.0135 HUN 0.0134
HUN 0.0122 ROU 0.0116
GRC 0.0082 PRT 0.0112
PRT 0.0075 GRC 0.0087
HRV 0.0062 BGR 0.0068
SVN 0.0027 SVK 0.0067
SVK 0.0022 SVN 0.0040
BGR 0.0013 LTU 0.0034
EST 0.0011 HRV 0.0033
LTU 0.0011 EST 0.0025
LVA 0.0010 LVA 0.0021
MLT 0.0009 CYP 0.0012
CYP 0.0009 MLT 0.0009
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Figure 6-5: Contributions to the GVC TFP level of China (%)
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6.4 Aggregate TFP at the Country-Sector Level

To further illuminate the gap of GVC and sectoral TFPs among countries, we calculated the TFP at
the country-sector level. GVC TFP is more closely associated with relative-price international
competitiveness, compared with sectoral TFP (Gu & Yan, 2017; Timmer & Ye, 2020). Figure 6-6
shows the results for the computer, electronic, and optical product sector. China maintained an
international competitive advantage over India and Russia in terms of GVC TFP, despite bearing
no advantages in sectoral TFP. This means that the final goods produced in China benefited the
world more than those produced in India or Russia. This provides answers to the question, “Which
country in which the final goods are produced is better at promoting global productivity?”’

The GVC TFP of China kept growing during the given period, whereas that of the US
decreased. Although the sectoral TFP of computers in the US was far greater than that in China, the
US was eventually surpassed in GVC TFP. Thus, GVC integration provides a new metric by which
developing countries can ‘“catch up” with developed economies in terms of international
competition. Furthermore, Japan, and Germany achieved increasing advantages over the US in
terms of the GVC TFP of computers, indicating the decreasing competitiveness of final products
made in the US.
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Figure 6-6: GVC TFP levels of computer (electronic and optical products) in selected countries

(2000-2014)

Next, we further identify the country origins of the GVC TFP of specific country-sectors.

Table 6-3 lists each country’s contribution to the GVC TFP level of the computer sector in the US.
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It can be seen that Japan, Canada, and South Korea have long been the three most important
contributors. Contributions from China, Russia, Brazil, and India grew dramatically, and China
became the most important foreign contributor to the GVC TFP in 2014.

Table 6-4 lists each country’s contribution to the GVC TFP level of the computer sector in
Japan. Compared with the US, foreign contributions to Japan grew dramatically, especially from
China. The US, China, and South Korea have long been the most important contributors, but the
contributions from China, Russia, and India increased greatly during 2000—2014. Notably, China
became the most important foreign contributor to the GVC TFP of Japan in 2014. Interestingly,
contributions from the US, the UK, and Mexico decreased dramatically.
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Table 6-3: Each country’s contribution to the GVC TFP level of the computer sector in the

US (%)
2000 2014
USA 87.6803 USA 86.8753
ROW 3.0751 ROW 3.3016
JPN 2.2397 CHN 3.1847
CAN 1.1531 JPN 1.0702
KOR 0.8797 CAN 0.8641
TWN 0.6843 KOR 0.7570
DEU 0.6263 DEU 0.6419
MEX 0.5882 MEX 0.5801
CHN 0.5294 TWN 0.3806
GBR 0.5153 GBR 0.3591
FRA 0.4085 FRA 0.2734
ITA 0.2219 ITA 0.1825
CHE 0.1500 CHE 0.1790
NLD 0.1266 NLD 0.1587
IRL 0.1260 RUS 0.1364
SWE 0.1194 BRA 0.1231
AUS 0.1069 AUS 0.0969
BRA 0.0969 BEL 0.0932
ESP 0.0875 ESP 0.0807
BEL 0.0865 SWE 0.0719
RUS 0.0823 IND 0.0695
IDN 0.0673 IRL 0.0657
AUT 0.0441 AUT 0.0591
NOR 0.0432 IDN 0.0546
FIN 0.0429 NOR 0.0466
DNK 0.0376 TUR 0.0430
IND 0.0349 DNK 0.0421
TUR 0.0294 FIN 0.0384
POL 0.0213 POL 0.0383
PRT 0.0151 CZE 0.0272
HUN 0.0145 HUN 0.0205
CZE 0.0125 PRT 0.0153
LUX 0.0108 ROU 0.0147
MLT 0.0106 LUX 0.0137
ROU 0.0072 SVK 0.0078
GRC 0.0069 GRC 0.0076
CYP 0.0039 BGR 0.0059
HRV 0.0037 SVN 0.0054
SVN 0.0032 EST 0.0034
SVK 0.0027 LTU 0.0033
LVA 0.0013 HRV 0.0032
LTU 0.0011 LVA 0.0017
BGR 0.0009 MLT 0.0016
EST 0.0008 CYP 0.0011
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Table 6-4: Each country’s contribution to the GVC TFP level of the computer sector in Japan

(%)
2000 2014
JPN 89.5445 JPN 81.7051
ROW 3.1093 ROW 6.4635
USA 2.5025 CHN 4.8955
KOR 0.8476 KOR 1.2501
CHN 0.7559 TWN 1.0817
TWN 0.7134 USA 1.0387
DEU 0.4247 DEU 0.56317
GBR 0.3189 AUS 0.4806
FRA 0.2332 RUS 0.2990
AUS 0.2214 GBR 0.2751
CAN 0.1674 CHE 0.2504
IDN 0.1512 IDN 0.2313
CHE 0.1302 FRA 0.2173
ITA 0.1116 CAN 0.1577
RUS 0.0833 ITA 0.1316
SWE 0.0796 NLD 0.1201
NLD 0.0784 BRA 0.1119
IRL 0.0740 ESP 0.0860
BRA 0.0640 BEL 0.0730
BEL 0.0629 IND 0.0647
MEX 0.0620 SWE 0.0623
ESP 0.0484 NOR 0.0512
NOR 0.0310 AUT 0.0506
DNK 0.0294 IRL 0.0445
AUT 0.0269 DNK 0.0412
FIN 0.0252 POL 0.0405
IND 0.0239 FIN 0.0390
TUR 0.0162 MEX 0.0382
POL 0.0117 TUR 0.0339
LUX 0.0093 CZE 0.0260
HUN 0.0082 LUX 0.0219
CZE 0.0072 PRT 0.0142
PRT 0.0060 HUN 0.0139
GRC 0.0056 ROU 0.0123
ROU 0.0039 GRC 0.0102
HRV 0.0029 SVK 0.0069
SVN 0.0016 BGR 0.0068
SVK 0.0015 SVN 0.0046
MLT 0.0014 HRV 0.0040
LTU 0.0008 LTU 0.0037
CYP 0.0007 EST 0.0032
LVA 0.0007 LVA 0.0023
EST 0.0007 MLT 0.0022
BGR 0.0006 CYP 0.0015
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6.5 Decomposition of aggregate productivity growth

Section 4.3 provides the decomposition framework of aggregate GVC TFP growth based on
Jorgenson’s framework. It can be decomposed into aggregate Domar-based GVC TFP and three
reallocation effects. The three reallocation effects include Intra-sector, Intra-GVC, Inter-GVC
reallocation effect (Inter GVC). Table 6-5a and Table 6-5b show the results of decompositions.

The AP Gppreyc after the financial crisis in 2008 was negative in many years, which is in line
with the economic downturn following the financial crisis. The intra-sector (within a GVC)
reallocation effect was overall negative, indicating that the reallocation among different channels
of intermediate delivery is difficult. In comparison, there were more positive values in intra-GVC
and inter-GVC reallocation effects. The information transmission is common within a GVC, which
promotes the intra-GVC reallocation. Due to asset specificity, job-hopping and capital reallocation
across GVCs (perhaps within the same sector) are highly possible. Despite the significance of the
reallocation within and across GVCs, they have long been neglected by studies based on sectoral
TFP.

By further decomposing the intra-GVC and inter-GVC reallocation effects into labor
reallocation and capital reallocation, we found that there are more positive values for capital than
labor, which indicates that capital flow was smoother than labor mobility.
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Tabel 6-5a: Decomposition of aggregate productivity growth (%)

APGPPFGVC APGPPFGVC
APGpomarcve | INtra-GVC Intra-GVC Inter-GVC RE_Y APGapreyve
Intra-Sector Inter-Sector
2001 | 0.3261 0.0392 -0.8571 1.4171 -0.2732 0.2880 0.0380
2002 | 0.5680 0.7490 -0.8380 0.7301 -0.0731 0.2024 0.3656
2003 | 0.0176 0.7834 -0.7945 0.2823 -0.2536 -0.5520 0.5696
2004 | 15069 1.4531 -0.6770 -0.2066 0.9374 0.2739 1.2330
2005 | 1.7241 2.0794 -1.6005 0.3392 0.9061 0.3136 1.4105
2006 | 22247 1.6622 -1.0602 0.6154 1.0073 0.3029 1.9218
2007 | 3.2511 2.2310 -1.2481 1.6567 0.6115 0.5047 2.7464
2008 | 3.0659 -0.3412 -1.3196 1.2119 3.5148 3.0570 0.0088
2009 | -2.0841 -2.2515 -2.5500 2.8753 -0.1578 1.1670 -3.2510
2010 | 4.3846 4.6128 -2.3436 1.0666 1.0488 0.5201 3.8646
2011 | 0.7334 0.8433 -0.9276 0.1432 0.6744 0.2697 0.4637
2012 | -1.5740 -0.3139 -0.7397 0.4678 -0.9882 0.2971 -1.8711
2013 | -1.5781 0.1138 -2.2842 1.1946 -0.6024 -0.5318 -1.0463
2014 | .0.2392 0.7812 -1.0651 0.2619 -0.2173 0.2264 -0.4657
Tabel 6-5b: Labor and capital reallocation effect (%)
Year Intra-GVC Inter-GVC

K L K

2001 | 1.4171 0.7382 0.6790 -0.2732 -0.4724 | 0.1992

2002 | 0.7301 0.2714 0.4588 -0.0731 -0.0660 | -0.0071

2003 | 0.2823 -0.1024 0.3847 -0.2536 0.1414 | -0.3950

2004 | _0.2066 -0.2995 0.0929 0.9374 0.6852 | 0.2522

2005 | 0.3392 0.0754 0.2637 0.9061 0.5205 | 0.3856

2006 | 0.6154 0.3836 0.2318 1.0073 0.5744 | 0.4329

2007 | 1.6567 1.2631 0.3937 0.6115 -0.0100 | 0.6216

2008 | 1.2119 0.6235 0.5884 3.5148 0.7413 | 2.7735

2009 | 2.8753 1.3878 1.4875 -0.1578 -0.8382 | 0.6804

2010 | 1.0666 0.6030 0.4636 1.0488 0.4747 | 0.5740

2011 | 0.1432 0.0557 0.0875 0.6744 0.2650 | 0.4094

2012 | 0.4678 0.1502 0.3176 -0.9882 -1.4573 | 0.4691

2013 | 1.1946 0.5149 0.6798 -0.6024 -1.0031 | 0.4007

2014 1 0.2619 0.0116 0.2503 -0.2173 -0.7410 | 0.5236
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7 Concluding Remarks

The rise of GVCs has rendered the “made in” sentiment an archaic symbol of a bygone era
because most products, especially manufactured goods, are now perceived as “made in the world.”
The traditional Jorgenson accounting method based on country- and sector-level TFP is limited in
explaining widespread international production fragmentation. This paper provides a systematic
framework for measuring GVC TFP by explicitly considering intermediate inputs as an endogenous
variable. Based on theoretical derivations, scenario analyses, simulations, and our recursive
approach, we provide the following major findings:

(1) We clarified the gap between the Domar- and Leontief-based GVC TFP, which serves as
an excellent bridge for understanding the relationship between sectoral and GVC TFP. Domar
aggregation based on sectoral TFP has been a widely used method of calculating aggregate TFP in
the literature. However, few scholars have noticed that the Domar approach can also be used to
analyze GVC TFP, and the differences between Domar-based GVC TFP and Leontief-based GVC
TFP remain unclear. We found that the intermediate products of a sector delivered to other sectors
or the same sector through different channels are assumed to be heterogeneous in the Domar-based
GVC TFP, whereas they are homogenous in Leontief-based GVC TFP. Based on the WIOD, the
aggregate Domar-based GVC TFP was 28.03% larger on average than the aggregate Leontief-based
GVC TFP during 2000-2014. This is a breakthrough revelation.

(2) We integrated GVC TFP into Jorgenson’s framework. Jorgenson provides a classical
framework for decomposing aggregate sectoral TFP growth. Based on this, we decomposed
aggregate GVC TFP growth into aggregate Domar-based GVC TFP and three reallocation effects:
intra-sector, intra-GVC, inter-GVC reallocation effects. The intra- and inter-GVC reallocation
effects were further decomposed into labor and capital types. The intra- and inter-GVC reallocation
effect has long been neglected by sector-level analysis studies. Hence, both GVC and sectoral TFP
are now unified in Jorgenson’s framework, and the empirical findings show the huge potential for
global labor and capital reallocations to promote global TFP growth.

(3) We pointed out the knife-edge feature of the Domar aggregation based on sectoral TFP.
That is, the Domar aggregation is valid only in closed economies. Pertaining to the national TFP of
an open economy, it fails to properly capture foreign value chains. However, measuring national
TFP in an open economy is a common approach in academic and policy studies. Furthermore, we
located the missing productivity of conventional share-weighted sectoral TFP approaches and APF
approach, which fail to resolve endogeneity issues. Importantly, the missing productivity accounts
for about 50% of the aggregate Domar-based GVC TFP during 2000-2014.

(4) Apart from our theoretical findings, we also made some interesting empirical findings.
First, anti-globalization does more harm for developing countries than developed countries in terms
of GVC TFP growth and the foreign contributions to GVC TFP. The contribution from China
dramatically improved the GVC TFPs of the US and Japan. Second, in terms of the computer,
electronic, and optical product sector, rather than India or Russia, China (where the final goods
were produced) was better at promoting global productivity. Although the sectoral TFP of
computers in the US was far higher than that in China, China has surpassed the US in GVC TFP.
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Thus, GVC integration provides a new metric that developing countries can leverage to catch up
with developed economies in terms of international competitiveness.

In summary, this paper answered, “Which country in which final goods are produced is better
for promoting global productivity” and “Which country contributes more to the international
competitiveness of a specific country?” The answers that we provided are expected to be important
to the further development of global and national economies. Moreover, we can also delineate the
specific country-sector origins of cutthroat technologies, which will provide even more practical
economic and policymaking guidance. However, we will leave this effort to future research.
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Appendix I. TFP measures

1.1 Snake v.s. Spider

The difference between sectoral TFP and GVC TFP could be seen in Figure 1-1 and Table I-
1. Figure I-1 depicts a simplified GVC, where y refers to the final product, and x;; (l;;, k;;) refers
to the output (e.g., labor or capital services) of sector i resulting from the final demand of sector ;.
The GVC TFP starts from the final product of Sector 1", which gives rise to changes in outputs and
inputs in various sectors via their input—output relations. However, sectoral TFP is concerned only
with the inputs and outputs of the sector itself.

Sector 4 L,y X1 kyy l,, Xs1 ka1 Sector 5
Sector 2 X21 Ly Iy 31 Sector 3
\ Sector 1

Sector 1 v

Figure I-1: Simplified GVC

Table I-1 presents a simplified input—output table. Although the calculation of sectoral TFP
requires only information from one column (dotted-line box), GVC TFP requires information from

the entire matrix (area in blue).

Table I-1: Simplified input-output table

Output Intermediate use Final use | Gross output
Input Sector 1 2 n Y X
1 X11 X1z o X Y; X,
Intermediate 2 X501 X5, v Xon Y, X,
input : : : :
n Xn1 Xn2 Xnn Y, Xn
Primary input L Ly Iy L,
K Ky K, Ky
Value Added Vv 4 v, |74
Gross Input X X X, Xn

1.2 Sectoral TFP

(1) Output-based sectoral TFP
Assume the output production function of sector i to be Cobb-Douglas:

@ This means that if a country only produces intermediate goods, there will be no GVC TFP for the country.
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x; = Fy(Ag; U ks my) = AL %k PimyYi (I-1)

The sectoral TFP growth based on gross output production function could be given as:

Pimg . Wili Rl_klkl (1-2)

Pix; t Pix; t Pix;

If the (direct) sectoral origins of the intermediates are considered, the growth rate of sectoral
TFP would be given as:

n  Pjxij . _Wili' Rik;

J=Lpp "V P b Py

AL =X, k'l (1-3)

where x;; denotes the output of sector j used as intermediate by sector i.
(2) Value added-based sectoral TFP
Assume the value added production function of sector i to be Cobb-Douglas:

v = F(Ai U, k) = AP (1-4)

The sectoral TFP growth based on value added production function could be given as:

Wil
%
Pi 141

. . . Rk
A, =7 [, — =
vl L L Pini

kl (I'S)

It is worth noting that the value added production function itself is problematic: it is not in line
with the producer’s behavior and thus a lack of microeconomic foundations; it fails to include the
contribution of intermediate inputs and thus overestimates TFP (Griliches, 1957; Domar, 1961); it
relies on the strict assumption on the separability between intermediates and primary inputs (Gollop,
1979).

(3) Sectoral TFP: output v.s. value added

Pl-Axl- = PiVAvi + Z?:l P]AXU (|'6)
v
Piv; . . Pixii .

>y =% - Y"1 I-7
P L i J=1p g, U (1-7)

Substituting (1-7) into (1-3) delivers:

|4 |4
A =Py _Wilip  Rikip o Pvi Wil
L= =

__ Rik; ( . Wili PiV‘Ui
Pix; t Pix; t Pix; t Pix;i t Pivvi

Pix;

P Riki
ll_ kl)_

v
P v;

A.m (|'8)

Therefore, the ratio of sectoral TFP based on output production function to that based on value
added production function equals the ratio of value added to output (Bruno, 1978; Gollop, 1979;
OECD, 2001).

1.3 Aggregate TFP

(1) Aggregate sectoral TFP: output v.s. value added
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Domar weight is proposed by Domar (1961), and then developed by Hulten (1978). Hulten
(1978) claims that Domar weight captures both the contribution of TFP to final demand and that
to intermediate inputs, which further deliver to the sectors using these intermediate inputs. It has
been widely used to measure aggregate TFP in the literature (Jorgenson et al., 1987; Gullickson
and Harper 1999; Triplett and Bosworth, 2004).

Based on Domar (1961) and Hulten (1978), we could express Domar weight as follows

bi _Z"i;‘l’vl -2
With some transformations, we have
I gt ¥t = Shen g o At = i Dy, (1-10)
?:12?111’:3/ ki = ?:1 Z?PI);:V lizzi : 1D i klk (I-11)
P ool = Sleasy o i = Ziea il (1-12)

Substitute (5-12)~ (5-14) into Equation (5-10), we could rewrite aggregate sectoral TFP
growth as:

|4
Pi Vi
Pix;

Pvl

A
l 12‘{11131‘/ Vi

Wilij _

iPPF _ 1 . \n Riki;  yn i
AT = Dz D Vi — R Dig ki — D= Dip L L1 DiA,

(1-13)

In addition, since the output share is smaller Domar share, the APG weighted by output
share (Watanabe, 1971) is smaller than that weighted by Domar share.
xi A iD
Fisr s < (-14)
(2) Aggregate Production Possibility Frontier

Considering the stringent assumptions by the APF approach, Jorgenson et al. (1987) propose an
aggregate production possibility frontier (APPF) approach incorporating Domar weight. The
approach uses output-based sectoral TFP, and thus does not require the existence of value added
function; it aggregates the sectoral TFP with a Domar weight, and thus does not require the
production function to be identical; capitals (or labors) are aggregated using Térnqvist index, and

thus the heterogeneity of primary factors are considered.

Vj . L; L ;

— n
APGpprsector = j=1 LV, vj — ;l - ;k (I-15)
: M. V.. M. Lj K, T : S} j SJK , 1 T
Xj = Sj mj+sjvj—sj m]+Sjl]+S]kj+U} :>U]—S—VIJ+S—VkJ+S—V'U}
] ] ]
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j=1 j=1 j=1 j=1
\4 L K
W S . 1 . Si . rk ;
j . T n V> w n V?2j
= APGPPFSector - ] 1_ij + ( j= 1(‘)] ylj _El) + (Zj:l wf ykf - pTvk> (|-16)
Where,
1’4
Pj‘lij
Y n_ply. Pjx; .
= ZjmPivif — ’V is the Domar weight.
st pivj z Pjv

pjxj

PV
¥ is the nominal share of value-added in gross output of a sector. s P’ Slmllarly,
jXj

B'mi oL Wili ok _ Rikj

Pjxj 'l Ppxi ) P

Y'is the nominal share of value-added of a sector in total value-added of the economy

14

WV = B v

J T yn 14

j=1F7 vy

i Whlhj . R k . P ml]
lj—Zthz]v ; ng gj My =i S PPy T

All the weights or shares are two-period averages, which has been omitted the for notational
convenience”.

Appendix II. Leontief-Based GVC TFP: Bottom-Up Derivations

1.1 Basic Settings

Following the canonical work of Solow (1957), we estimate TFP based on the Cobb—Douglas
production function.

x=F(4, 1Lk m) =AF(Lkm) = Al°kPmY (11-1)

For simplicity, our analysis is based on the following assumptions:
(1) Hicks-neutral technology progress: F(A,1, k,m) = AF (L, k,m);
Tk Pmm

(2) Perfect competition, hence factor elasticity, equals factor share: « = — ﬁ = Y=

(3) Constant returns to scale, hence output elasticities, sums to a unit: « + B+vy=1,
(4) Input prices used by all downstream industries are identical;
(5) Products for intermediate and final uses are separable, and their prices are the same.

OTorqvist Index is a “superlative” index to approximate the Divisia index in empirical analysis. See Diewert &
Nakamura (1993) for detailed introduction of the history of index numbers.
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Assumptions (1) and (3) indicate that the production function is homothetically separable, and
Assumptions (1) and (2) are the necessary conditions for producer equilibrium. Hence, we require
two steps to calculate the aggregate GVC TFP. The first integrates different production stages into
a complete value chain, and the second aggregates different value chains into a whole economy.

1.2 Integration: from a production stage to a whole value chain

Scenario 1: one stage
V1= A1lf1 kfl
Then logarithm of GVC TFP could be expressed as:
mASYC = InA, (11-2)
or, mAS"C = Iny, — a,Inl; — B,Ink, (11-3)
Scenario 2: two stages, one final sector + one intermediate sector (with input-output relation)
3’1 = Allflklﬁlx;/i
le = Azlgzkgz
12
>y, = Allflkfl [Azlg’zkzﬁz] t_ A1A12/1 [1;1112-’2]/1] [kf1k§271]

Then logarithm of GVC TFP could be expressed as:

InASVE = InA; + y,InA, (11-4)
or, mASVC = Iny, — (ailnly + v azlnly ) — (ByInk, + v, ByInk,) (11-5)
where y; = —if:;zll

Scenario 3: three stages:
— a1, P17
y1 = A1l Tk T x)
xp1 = Ay (11)% (kap)P? (x31)"?
>V = A1lf1kfl : [Az(lz1)a2 (kqp)P2 (9531)]/2]}/1
= (4,4%) - [1%(1,1) %] [kfl (k21)ﬁz1/1] (3717

x31 = Az(l31)% (k31)ﬁ3

= y1 = (AA5) - [k (o) %] [ () P21 | - [A3 (L) (s )P ]
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= (A AV ATY2) - [152 (Lyy) ®2Y1 (I3,) %a¥az] - [kfl (kyy)Bor1 (k31)ﬁ31/1)/z] (11-6)

Then logarithm of GVC TFP could be expressed as:

mASYC = InA; + y1InA, + y1y,InA; (11-7)
or, InASVC = Iny; — (aylnly + yrazlnlyy + yryaazinls;) — (Bylnky + v, Balnky; +
Y1Y2B3inksq) (11-8)
Pyx Pyyz1  P3X31 _ P3X3g
her — PaXgq — PaYa1 —
WRETE 1 Py’ 28 P1y1 Pyy2 P1y,

Scenario 4: n stages
Then, we could obtain the equation in n stages.

Moy vj- Ty Ty
yl — ?=1Ai j=17j-1 . ?=1(li1)all_[]=1y]—1 . H?:l(kil)ﬁln]=1y]_1 (“_9)
Taking logarithm on both sides delivers:

Iny; =Xty H§'=1 Yj-1Ind; + Yitt H§'=1 Yj-1 - ailnly + Xt H§'=1 ¥j-1 " Bilnk;;  (11-10)

H Vi o= Pixia Wilin _ Wiliy
j=1Vj-1" ¢ D1Y1 DiXia D1)1

__ biXi1.

where yo = 1; H§'=1 Vi-1 =Y1Y2 Vi1
Therefore, we yield the equation of logarithm of GVC TFP with sector 1 as the final good:
nASYE = S ey vy - Ind; = T, 222 - InA,
P11
= nA; + Y1 In4, + v1y:InAs + y1vs . Yn_1n4,, > In4, (11-11)

To note that ;7 11'[] 1Vj-1 =14y +yiye + -+ 175 Ly; > 1, which is weighted sum, as
mentioned in Domar (1961), rather than weighted mean, where the weights sum to unity.

or, nA§VC = Iny; — X [lcy Vo @ilndyy — X7y [Tmq ¥jmn  Bilnky

= Iny, - ¥, Wll”l Ly ?1;"”1 ki (11-12)

Jorgenson et al. (1987) take the ratio of weighted sum to simple addition of factors as the
quality of factors. If the quality of factors is included in technology change, then we could obtain
a measurement of GVC TFP based on simple addition.

lnAGVC Iny, —a-Inyly E'an}leu
TR, wil; TR, ik
= Iy, = =222 I B Ly =SS I B ki (11-13)

48



T wilin — Wil +walpg+-+wplpg | ﬁ_ — ThaTikia — r1k1+1kq 4+ +mkng
P1YV1 P1YV1 ’ P1Y1 P1YV1

where @ =

InY i, L(InYk, k;) is the logarithm of total labor (capital) input along the global value
chain resulting from the final output of sector j. & () refers to the output elasticity of labor (capital)
of the global value chain, which equals the capital’s (labor’s) output share according to the perfect
competition assumption. Simple addition, without using any weight, of the primary inputs along
the global value chain makes sense because they contribute to an integrated process.

1.3 Aggregation: from value chain to whole economy

Scenario 1: one stage, with two final goods (no input-output relation)

— a,Bi. — azq, B2
Vi = Alll kl Yo = Azlz k2 (11-14)
. P. i P. i
= [nAleontiefGve — __Piy1 nAll,eontLefGVC _2Y2 nAgeontlefGVC (11-15)
P1y1+Py> P1y1+Py2

Scenario 2: n stages, with n sectors (complex input-output relations)
Then, we could obtain aggregate GVC TFP:

i Piyj LeontiefGVC
ALeontiefGve — yn 1Yi nAE f

ln j—
—1on
J Z]'_—ll jYij J

n _Piyi | n _Piyi yn Wil n _Pi¥i yn Riki

b ny; — 2i- " Inl;; — X' - Ink;;

=1lyn Ay =1lyn iy =1 p .. i =1lyn iy =1 p ... i

J=E R Pj J J= R Py Pjyj J J= Y Pjyj Pjyj J
oy P gy, yn BiWiliinly  gn Bz Rikijlnki

J=E 3 PyYj J J=F X Py J=8 X Pjyj

wn Py Yjoa Zita Wilijinlij Y74 Bilq Rikijink;

= )i -lny; — 11-16
=T Ry Y TjPjy; Tj1 Pjyj (11-16)

where [;; refers to the embodied sector i’s labor services for producing final goods j.

Then we consider an open economy, where lnAff"”ti"’f V€ is the GVC TFP of sector j in

country s. Then the world TFP would be

i Pjsyj LeontiefGVC
LeontiefGVC — y'n m JsYJs
InA feve — j=1Zs=12—n SNIED InAjg (n-17)

j=1 s=1" ]SV ]S

Where 37_; ¥5%1 Pisyjs is the world GDP (value of final output). P;sy; refers to the value of

final output of sector j in country s. Though all sectors are considered to have only one type of
direct intermediate input in the above models, the situation involving various types of intermediate
inputs could also be extended in similar ways.

1.4 Weights for integration and aggregation
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M
Aoaties = 200 and L, Ty yja > 1, while

The weight for integration is H§-=1Vj_1 == Py
111 1Y

Z, 1P1 . , and Z, 1% =1. At first sight, the two weights
are different. The rationality behind, however, are the same. For simplicity, we assume there are
only two sectors:

Suppose that the output of sector 2 is used as the only intermediate inputs by sector 1.

the weight for aggregation is

v = ALKk xy, = 4,102k (11-18)

Then InALeontief6Ve = PVs a4 P2X21 1 40 This is a kind of integration because both
1 P13’1 Py

sectors are only part of the production process.
Further, we suppose that both sectors are final sectors, without input-output relation with each
other.

vi = 415K5; y, = 4,152K5 (11-19)
Then [nALeontiefGve — _ Piv1__p, pLeontiefGVC | PaYa 1, pLeontiefGVC ypiqic 4 kind of
P1y1+Py, 1 P1y1+Py, 2 '

aggregation because both sectors involve integrated production process.
The two weights are different. Whereas the sum of integration weights is greater than 1 ( B

1 1

Pyy21 Py, Py,
—=22£1>1), that of aggregation weights equals 1 =1).
P1yq )' ggreg 9 g (P13’1+PZYZ P1y1+Py; )

However, the two weights share a similar logic. While integration weight could be explained
as the ratio between output value final to the production stage and output value final to the whole
production process (one value chain), aggregation weight could be explained as the ratio between
output value final to the whole production process and output value final to the whole economy
(including all value chains).
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Appendix III. GVC TFP: Domar v.s. Leontief

111.1 Two sectors

x1 = F1(Ay, 1y, kg, x40, %21) 5 X0 = Fp(Ag, by, kg, xq2)

1. APLeontiefGVC

e[ r=[i)

demand, z is the matrix of intermediate input, ¥, x;; + v, = x;

X12

_ [x11
X22

X21

Y1 = X1 — X117 — X2 = X1 — A11X1 — A12X3;

Y2 = X3 — X1 — Xp2 = X3 — A1X1 — Ap2X3

(In-1)

], where x refers to the vector of output, y is the vector of final

We assume that the prices of output and intermediate input are equal to one. Then we have

a;; A4 Xij
=>A=[ ]wherea~-=—’
ar Ayl Uoox
1—a —a
A= 11 . 12 ]
—daz; —ap;

Then the Leontief inverse matrix can be expressed as

C12

C11 _ 1-A)* 1 1—-a a
c=[ ]=U—A)1=( Y _ 2 %2 )
€21 C22 [1-A| (1-a1)(A-az)—apax | Apq 1—ay
CI — 1 [1 - a22 a21 ] (I“'3)
(1-a1)(A-az)-apaz1 | Qq2 1—ay
- CY = [Cn Clz] Y1 _ [0113/1 Clzyz]
€21 C22 ¥, C21Y1 C22Y,
[ 11 I ] [ 11 I wily wily
L |y — 1Yy 7 ¢12Y, 1Y, —_C12Y,

o _ |x X1 1 _Ix X1 v X1 X1 -
CY = lZC lZC y = lzc lzc => (Y= Wzlzc Wzlzc (1-4)
5, G215, €z 2 , 211 % 223’2_ x2 214 x2 22Y;

[ky kq [k1 ky i riky riky
—c —c —c —c c —cC
cy=|m 1 3 G|y, = 11V, o 12V, P 11Y4 o 12Y5 (111-5)
kS = |k, c ko c y - kzc ko c K% ™ [k, c roky c
5, C21 ez 2 %, 21Y1 xZ 223’2_ % 21Y1 xZ 22Y,
LeontiefGVC wil; rik .
InA; TGVC — Iny . — ey, Inly — Y ey + Inkg; (=1,2)  (111-6)
J X; J X; J
AP 2 Vj l ALeontiefGVC -7
= LeontiefGVC — Zj:l 2 v ' ( - )
j=1
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2. APDomar

(1) APDomarSector

wql Rk x x
InA; = Inx; — =+ Inl; — 2 % Ink; — = x Inx;; — 2 = Inxy,
X1 X1 X1 X1
Wol Ryk x x
InA, = Inx, — 2%« Inl, — == = Ink, — =2 * Inxy, — =2 * Inx,,
X2 X2 X2 X2

Therefore, we have the Domar aggregation based on sectoral TFP:

_ 1 Xy _ 1 lnA1
APDomarSector - y1+Y; lnAl + V145 lnAZ - V14, (xpxz) [lTLAz
Where
>lnA1:| _ [lnxl] N S [lnll] N ! [lnkl] Nk [lnxll] _
_lnAz o lnxz M lnlz RZ_kZ lnkz X2 lanl
X2 X2 X1
12
X2 [lnxlz]
X22 lanZ
X2
(2) APDomarGVC

— a1, B1.,Y11.,.Y21 . _ azy B2, V22..Y12
x1 = Al Tk T x Tt xo1t s xp = Al kG A5t xg

X[j

M, =
6ij _xii]/l] = Qjj _xj

— a1 ,B1.,.Y11.,.Y21 _ ai1,B1.,.711 z1,B2..V22..Y12
X, = A1l kg = A [k X1 (8214212 k5 2 x50 x5 )Y

X11 %21

= Inxq = Indq + a,Inly + f1Ink, + y11In611 + Y11lnxq + v21Indy1 + Y21InA; +
Y21a20nly + y1Bolnk; + ¥21712In812 + V21V12InX1 + V21V22In8,22 + V21V 22InX,

= lnAé)omarGVC — lnA1 + ylllnA?omarGVC + y21lnA2 + y21y221nA12)omarGVC +

DomarGVC
Y21Y12(nA7

> A -y - V21V12)lnA?omarGVC - V21Y221nAgomarGVC = [nA; + y1lnA,

— 21,82, Y22, Y12 _ 27,82, Y22 ay7,B1,.¥11,.V21 Y
Xo = Aply k5" X557 x15" = Aply " k57 X557 (812A1 Ly Ky Xy 1 X1 )2

= lnxz = lnAZ + ar lnlz + ﬁzlnkz + y22ln622 + yZzlan + ylzln621 + ylzlnAl +

Yi2a1lnly + y12B1Inks + y11¥12In611 + V11V12lnX1 + V12Y21I1821 + Y12V21lnx;
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(111-8)

(11-9)
(11-10)
(IN-11)
(IN-12)
(IN-13)
(11-14)
(111-15)
(111-16)

(IN-17)



= lnAlé)omarGVC — lnAZ + yzzlnAé)omarGVC + V1zlnA1 + yllylzlnA?omarGVC +

V12V21InAZOMATEVe (111-18)
= —Y12V11IMAPOEVE + (1 = 25 — Y12V21) INAZOCVE = yplnd; + Ind, (111-19)
(1 =11 — V21¥12) —Y21Y22 ] [ ADomaTGVC] [ Y21] lnA1] (111-20)
—V12V11 (1 = ¥22 — Y12V21)] [ InA§omarcve Y12 InA,
ED=TS (I11-21)

|E| = (1 —y11 — Y21¥12) (1 — Y22 — Y12¥21) — Y21¥22V12Y11
= (1 = y12720[(1 = v11) (A = ¥22) = ¥12V21l

. _E_ 1 [1 — Y22 — V12Y21 Y21Y22 ]
|E| |E| Y12Y11 1—-v11 = V21V12
1 _ 1 [1 = V22 — V12V21 V2122 1 vl _
EiT=21 =
|E| Y12Y11 1=y11— VoVl vz 1
1 [1 — Y22 — Y12V21 T Y12V21V 22 Y21 — V21¥12V21 ] _
|E| Y12 — Y21Y12V12 Y21Y12YV11 + 1 — V11 — Va1V12
1 1—ay axq ] ’
= 11-22
(1—a11)(A—azz)—ajzaz; [ ap 1—ay ¢ ( )

=>D=C'S

pomarcvc _ (1—azz)ind;+az lnd, _
InAy = (111-23)
(1-a;11)(1—ayz)—asaz;

InADomarGve _ a;zlnA;+(1-aq,)InA, (111-24)
2 (1-ay1)(1-azz)—as2a2;

= AP )N lnADomarGVC 42 lnADomarGVC ( ) lnADomarGVC
DomarGVC — Vit+Ys y1+y2 2 Vi + Y1 Y2 In ADomarGVC
(111-25)
Y x '
cY=X=c[))] =[] = 00 = Geix) (111-26)
(1-as2a;1) (1-ayy) azi ] [lnA1] [lnA1]
= 11-27
1, y2) [(1-a11)(1—azz)—a12a21](1-a12a21) [ 2EP) (1 —a;]lind; (1, %2) InA, ( )
N lnADomarGVC (1-ay;)InAs+az,InA, (111-28)

(1-a;1)(A—az)—ajzaz;
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lnADomarGVC ay2lnA;+(1-aq1)In4, (11-29)
(1-a;1)(A—azz)—aiaz;
where,
— [Cll ] (I A) 1 ( - A)* 1 1-— (05%) aiy
€21 C22 I—A]  (1—a;)(1—ay)—apayl a1 1—apy
Proof 1: APDomarSector = APDomarGVC
Y1 V2
AP — lnADomarGVC + lnADomarGVC
DomarGVC Vi +y2 1 V1 +y2 2
X1 — QX — A11X1 (1 - azz)lnAl + alenAz
Y1ty (1 —a11)(1 —azz) — arpay
Xy — Qp1X1 — QX3 alzlnAl + (1 — all)lnAz
Y1ty (1 —ay1)(A —azy) —agpay
(1 — a12%; — a;1x) (1 — azz) + (xz — az1 Xy — azxz)aq;
= lnA1
(1 + 21 = a11) (A = azy) — as2a]
(X1 — a12X; — ay1x1)azq + (X — azx1 — azx2)(1 — aqq)
nA,
1 + 21 = a11) (A = az;) — as2a,]
(M =a1)(1 = agy) — agza,] InA
1 + ¥ —a1)(A - az) — appan]
X [(1—a 1—ay)—aa X
2[( 11)( 22) 12 21] nAZ — 1 lnA1 + lnAz
1 + )[4 = a11) (1 — az,) — arza,] Y1ty Y1ty
= AP pomarsector
Proof 2 : APDomarGVC > AP_LeOTltlefGVC
InAXmTVE = Iy — [cyy * ( 11 nlyy + 2 ~tinkyy) + c21( 2 Inlyy + 222 4 ink,y)]
; (1- azz)( i Lelnlyq + sl 1*lnk11)+a21( Zz*lnl 1+ Zzz*lnk21) _ 1
=T (1-a11)(1-azz)—asza21 Wy
(1—az) (Inx; —ayInxg 1 —ay Inxyg —InAy) +az (Inxp —agp lnxyp —ag, Inxyy —ind,)
=lIny, —
(1-ay1)(1-azz)—aszaz 1
(1—app) (Inxy —ayy Inxyy —az Inxpy) +ag (g —agplnxgp —ayyinxg,) | (1—aj;)Indy+ay,ilnd, (11-30)
(1-a11)(1-azz)—azaz1 (1-a11)(1-azz)—as2a21
lnA]l)omarGVC _ lnAIieontiefGVC _ (1—a22)(lnx1—a11lnx11_—a21lnle)+ail(lnxz—amlnxlz—azzlnxzz) _ lnyl —
(1-a11)(1-azz)—as2a21
(1—az2) (nxy —ayyInxy1) —ay20z1 X1z +0z1 [Inxa —agalnigy—(1—azp) Inxp ] _ _ _
(1=a11)(1-az)—aspaz; ln(x1 X11 xlz) =
—a11(1-a57)In811—a12021 815+ az1 [1-ap3 Indpp—(1—app)Indp1] In(1 =8y, — 815) > 0 (111-31)

(1-a;1)(1-azz)—ajzaz;
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LeontiefGVC
= [nAPomaréve > InA; s

= APDomarGVC > APLeontief

111.2 Three sectors

xy = F1(Ay, Uy, ey, %01, %91, %31); X2 = Fo(Ag, Ly, kg, X12, %05 X33 ); X3 = F3(A3, U3, k3, X13, X3 X33)

(11-32)
For convenience’s sake, we use a Cobb-Douglas function.

— 17,81.,.Y11.,.Y21,.Y31. — az1,B2..¥12,.V22 .. V32. _ @z 1,B3..Y13,.Y23,.Y33
X = Agl Tkt a1 xgtt Xy = Apl PRSP P x5 g5t x3 = Azl kP a5 xsd (111-33)

1. APLeontief

X1 V1 X11  X12  X13
x=|X2|,y=|Y2|,z=|X21 X22 X23]|, where x refers to the vector of output, y is the vector
X3 V3 X31 X32 X33

of final demand, z is the matrix of intermediate input, ¥, x;; + v, = x;
V1= Xq = X113 — X12 — X13 = X1 — Q11X1 — Q12X — A13X3,
Y2 = X3 = X1 = X2 T X23 = Xz — Gp1Xq1 — GpX2 — Ap3X3
Y3 = X3 = X31 — X33 — X33 = X3 — (431X1 — A32X2 — A33X3

We assume that the prices of output and intermediate input are equal to one. Then we have

11 A1z dq3
X
= A= |01 a2 Aa3|,wherea;; = f
a3 a3z a3z !

1—-ay, —ai; —asis
= I —_ A = _a21 1 - azz —a23
—asi1 —as; 1—as;

The Leontief inverse matrix can be expressed as

[C11 €12 C13 .
C=|C1 Cpp C3 =(I—A)_1=%=
[C31 C32 (33
. [(1 - az,)(1 = a33) — az3as; a;z(1 — azz) + aszas; a12a;3 + a13(1 — az;)
-a| ay (1 — as3) + axaz (1 —ay1)(1 —az3) — as3as ay3(1 — ay1) + ag3a;
azas; + (1 —az)as az;(1—ayq) + ajzas (1= ay1)(1 = azy) — aspay

(111-34)
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€11 €12 c13]|N1 C11yy C€12Y, C13Y3
=>CY =|C1 Cp2 (23 v, = [€21Yy C22Y, C23)3
C31 €32 C33 Vs €31V, €32Y, C€33)3
Wil Wil Wil Ryky Rikq Ryky
—c —c —c c —cC c
) 11Y1 ) 12Y, ) 13Y3 ) 11Y1 ) 12Y, ) 13Y3
- Wsl, Wy Wi, - | Rk, Ryky Ryk,
=|—c —=c —=c = c —c c
Cc.Y Y, G211 T Ca2Y, T CasYs CxY Y, 1Y T CYy T CasYs
W3l Wsl3 Wsl3 R3k3 R3ks R3k3
c —c —c c —c c
w311 T 62Y; T C33)s v 31Y1 T G2y T C33)s
LeontiefGVC __ 3 Wil _ ¥3  Riky i
lnA] = lnyj i=1 _XL- Cl.]y] * lnll i=1 _Xi Cl]y] * lnki 0—1,2,3)
3 Vj LeontiefGVC
= APpeontiefeve = Xj=173 InA;
f J XY J
2. APDomar
(1) APDomarSector
Wyl Rk X;
Ind, = Inx; — L« Inl; — 2L« Ink; — Yo, 2L« Inx,
1 177 1 1 i=1 i1
1 X1 X1
Wol Ryk X;
A, = Inx, — —22x Inl, — =22 x Ink, — Y3, “2 = Inx;,
X2 X2 X2
Wil R3k X;
Ind; = Inx; — =2 xInl; — =2« Inky — Yo, 22 « Inx;
3 3 X 3 3 i=1 i3
3 X3 X3

— V'3 Xi
= AP pomarsector = Zizl 3 .lnAi
i=1YVi

(2) APDomarGVC
— ay1,B1.,.¥11,.Y21 . V31. — az1, B2, V12, Y22, V3z. — azy, B3 Y13..V23
X1 = Aqly Ty T X1 Xa1Ts X = Aply P RGP X5 X5 X557 X3 = Asly TRy a3 x5
Y o
6ij - x;' Vl] - al] - X;

— a11,B1..Y11.,Y21.,.Y31 _
x1 = Al kg Ty, sy =

a17,P1 @z 1,B2.,.Y12.,.Y22.,.V32 azy,B3..V13
Al Ry (011x1) 11 (82145052 k52 x 52 x5 52 x5 52 )21 (631 A3 3 kg x 3 x5 243

= lnxl = lnA]_ + allnll + ,Bllnkl + yllln611 + y:lllnxl

Y23 Y33)y31

(111-35)
(IN-36)
(IN-37)
(11-38)
(11-39)
(111-40)

x33 (111-41)

(11-42)

+Y21In621 + ¥21lnd;y + va1azlnl; + ya1 Brlnk; + v21¥12In612 + V21V 12lnxg + y21722Mn65;

+ ¥21Y22lnx; + ¥21V32In83; + V21V32lnx;
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+v31lnd31 + ¥31lnA3 + y31a3inls + y31f3lnks + 317130613 + ¥31713lnx, +
Y31Y23Indz3 + ¥31¥23Inx3 + ¥31Y33Ind33 + ¥31¥33lnx3 (111-43)

= lnA{)omarGVC = InA, + ynlnAll)omarGVC +y,,In4, + y21y12lnAll)omarGVC +
V21Y22InA2°MVE + y31y32 ATV + 31 InAg + y31Y13InATOTTEVC 4

Va1V lnADomarGVC+y y [nARomarGve 111-44
31723 2 31733 3

= (1 = Y11 — V21¥12 — V31V13)InAT™EVE — (y51705 + V31¥23) InAROMATEVE —

(V21V32 + V31V33)INASOEVE = InA; + y,51InA, + v311n4; (111-45)

_ z1,B2.V12.,.Y22.,.V32 _
X = Aply Ky X157 %557 X35" =

Ay 122152 (8., 4,150 1P Yy Y2 Vayna (8, x, ) V22 (85, 45130 kP V1 Y23 1 Y33y Ye2 (111-44)
= Inx, = Ind, + aylnl, + Blnk, + y5,Iné,, + Volnx,

+Y12In615 + Y12InAq + yipaqInly + y12f1Inky + V12711611 + Vi2vidnxg + y12¥21In624
+ V12V21InX3 + Y12¥31In831 + Y12¥31lnx3

+y32lnd3; + y32InA3z + y3 asinls + yso3lnks + y35y13In613 + v32¥3lnxg +
Y32V23In623 + ¥32¥23InX5 + V327330033 + ¥32¥33lnx3 (111-46)

= lnAgomarGVC — lTlAz + yzzlnAé)omarGVC + V1zlnA1 + ylzylllnA?omarGVC +
y12y21lnA12)0marGVC + ylzy?’llnAgomarGVC + y3zlnA3 + ¥32¥13 lnAll)omarGVC +

Y32Y23 lnAgomarGVC + Y32V33 lnAé)omarGVC (| I |_47)

DomarGVC DomarGVC
A; A7 -

= (1 —¥22 — V12V21 — V32V23)In — (Y12Y11 T ¥32¥13)In
(V1231 + V32V33) AT VE = InA, + y1,InA; + y32lnds (111-48)

a
X3 =A3l33k§3 V13,.Y23,.¥33 _

X13 X3 X33 =
azq, B3 a17,B1.,Y11.,.Y21.,.Y31 az1,B2..Y12.,.Y22..V32
A3l k3® (613411 Tk g1 a1 x5 Y13 (8,234,152 k5 2 x 52 x5 52 X552 ) Y23 (833 x3) Y33 (111-49)

= lnx3 = lnA3 + as lnl3 + ‘B3lnk3 + Y33ln633 + Y33lnx3

+v13ind13 + Y13InAq + yizaqlnly + yi3fiInky + y13v11n611 + Y13¥V11lnxg + y13¥21In62,
+ Y13Y21lnxz + y13y31nd31 + Y13¥31lnxs

+Y23lnd,3 + Vo3lndy + yazazinl; + ya3falnk; + ya3v12n61; + V23¥12lnx, +

Y23Y22In822 + V23V22Inxy + y23732In835 + Va3V32lnx; (111-50)
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= lnAé)omarGVC = lnA; + y33lnAé)omarGVC + y13lnA; + )/13)/1117114?0""”61/(: +
V13Y21IMAROTTEVE 4 y13y31INAROTATEVE + yp3ind; + Yo3y 1 INATOMTEVC +

Ya3Y lnADomarGVC+y y [nARomarGvc 111-51
23722 2 23732 3

= (1 — Y33 — Y13¥31 — V23¥32)IMAEVE — (y13y11 + Va3y10) INADOMATEVE —

(V13V21 + V23Y22)INAROVE = InAs + y13InA; + ya3inA, (111-52)

(1 = Y11 — Y21Y12 — V31¥13) —(V21Y22 + ¥31Y23) —(Y21Y32 + ¥31¥33) InApomareve
—(Y12¥11 t ¥32¥13) (1 = ¥22 — Y12Y21 — V32¥23) —(¥12¥31 t ¥32Y¥33) lnAgomarGVC
—(V13¥11 + Y23Y12) —(V13¥21 + V23Y22) (1 —y33 — Y1331 — Y23V32) | [InAfomaréve

InA; +y21lnd; + y31Ind; 1y vai][lnd
= |y12lnA; + InA; + y33InAs| = |yi2 1 y32||InA;
Y13lnA; + y,3lnA; + InAs Y13 Y23 1 IlinA;
ED=TS=>D=E'TS=C'S (111-53)
where €' =
(1 = az)(1 — as;3) — azas; a1 (1 — ass) + axzaz; azaz; + (1 —ay)asz
—al a;p(1 — ass) + agzas, (1 —=ay1)(A — as3) — agzaz asy(1—aqq) +agpas
1203 + ag3(1 — ay,) a3(1 —ayy) +agzay (1 —ay)A —ay) —apay

[I—Al =1 —a;1)(A—az)(1—azs) — (1 —agg)azsas, — (1 —azz)agzaz; — (1 — aszz)agay

— A12023031 — A13Q21033

The Domar-based GVC TFP could also be calculated with the help of Leontief inverse:

Y1 X1 nA, InA,
CY=X=> C[}’z = [‘xz = (yl,yz,y3)cl lnA2 = (xl,xZ,X3) lnAZ
y3 x3 lTlA3 lnA3
lnA?omarGVC lnAl
= |InARomarGVe| = ¢’ |InA, (111-54)
lnAé)omarGVC lnA3

3
— i DomarGVcC
= APDomarGVC - E 23 lnAi

It |S not dlffICU|t to prove that APDomarSector = APDomarGVC > APLeontiefGVC
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