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This paper develops a multi-country, multi-sector model with heterogeneous firms and
endogenous entry to study how export fixed-cost shocks propagate through global pro-
duction networks and affect aggregate welfare. We characterize equilibrium propagation
using two endogenous network statistics, supplier centrality and consumer centrality,
which summarize upstream and downstream transmission across the joint production-
trade system. The model delivers three main results. First, once endogenous firm selec-
tion and production networks are jointly considered, standard sufficient-statistics results
are no longer sufficient for welfare analysis because welfare changes additionally depend
on endogenous adjustments in consumer centrality. Second, export fixed-cost shocks re-
shape the extensive margin of trade and generate cascading effects across countries and
sectors through input-output linkages. Third, welfare effects can be decomposed into a
negative variety effect caused by the contraction in firm mass and a positive selection ef-
fect driven by improvements in weighted productivity. To quantify these mechanisms, we
study China’s rare-earth export restrictions during 2006–2014. Difference-in-differences
estimates show that downstream sectors more exposed to rare-earth inputs experienced
significant declines in export participation and export values, while upstream sectors ex-
hibited positive responses.

I. Motivation

Non-tariff measures (NTMs) are used in trade settings more and more frequently when conventional

tariffs have steadily declined. Figure 1 shows that the number of Sanitary and Phytosanitary (SPS) and
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Technical Barriers to Trade (TBT) notifications submitted by WTOmembers has increased sharply since

the mid-1990s. While heterogeneous in form, a key feature of these NTMs is that they directly operate

through fixed export costs (Calì et al., 2026). Compliance with product standards, certification require-

ments, technical regulations, and inspection procedures typically entails sizable sunk or fixed expendi-

tures that firms must incur before exporting to a given destination. NTMs not only directly affect firms’

entry and exit decisions in destination markets, but also influence adjustments in export decisions across

other destinations and the domestic production decision (Melitz and Redding, 2014; Crowley, Meng and

Song, 2018; Cui and Li, 2023).

These adjustments also propagate beyond their own industries through input-output linkages (Baqaee,

2018). Focusing on the closed-economy production network, Baqaee (2018) shows that ignoring the ex-

tensive margin can substantially underestimate their aggregate effects in production networks. Although

some studies examine the effects of trade liberation or tariff reduction in multinational production net-

works (Caliendo and Parro, 2015; Baqaee and Farhi, 2024), little is known about how fixed-cost shocks

propagate across countries through production and trade linkages.

Figure 1. The number of SPS and TBT notifications from 1995 to 2025

Notes: these data come from https://www.epingalert.org/en/FactsAndFigures/Notifications

In this paper, we model NTMs as fixed costs in our model and explore the general feedback of adjusting

fixed costs in a multi-country production network. We characterize the consumer and supplier centralities

in a multi-national setting, which implies that production networks of all the countries interacting with

the global trade network have an influence on the supplier and consumer centrality of all the countries
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and industries. The consumer and supplier centralities reflect the importance of one sector acting as a

consumer and supplier, respectively. The former measures the upstream effect and the latter measures

the downstream effect. Three production structures, including ordinary input-output network, horizontal

economy as well as vertical economy, are discussed to clarify the propagation channels of shocks. We

illustrate the responses of two centralities to the changes in trade share and mass of firms under two

industries and countries. Our numerical results show that the propagation of trade shocks is not an inherent

feature of shocks themselves, but is entirely governed by the structure of production and trade. We also

rewrite the formula of export values, import values and domestic market size.

Next, we decompose welfare into three parts, i.e. changes in consumer centralities, tariffs, and cumula-

tive market shares of exporting firms. Changes in consumer centralities capture responses of production

networks to shocks, and changes in the cumulative market shares of export firms reflect the firm re-

allocation effects. Our results are complementary to the existing sufficient-statistics literature. When

firm selection and network structure are exogenous, our framework collapses to the familiar sufficient-

statistics results. When they are endogenous, welfare analysis necessarily requires accounting for entry

and network effects. We also compare our results with Baqaee (2018), and find that the effects of fixed

costs on welfare face a trade-off between changes in varieties and productivity reallocation.

Finally, we quantify the effect of China’s rare-earth export restrictions (CREER). Our descriptive results

show that CREER substantially reduces China’s rare-earth export values and reshapes the composition of

exporters. It also generates price responses larger than those typically associated with tariffs. Reduced-

form results show that CREER generates substantial spillover effects on the extensive and intensive trade

margins across sectors through input-output linkages, highlighting the importance of production networks

in shaping the aggregate consequences of trade restrictions.

The first strand of literature related to our paper is about production network. Acemoglu et al. (2012) ex-

plain the origin of aggregate fluctuation from the production network. Acemoglu, Akcigit andKerr (2016)

construct a multi-sector general equilibrium model under the perfect competition to build up the micro

foundation of traditional production network (Leontief, 1936). Baqaee (2018) introduces the monopoly

competition and love of variety into multi-sector general equilibrium model and find that entry and exit

of firms increase the aggregate fluctuations. However, these models are single-country and ignore the

effect of trade network. The most related to our paper is Baqaee and Farhi (2024), and we still have two
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major differences: one is that Baqaee and Farhi (2024) construct a global network from the perspective of

national accounts by using the heterogenous-agent input–output, but we explicitly show the roles of trade

network and production network in propagation and reconstruct the inter-national input-output table by

using a general equilibrium model. The other is they focus on the impact of tariffs and other wedges on

the aggregate measures, such as GDP, GNI as well as welfare, while we pay more attention to the impact

of adjustment of the export fixed costs on the welfare and are likely to describe the propagation channel

of shocks through production network and trade network.

The second strand of literature related to our paper is about the quantitative trade literature (Eaton and

Kortum, 2002; Melitz, 2003), which concentrate on the effect of tariffs (i.e. trade liberation) on the ag-

gregate outcomes and welfare but ignore the role of firm entry or exit responding to these changes. Eaton

and Kortum (2002) and Caliendo and Parro (2015) focus on inter-industrial trade based on the Ricardian

comparative advantage theory, while Krugman (1992) and Melitz (2003) emphasize the importance of

intra-industrial trade, which is extended to a multi-industry model by Hsieh and Ossa (2016), in order to

explore the effect of Chinese technological progress on the global welfare. While a large literature ex-

amines the effects of tariff changes on aggregate outcomes, our paper complements this line of research

by focusing on export fixed costs.

Another body of work related to our paper is empirically evaluating the effect of NTMs or fixed cost on

economic consequences (Brandt, Kambourov and Storesletten, 2026; Calì et al., 2026; Calì, Le Moglie

and Presidente, 2024; Cali and Montfaucon, 2021). Brandt, Kambourov and Storesletten (2026) shows

entry barriers are the regional differences of wage and productivity, and the reform of state-owned firms

removed entry barriers and promoted convergence of economic outcomes among regions. Cali andMont-

faucon (2021) find that NTMs reduce the survival of firms in export markets as well as the intensive and

extensive margins of their exports, which leads to more negative effect than import tariffs. Calì et al.

(2026) show that NTMs raise the cost of imported intermediate inputs, limiting firms’ access to cheaper

inputs from China and thereby reducing their export sales and resilience to shocks. Some literature ex-

plore the effect of CREER on cumulative abnormal return (Müller, Schweizer and Seiler, 2016), export

outcomes of downstream sectors (Chen, Hu and Li, 2021) and direct technological change(Alfaro and

Chor, 2025). Although there are abundant literature empirically exploring the effects of NTMs on eco-

nomic outcomes, they ignore the role of input-output network. Our paper explores the effect of CREER
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not only on downstream sectors but also the upstream sectors through input-output linkages, and we

provide a unified conceptual framework investigating the relationship between NTMs and international

trade.

The remainder of our paper is structured as follows: Section II shows our basic conceptual framework.

Section III derives the centrality measures. Section IV introduces welfare analysis, and compares our

results with previous literature. Section V takes China’s rare-earth export restrictions as an empirical

example.

II. Benchmark Model

In this section, we illustrate the basic multi-national and industrial general equilibrium model, which

includes the optimal behaviors of economic agents in our model and clarifying the equilibrium. The

world economy of N countries (indexed by i, j). Each country has S sectors (indexed by t, s), and is

endowed with Li units of labors and a representative household . There areMis firms in sector s facing

monopolistic competition and constant markup rate. Here, we adopt the following notation. Subscripts

index industries, while superscripts index countries. For example, αi
ts denotes the input requirement of

industry s used in the production of industry t in country i. When multiple indices appear in subscripts

or superscripts, their ordering reflects the direction of flows, from origin to destination, regardless of

whether the indices refer to countries or industries. This convention follows the input–output literature

but differs from the standard in macroeconomics. For example, πhi
t denotes the trade share of industry

t goods exported from country h to country i. The same convention applies to industry indices. For

variables that are specific to a given country–industry pair, we use subscripts to index both dimensions.

For instance, φis denotes the productivity of a firm in industry s in country i.

A. Production

In the rest of paper, we refer φjt to a single firm to illustrate simply. For the firm φis, the production

function is:

(1) qis(φis) =

[
(αL

is)
1
ϵLis(φis)

ϵ−1
ϵ +

∑
t∈S

(αi
ts)

1
ϵ xits(φis)

ϵ−1
ϵ

] ϵ
ϵ−1

.



6 MONTH YEAR

Here, αL
is andαi

ts are the share parameters for how intensively sector s use labors and inputs from sector

t, respectively. Lis(φis) and xits(φis) are labors and composite inputs from sector t used by the firm with

productivity φis in sector s, respectively. ϵ > 1 is the elasticity of substitution among production factors.

The composite input good, xits(φis), is given by:

(2) xits(φis) =

 N∑
j=1

∫ +∞

φji∗
t

M ji
t xjits(φjt, φis)

σt−1
σt dG(φjt)


σt

σt−1

.

where xjits(φjt, φis) is input good from firm φjt used by the firm φis,M ji
t is the mass of firms exporting

to country i in sector t. σt > 0 is the elasticity of substitution among goods in sector t. G(φjt) =

1−
(

bjt
φjt

)θt
is the CDF (Cumulative Distribution Function) of productivity in sector t, which means that

the productivity is drew from a Pareto Distribution. For simplicity, we choose bjt = 1 in this illustrative

case, but we allow bFt to be different from 1 to capture the gap of GDP between two countries. Producers

enter market and charge the Dixit–Stiglitz markup σs
σs−1 over its marginal cost. Themarginal cost of sector

s is

(3) mcis =

[
αL
isw

1−ϵ
is +

∑
t∈S

αi
tsp̃

1−ϵ
it

] 1
1−ϵ

where τ jis ≥ 1 is iceberg cost of goods transport from country i to country j. p̃is is the open-economic

price of industry s that household face within country i, the specific form is given by

(4) p̃is =

 N∑
j=1

(
τ jis pjis

)1−σs

 1
1−σs

where pjis is the aggregate price given by sector s in country j for exporting to country i. We set the wage

as the numerate. And the amount of labor is set to 1.

FIRM ENTRY AND EXIT. —We apply the same logic of entry and exit ofMelitz (2003).Take sector s in country

i as an example to describe the process of firm entry and exit. There are large number of potential entrants
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M e
is. Firms hire f e

is units of labor as sunk cost to draw their initial productivity φis from a distribution

g(φis), corresponding to the CDF G(φis). However, the firm also need to pay fixed costs to decide

whether production for domestic market (fis) and foreign market (f ij
s ) or not. When some entrants draw

a relatively low productivity from g(φis), they decide to stop to produce or exit. However, firms with

high productivity level can start to produce goods to earn πis(φis). There is a productivity cutoff level

φ∗
is, below which firms exit the market. 1−G(φ∗

is) is the ex-ante probability of successful entry, and the

mass of surviving firms is,

Mis = M e
is (1−G(φ∗

is)) .

For successful entrants, their conditional productivity distribution is ν(φis):

(5) ν(φis) =


g(φis)

1−G(φ∗
is)

, if φis ≥ φ∗
is

0, o.w.

Finally,M ij
s denotes the mass of exporting firms serving destination j. Similar to Melitz (2003),

ME
is =

γisLi[
1 +

sLis
µs

σsθs
θs−σs+1

]∑
j f

ij
s

(
φij∗
s
φ∗
is

)−θs
+ fE

is

.(6)

Different fromMelitz and Redding (2014) and Bai, Jin and Lu (2024), the term sLis
µs

θs
θs−σs+1 capture the

variable inputs of labor. We define the export selection intensity as:

(7) χij
s ≜ φ̃is

φ̃ij
s

=
φ∗
is

φij∗
s

The above equation implies that the higher weighted export productivity is, the smaller the selection

intensity is. The second equality use the relationship between cutoff productivity and the weighted export

productivity. This equation also reflects productivity reallocation effects.
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OPTIMAL INPUT FOR INDIVIDUAL FIRMS. —According to Shephard’s Lemma, the optimal labors L∗
is(φis) and

intermediate input xij∗st (φis) are given by

xij∗st (φis, φjt) =

(
mcjt
p̃js

)ϵ
(

p̃js

τ ijs pis(φis)

)σs

αj
stqjt(φjt)(8)

l∗jt(φis) =
(mcjt

w

)ϵ
qjt (φjt)α

L
jt = (mcjt)

ϵ αL
jtqjt (φjt)(9)

We aggregate all the optima inputs of firms in industry t and country j, and the optimal intermediate input

xij∗st (φis) is given by

(10) xij∗st (φis) =

(
mcjt
p̃js

)ϵ
(

p̃js

τ ijs pis(φis)

)σs

αj
stqjt

B. Demand

There is a representative household in every country, whose utility function is

(11) Ui =

(∑
s

β
1
ϵ
isc

ϵ−1
ϵ

is

) ϵ
ϵ−1

− L

where cis is the amount of composite consumption of sector s. βis is the preference parameter, which

satisfies
∑

s βis = 1. L denotes the disutility of labor, which is expressed by L = ΠsL
γis
is . In the

disutility function, γis denotes the allocation parameter among sectors and satisfies
∑

s γis = 1. cis is

given by:

(12) cis =

 N∑
j=1

∫ +∞

φji∗
s

M ji
s

1−G(φji∗
s )

cjis (φjs)
σs−1
σs dG(φjs)


σs

σs−1

The household’s budget constraint is

(13)
∑
s

p̃iscis = wiLi
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Importantly, due to endogenous export selection, the set of exporting firms differs across markets,

so that pjis embeds the cutoff productivity associated with bilateral trade. The optimal demand of the

household in country i to firm in country j and industry s with productivity is given by

(14) cji∗s (φjs) =

(
Pi

p̃is

)ϵ
(

p̃is

τ jis pjs(φjs)

)σs

βisCi

DEFINITION 1: From cost minimization under CES preferences, bilateral trade shares are given by

(15) πhi
t =

(
τhit phit

)1−σt∑N
j=1

(
τ jit pjit

)1−σt

Equation 15 illustrates the bilateral expenditure share implied by CES preferences. However, this

representation alone does not make explicit the endogenous margins through which trade shares respond

to exogenous shocks. In particular, the bilateral price term phit is not a primitive object in heterogeneous-

firm trade models. In models such as Melitz (2003), bilateral prices depend endogenously on exporter

selection, cutoff productivity, firm entry, and fixed export costs. Therefore, although equation 15 is

useful for characterizing demand-side expenditure allocation, it is not sufficient for isolating the structural

channels through which fixed-cost shocks affect trade shares. For this reason, the trade literature usually

rewrites bilateral expenditure shares in a gravity form, whichmakes explicit how productivity, trade costs,

and selection jointly determine bilateral trade flows. In particular, the domestic expenditure share is

(16) πii
t =

(
piit
)1−σt∑N

j=1

(
τ jit pjit

)1−σt

C. Equilibrium

Now we define the general equilibrium as follows:

Definition 1. This general equilibrium consist of a collection of price pijs (φis), wi and quantities such

that:

1) Given the price, the representative household choose the amount of consumption to maximize
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utility subject to budget constraint.

2) Given the price, the firm choose the optimal inputs of labor and intermediate goods to minimize

firm’s cost.

3) Labor market clear such that

(17) (mcis)
ϵ−σs µ−σs

s DisM
e
is (φ

∗
is)

−θs αL
isφ̃

σs−1
is +

N∑
j=1

M e
is

(
φij∗
s

)−θs
f ij
s +M e

isf
e
is = γisLi

where Dis =
[∑N

j=1

(
Pj

p̃js

)ϵ ( p̃js

τ ijs

)σs

βjsCj +
∑N

j=1

∑S
t=1

(
mcjt
p̃js

)ϵ ( p̃js

τ ijs

)σs

αj
styjt

]
.

4) if we extend to multinational framework, each country keeps trade balance. The trade deficit Si is

given by:

(18)
K∑
s=1

N∑
j=1

ME
is

σθs
θs − σs + 1

wif
ij
s

(
φij∗
s

)−θs −Di =

K∑
s=1

N∑
j=1

ME
js

σθs
θs − σs + 1

wjf
ji
s

(
φji∗
s

)−θs

In our model, we set Si to be 0.

III. Centrality measures

A. The Supplier and Consumer Centrality

DEFINITION 2: Similar to Baqaee (2018), we also define the supplier centrality β̃ and the consumer

centrality α̃,

β̃ =
[
I −

[
π̂ ◦ τ−ϵ ◦ χ̂

]
AΦϵM̃ ϵCϵµ−ϵ

]−1 [
π̂ ◦ τ−ϵ ◦ χ̂

]
β(19)

α̃ =

[
µϵ−1Φ1−ϵM̃1−ϵC1−ϵ − 1

N
A′ [π̂ 1−ϵ ◦ τ1−ϵ ◦ χ̂1−ϵ

]′]−1

αL(20)

where β and αL denoteNK × 1 vectors of taste parameters and labor shares. A is a NK ×NK matrix

denoting the input-output relationship among industries, which is composited by N countries’ direct
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consumption coefficient matrix. µ is the diagonal matrix consisting of industrial markup rate. Ξ is given

by 1 × 1′ ⊗ I . 1 is a N × 1 identity vector and I is the K ×K identity matrix. Although iceberg costs

explicitly entry two centralities, we mainly focus on the impact of fixed costs on aggregated outcomes.

Iceberg costs are set to be exogeneous. ◦ denotes Hadamard product.

PROOF:

The details of proof are shown in appendix A.A2. □

Table 1 summaries thematrix representations underlying the two centralitymeasures. These centralities

are concerned with four economic objects. First, masses of firms capture extensive margin of industries.

Second, trade shares determine the allocation of product flows across countries. The third economic

object is export selection intensity, measured by the ratio of export productivity and domestic productivity.

The last one is absolute level of domestic productivity.

Table 1— Matrices and Their Elements

Economic Object Matrix Element Matrix Structure

Mass of Firms M̃ (ME
jt )

1
σt−1 NK ×NK diagonal matrix

Trade Share π̃ (πij
s )

1
1−σs NK ×NK matrix, block-diagonal structure

π̂ (πij
s )

ϵ−σs
1−σs NK ×NK matrix, block-diagonal structure

Export Selection Intensity χ̃ (χij
s )

σs−1−θs
σs−1 NK ×NK matrix, same structure as π

χ̂ (χij
s )

(σs−ϵ)σs−θs−1
σs−1 NK ×NK matrix, same structure as π

Productivity Φ φ̃
σt−θt−1

σt−1

jt NK ×NK diagonal matrix

Scaler term C
[

θt
1− σt + θt

] θt
(σt−1)2

NK ×NK diagonal matrix
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To simplify our notation, we define:

H =
[
π̂ ◦ τ−ϵ ◦ χ̂

]
G =

[
π̂ 1−ϵ ◦ τ1−ϵ ◦ χ̂1−ϵ

]
D = ΦϵM̃ ϵCϵµ−ϵ = diag (d11, d12, · · · , d1K , · · · , dN1, · · · , dNK)

E = µϵ−1Φ1−ϵM̃1−ϵC1−ϵ = diag (e11, e12, · · · , e1K , · · · , eN1, · · · , eNK)

Therefore,

β̃ = [I −HAD]−1Hβ(21)

α̃ =

[
E − 1

N
A′G′

]−1

αL(22)

These two centralities imply the importance of one industry as a supplier and consumer respectively.

Supplier centrality β̃ captures how shocks propagate upstream through production linkages. It reflects

how changes in costs or markups affect the supply side via input–output connections and trade channels.

Consumer centrality α̃ captures how shocks propagate through final demand and import channels. It

reflects how changes in income shares and trade structure affect aggregate demand transmission.

Economic variables enter the two centralities with different powers, and therefore influence them

through distinct channels. To illustrate this asymmetry, consider the markup matrix µ. It appears with

exponent −ϵ in the supplier centrality, but with exponent 1− ϵ in the consumer centrality. This example

highlights that economic variables may affect upstream and downstream propagation in non-identical

ways, underscoring the role of market structure in shaping network amplification.

We define

s = Hβ ◦ [P ϵC ⊗ 1K×1] +HADs

where P ϵC is a N × 1 vector,s is a NK × 1 vector and we get,

s = β̃ ◦ [P ϵC ⊗ 1K×1]
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The equilibrium of two centralities is similar to Baqaee (2018),

β̃ik =
pϵikyik
P ϵ
i Ci

, and α̃ik =

(
pik
wi

)1−ϵ

If we keep the homogeneous productivity assumption under the international trade setting, productivity

matrix Φ degenerate in to aK ×K equality matrix. The adjusted export selection intensity χ̃ and χ̂ also

collapse to a diagonal matrix with diagonal element equals to either 1 or 0, which depends on whether

fis = f ij
s . If f ij

s > fis, all the firms choose to only serve the domestic market instead of exporting. The

intuition is that under homogeneous productivity, all firms earn zero profits in equilibrium. Consequently,

there is no additional surplus that can cover the export fixed cost f ij
s . Two centralities are rewritten by

(23) β̃ =
[
I −

[
π̂ ◦ τ−ϵ ◦ χ̂

]
AM̃ ϵCϵµ−ϵ

]−1 [
π̂ ◦ τ−ϵ ◦ χ̂

]
β

(24) α̃ =

[
µϵ−1M̃1−ϵC1−ϵ − 1

N
A′ [π̃ 1−ϵ ◦ τ1−ϵ ◦ χ̃1−ϵ

]]−1

αL

B. Special Production Structures

To illustrate the economic mechanisms embedded in the centrality system, we consider two production

structures and give the analytical solution of two centralities under 2 industries and 2 countries. One is

a horizontal economy in which sectors produce only for final consumption and do not use intermediate

inputs from other sectors. In this case the production network degenerates and the direct input coefficient

matrix degenerates into zero matrix. The other structure is a vertical economy, where production follows

a sequential chain: the output of sector 1 serves as an intermediate input for sector 2, while the final sector

produces goods consumed by households. Horizontal and vertical economies represent two polar cases

of production structures. In practice, production networks can be viewed as combinations of these two

extremes.

First, we discuss a horizontal economic network, which is shown in figure 2. Labor is the only product
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factor of all the sectors and sectors produce only for final consumption and do not use intermediate inputs

from other sectors. In this case the production network degenerates and the direct input coefficient matrix

become zero. Two centralities are rewritten by

β̃ = Hβ(25)

α̃ ′ = E−1αL(26)

For the horizontal economy with 2 industries and 2 countries, the supplier centrality is given by

β̃ =


h111 β11 + h121 β21

h112 β12 + h122 β22

h211 β11 + h221 β21

h212 β12 + h222 β22


And the consumer centrality is:

α̃ ′ =
[
µ1−ϵ
11 Φϵ−1

11 M̃ ϵ−1
11 αL

11 µ1−ϵ
12 Φϵ−1

12 M̃ ϵ−1
12 αL

12 µ1−ϵ
21 Φϵ−1

21 M̃ ϵ−1
21 αL

21 µ1−ϵ
22 Φϵ−1

22 M̃ ϵ−1
22 αL

22

]

The above equations imply that there is no effect of changes in trade shares on the consumer centrality,

and the supplier centrality is also not influenced by domestic sectoral state outcomes, i.e. markup rate,

productivity and mass of firms.

Next, we consider a vertical production network where production follows a sequential chain: the

output of sector A1 serves as an intermediate input for sector A2, while the final sector produces goods

consumed by households. Labor is the only production factor of sector A1.

For the vertical economy with 2 industries and 2 countries, the direct input coefficient matrix degen-

erates into 0 1

0 0


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L

A1

A2

A3

Y

(a) Vertical Economy

L

A1 A2 A3

Y

(b) Horizontal Economy

Figure 2. Comparison between Vertical and Horizontal Economies

Note: L denotes the labor production factor. A1, A2 and A3 denote three sectors. Y stands for the final consumption.

Similarly, the supplier and consumer centrality are given by,

β̃ =


h111 d12

(
h112 β12 + h122 β22

)
+ h121 d22

(
h212 β12 + h122 β22

)
0

h211 d12
(
h112 β12 + h122 β22

)
+ h221 d22

(
h212 β12 + h222 β22

)
0


and

α̃′ =

[
1

e11
,

g112
2e11e12

,
1

e21
,

g121
2e11e22

+
g221

2e21e22

]
(27)

C. Numerical Illustration of Network Propagation

Although the analytical expressions derived above characterize the equilibrium values of supplier and

consumer centralities, their economic implications are not always transparent from the closed-form for-

mulas. In particular, the centrality system depends simultaneously on trade shares, firm mass, productiv-
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ity, and the input–output structure. As a result, comparative statics derived from the matrix expressions

may obscure the underlying propagation mechanism. On the other hand, how the effect of shocks on

centralities to be significant.

We construct a simple numerical example with two symmetric countries and two sectors without ice-

berg costs and export selection. The average domestic productivity is normalized to 1. The across-

industry substitute elasticity parameter is set to ϵ = 5. And the intra-industry substitute elasticities are

set to 4, which means the markups of industries are 4/3. We mainly focus on the effects of changes in

trade shares and mass of firms on the two centralities. The input–output structure is fixed and given by

A =

0.2 0.1

0.5 0.3


which ensures that sectors are technologically interdependent while avoiding symmetry that would

trivialize the comparative statics. Taste parameters and labor shares are set to

β = (0.4, 0.6)

and

αL = (0.3, 0.6),

respectively, so that sectors differ in both demand importance and primary factor intensity. Within this

environment we examine how two types of shocks affect the equilibrium centralities: changes in bilateral

trade shares and changes in the mass of firms.

TRADE SHARE SHOCK. —We study the response of centralities to changes in bilateral trade shares to empha-

size the role of allocation rather than technological efficiency. Figure 7 plots the derivative of supplier

centrality with respect to the bilateral trade share of sector 1 exports from country 1 to country 2. We

emphasize two key comparisons across the three economic structures.

We first compare the horizontal economy with the benchmark economy to highlight the role of pro-

duction networks. In the horizontal economy without input–output linkages, changes in bilateral trade
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shares affect supplier centrality only through direct reweighting of sourcing patterns. As a consequence,

the response is limited and does not propagate across sectors. By contrast, in the benchmark economy,

the presence of production linkages allows trade shocks to transmit across sectors and countries. This

generates richer cross-sectoral responses and amplifies the impact of trade-share changes on centrality.

Second, comparing the vertical economy with the benchmark economy isolates the role of network

feedback. Both structures feature production linkages, but differ in whether these linkages form feedback

loops. In the vertical economy, production flows are unidirectional and do not feed back to upstream

sectors. Consequently, trade-share shocks induce a monotonic reallocation of supplier importance: as

country 2 shifts its sourcing toward country 1, the supplier centrality of country 2’s sector 1 increases,

while that of country 1’s sector 1 decreases. In contrast, in the benchmark economy, the presence of

feedback loops implies that shocks propagate and return through the network. This feedback mechanism

generates amplification and, importantly, non-monotonic responses in centrality, as observed in the figure.

Taken together, these results show that the effects of trade-share shocks are not solely determined by

the magnitude of trade reallocation, but critically depend on the structure of the production network. In

particular, while production linkages enable the transmission of shocks, it is the presence of feedback

loops that fundamentally alters their qualitative effects, giving rise to amplification and sign reversals in

centrality.

COROLLARY 1: Two centralities under the Cobb-Douglas-styled product functions and utility func-

tions, ϵ → 1, can be expressed by

β̃ →
[
I −

(
π ◦ τ−1 ◦ χ̂

)
AΦM̃Cµ−1

]−1 [
π ◦ τ−1 ◦ χ̂

]
β(28)

α̃ ′ → αL′
[
I − 1

N
A′
]−1

(29)

Equation implies that

yispis =
[
I −

(
π ◦ τ−1 ◦ χ̂

)
AΦM̃cµ−1

]−1 [
π ◦ τ−1 ◦ χ̂

]
βPC

where PC is the N × 1 vector of nominal GNE, which stands for the total final expenditure of all the
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Figure 3. Numerical examples of three economic structure

Notes: The left subfigure and the right subfigure shows the results of the feedback of supplier and consumer centrality of two industries in two
countries to the trade share of industry 1 exporting from country 1 to country 2, respectively. There is no the general equilibrium feedback of
the supplier centrality of both two sectors in two countries in horizontal and vertical structures, and no the general equilibrium feedback of the
consumer centrality of both two sectors in two countries in horizontal and vertical structures.

countries. And we find that the trade matrix without any power, which has the same effect on aggregate

outcomes with the direct input coefficient matrix. In the consumer centrality, the only factor is the direct

input coefficient matrix, which means that under CD-styled functions, the prices of sectors are affected

by the input-output relationship.

D. Measure Exports and Domestic Market Size

In this section, we measure the export values and domestic market size by using consumer and supplier

centrality. We derive a decomposition of nominal sales into final demand and intermediate demand com-

ponents, which allows us to characterize the comparative statics of export revenue with respect to export

fixed costs. The total expenditure of industry s in country j is given by

(30) Eis = FEis +MEis

Where EF
is is the final expenditure used for final good and EM

is denotes the final expenditure used for

intermediate good.
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PROPOSITION 1: The total expenditure of country i for industry s is given by

FEi = α̃i

(
π̃D
i

)ϵ−1
βiP

ϵ
i Ci(31)

MEi = α̃i

(
π̃D
i

)ϵ−1
Aiµ

−ϵΦϵ
iM̃

ϵ
i Cϵβ̃iP

ϵ
i Ci(32)

Combining the two components, total expenditure vector can be expressed as

(33) Ei = FEi +MEi = ˆ̃αi

(
π̃D
i

)ϵ−1
[
βi +Aiµ

−ϵΦϵ
iM̃

ϵ
i Cϵβ̃i

]
P ϵ
i Ci

PROOF:

The details of proof are shown in appendix A.A3. □

IV. Welfare Analysis

In this section, we employ a streamlined representation to simplify the above model and prepare for

quantifying. In appendix, we provide a more general framework with more than 2 countries. There are

two countries, simply denoted byH and F , which are referred to home country and foreign country. The

exogenous shock originates from the adjustment of fHF
s , which is expressed by f̂HF

s , and other fixed and

iceberg costs keep constant. In equilibrium, real consumption and the aggregate price index are given by

Ci =
wiLi

Pi
, i ∈ {H,F}(34)

where Pi =
[∑K

s=1 βisp̃
1−ϵ
is

] 1
1−ϵ

PROPOSITION 2: The general feedback of welfare in country i is given by

dln (Ci) =
∑

j∈{H.F}

S∑
s=1

Ωji
s

[
1

1− ϵ
dln (α̃js) + dln

(
τ ijs
)
+

1

1− σs
dln

(
ςjis
)]

(35)
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whereΩji
s denotes the adjusted preference weight under CES utility function, which is unrelated to export

countries, while the second term denotes the bilateral trade share, which is given by

Ωji
s =

βisp̃
1−ϵ
is∑K

h=1 βihp̃
1−ϵ
ih

πij
s(36)

In equation 35, dln
(
τ ijs
)
captures the change in iceberg costs and tariffs, which is most conventional

among previous literature. Same as Melitz and Redding (2015), ςjis denotes the cumulative domestic

market share of firms exporting to country i in country j, which is ςjis =
(

φ∗
js

φji∗
s

)θs−σs+1
=
(
χji
s

)θs−σs+1
.

Equation 35 also illustrates that once production networks are taken into account, shocks to sectoral

consumer centrality also affect welfare outcomes.

A. Relation to the Sufficient Statistics Literature

Before analyzing comparative statics in response to changes in export fixed costs, we first compare

proposition 2 with previous literature. A large literature shows that, under CES preferences and mo-

nopolistic competition, welfare changes induced by trade liberalization can be summarized by a set of

sufficient statistics—most prominently the trade elasticity and domestic expenditure shares (Arkolakis,

Costinot and Rodríguez-Clare, 2012). The sufficient-statistics result crucially hinges on the assumption

that policy shocks do not alter the set of active firms. Under this condition, changes in real income are

fully captured by the change in the domestic expenditure share. Melitz and Redding (2015) challenges

this logic. Relaxing the homogenous productivity and allowing firms to make export decisions, trade

elasticity and domestic expenditure shares are not enough to describe the change in welfare, instead of

including domestic market shares of exporter. Our framework further extends this literature by incor-

porating production networks and endogenous entry simultaneously. In this environment, policy shocks

affect not only export selection but also the propagation of demand across sectors through the production

network. As a result, welfare changes depend on an additional sufficient statistic: the change in consumer

centrality. This term captures how shocks to one sector reallocate demand weights across the network

and therefore alter the general equilibrium transmission of trade shocks.

An implication of this result is that ignoring the production network may lead to biased welfare eval-

uations. The direction of the bias depends on how policy shocks originated from some sectors reshape
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the network position of all the sectors due to cascading effects. The key mechanism lies in how strongly

policy shocks alter sectoral consumer centrality. If a policy shock induces a large change in the centrality

of a sector, the resulting adjustment in demand weights across the network may either amplify or offset

the direct effects captured by the other two terms in the welfare decomposition. In other words, changes

in consumer centrality act as a general equilibrium adjustment margin: large shifts in centrality can re-

inforce the welfare impact of trade policies, while in other cases they may partially compensate for the

direct trade and selection effects.

Finally, our result nests existing frameworks as special cases(Arkolakis, Costinot and Rodríguez-Clare,

2012; Melitz and Redding, 2015). If the production network channel is shut down, equation 35 collapse

to Melitz and Redding (2015),

dln (Ci) =
∑

j∈{H.F}

πji

[
dln

(
τ ij +

1

1− σ
dln

(
ςji
))]

(37)

Including productivity homogeneity allows us to exclude extensive margin of export ςji, and equation

37 degenerates into

dln (Ci) =
∑

j∈{H.F}

πjidlnτ ij =
1

ϵ− 1
dlnπii(38)

which is the same as Arkolakis, Costinot and Rodríguez-Clare (2012).

B. Compare with Baqaee (2018)

Now, we consider the closed economy with multi-sector, and compare the result with Baqaee (2018).

The closed and multi-sectoral setting allow us to isolate the effect of production network with markup and

endogenous firm selection from the international trade reallocations. In the closed economy, the trade

network disappears, and the consumer centrality and supplier centrality are

β̃ =
[
I −AΦϵM̃ ϵCϵµ−ϵ

]−1
(39)

α̃ l =
[
µϵ−1Φ1−ϵM̃1−ϵC1−ϵ −A′

]−1
αL(40)
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and the effect of fixed cost ft on the welfare is given by

d ln(Ci)

d ln ft
=

1

1− ϵ

β′
sΛ

M
2 [I − Γ]−1

β′α̃+ β′ΛM
2 [I − Γ]−1 1

et +
1

ϵ− 1

β′
s

[
ΛM
2 [I − Γ]−1 ϵι+ ΛΦ

2

]
β′α̃+ β′ΛM

2 [I − Γ]−1 1
et
θt

(41)

PROOF:

The details of proof are shown in appendix. □

Equation 41 implies that under the assumption of heterogenous productivity, the effect of fixed cost on

the welfare decomposes into two parts: one is the extensive margin of firm(negative), the other is pro-

ductivity change(positive). And the sign of d ln(Ci)
d ln ft is no longer theoretically determinate, which depends

on the magnitude of two mechanism. The intuition behind the formula is that when the fixed cost firms

face increase, the mass of variety will decrease disproportionately because of the existence of production

network. However, the exit of firms also rise up the weighted average of productivity, which can partially

offset, or even dominate, the welfare loss from the reduction in varieties.

V. Quantitative Analysis

In this section we focus on China’s rare-earth export restrictions (CREER) implemented from 2006

to 2014, a prominent policy episode illustrating how NTMs reshape market consequences (Alfaro and

Chor, 2025; Chen, Hu and Li, 2021; Müller, Schweizer and Seiler, 2016), motivating the quantitative

framework developed in Section II. We represent several facts on the relationship between CREER and

export outcomes. We design an identification framework to explore the spillover effect of CREER on

trade extensive and intensive margin across industries.

A. Background of CREER

As key inputs for advanced manufacturing industries, including military equipment, electric vehicles

and semiconductors, the production and processing of REEs have significant implications for the global

economy. This episode also provides a clear example of NTMs, as the policy relied on export quotas

and exporter qualification requirements rather than tariffs. Moreover, detailed customs transaction-level

data allows us to observe export quantities, exporter participation, and export prices, making it possible
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to examine the market effects of NTMs more directly.

Since the early 2000s, China has been the dominant supplier in the global REE industry due to abundant

rare-earth resources and strong capacity of mining, production and processing(Alfaro and Chor, 2025).

From 1991 to 2004, China’s rare earth exports increased from 8,204 tons to 53,300 tons, while domestic

consumption rose from 8,286 tons to 33,400 tons. During the same period, rare earth production expanded

from 48,000 tons in 1995 to 95,000 tons in 2004. As a result, China’s rare earth reserves declined from

43 million tons in 1995 to 27 million tons in 2002 . The rapid expansion of the REE industry created

excess supply, pushing prices downward and reducing firms’ value added. Meanwhile, extensive mining

and processing activities generated severe environmental pollution (Müller, Schweizer and Seiler, 2016).

B. Data sources and process

To provide empirical evidence, we assemble multiple micro-level and macro-level data sets. Here we

briefly describe the main data sources.

PRODUCTION NETWORK. —We construct the production network based on the inter-countries input-output

table of 2000 and 2005, which is from World Input-Output Database (WIOD). The data set contains a

time-series input-output tables from 2000 to 2014 among 56 sectors and 40 countries and economies

(Timmer et al., 2015). We drop sectors with 0 total output, and collapse these service sector to one sector.

Finally, we get 27 sectors. Based on the 2000 table, we calculate the direct input coefficient to measure

China’s production network. we use data in 2005 to construct data moments for estimating parameters.

TRADE DATA. — We use the administrative data from China’s customs agency from 2010 to 2014, which

includes source or destination country, import (output) values, quantity, cif price, and the HS-8 code of

the product. Observations with missing import (output) values, quantity and HS code are dropped. In

spirit of Imbert et al. (2022), we match HS4 commodity code with the input-output sector of WIOD.

FIRM REGISTER DATA. — Firm-level data are obtained from the National Industrial and Commercial En-

terprise Registration Database covering the period 2000–2015, which provides the detailed information

including firm names, registration dates, registered capital, industry and location. Observations without
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key information, such as firm names, registration dates, or registered capital, are dropped. These records

are matched with Chinese customs transaction-level export data using firm names, and then identify firms

exporting rare-earth elements (REEs) and their chemical compounds to describe the import and export

dynamics of mass of REEs-related firms from 2000 to 2015.

FIRM LEVEL DATA. —We use the other firm-level data from the Annual Survey of Industrial Firms (ASIF)

from the National Bureau of Statistics. This dataset provides detailed information on a firm’s industry,

address, ownership, output, and financial information and covers all industrial firms with annual revenue

above 5 million RMB (approximately $604,000). We re-classify their industry information according to

the  Industrial Classification for National Economic Activities (GB/T 4754-2002), and then match with

the input-output code of WIOD followed by Imbert et al (2022). Then we combine the ASIF data with

trade data to measure the ratio of exporting firms. We also useWIOD to obtain the technology parameters

and taste parameters and the trade share between China and United States.

C. The impact of CREER on the rare-earth export

Fact 1. NTMs substantially reduce China’s rare-earth export volume. Beginning in 2006, the

Chinese government tightened the regulatory framework governing rare-earth production and exports in

order to better manage the industry (Cali andMontfaucon, 2021). In particular, theMinistry of Commerce

introduced a qualification system for rare-earth exporters, requiring firms to meet eligibility criteria to

obtain export licenses and quota allocations. This qualification system imposed explicit scale thresh-

olds for exporters. For example, manufacturing firms were required to have exported at least 1,500 tons

of rare-earth products in 2004 or to have achieved export revenues exceeding 25 million RMB. In addi-

tion, exporters had to satisfy a broad set of compliance requirements—covering quality certification (e.g.,

ISO9000), environmental facilities and verified pollution-control standards. These requirements substan-

tially increased the fixed costs of market access for exporters and restricted export participation to firms

that satisfied the eligibility and compliance requirements. Following the introduction of the qualification

system, China’s rare-earth export volumes began to decline, as shown in Figure 4.

Fact 2. NTMs reshape the composition of exporting firms. In July 2010, China further drastically

reduced the REE export quota for the second half of the year by 72%, with a stated motive of combating
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Figure 4. China’s Rare Earth Export Quantity and Value

Notes: Rare-earth export quantity and value data are constructed from Chinese customs transaction-level data. We identify rare-earth products
by selecting HS6 records whose product names refer to rare-earth elements, including Sc, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, and Lu, as well as their corresponding compounds. Export quantities and values are aggregated at the annual level. The blue line
represents export quantities, and the red line represents export values. The two dashed lines indicate the introduction of export restrictions in
2006 and the quota reduction in July 2010.

illegal mining and environmental pollution (Müller, Schweizer and Seiler, 2016). The aggregate export

quota was allocated across firms according to their historical export performance. Following the quota

reduction, export volumes declined sharply. At the same time, the composition of exporting firms also

changed. As shown in Figure 5, the number of exporting firms decreased substantially, while the average

registered capital of exporters increased significantly, suggesting that the exporter population shifted

toward larger and more established firms. These changes indicate a significant restructuring of the export

market.

Fact 3. NTMs generate price responses larger than those typically associated with tariffs. The

impact of these regulations was also reflected in REE export prices. However, compared with restriction

imposed by 2010, the effect of the initial restriction imposed in 2006 is not obvious. The reason is that

the early regulatory measures were relatively weak and their enforcement remained limited, therefore,

illegal mining and smuggling activities allowed rare-earth products to continue entering international

markets (Chen, Hu and Li, 2021), which dampened the price response. However, the quota adjustment

in 2010 caused REE prices to increase by over 100%, and in some cases nearly 200%. As shown in

Figure 6, export prices for several rare-earth products rose dramatically following the quota reduction.

The magnitude of this price response far exceeds the typical price adjustments generated by conventional
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Figure 5. Rare Earth Export Firms and Capital Distribution from 2000 to 2016

Notes: Rare-earth export quantity and value data are constructed from Chinese customs transaction-level data. We identify rare-earth products
by selecting HS6 records whose product names refer to rare-earth elements, including Sc, Y, La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, Yb, and Lu, as well as their corresponding compounds. Export quantities and values are aggregated at the annual level. The blue line
represents export quantities, and the red line represents export values. The two dashed lines indicate the introduction of export restrictions in
2006 and the quota reduction in July 2010.

tariffs.

D. Reduced form evidences of the propagation impact of CREER

To provide empirical evidence for the propagationmechanism of rare-earth export restrictions (CREER),

we examine how this policy shock affects trade outcomes across sectors through the production network.

Rare-earth elements serve as important intermediate inputs in a wide range of downstream industries,

including electronics, renewable energy equipment, and advanced manufacturing. Consequently, restric-

tions on rare-earth exports may propagate through input-output linkages, affecting firms’ trade decisions

and pricing behavior in both upstream and downstream sectors. We document two types of propagation

effects. First, CREER influences firms’ extensive margin of trade, namely whether a product is exported

or imported. Second, the policy also affects the intensive margin, including export and import prices and

values. To test the propagation effect along the production network, we estimate the following general-

ized difference-in-differences specification:

(42)

I(V alueit > 0) = αi+β1I(Y ear > 2006)t×DownExpos+β2I(Y ear > 2006)t×UpExpos+ηt+εit
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(a) Level Prices of Rare Earth Export (b) Ln Prices of Rare Earth Export

Figure 6. Rare Earth Export Prices by Product Type

Notes: The figure plots export unit prices of several rare-earth elements and their logarithms using data from Chinese customs transaction
records. Differences across destination countries are abstracted from because the export restrictions apply broadly across markets. Export
prices are therefore averaged across destinations at the aggregate level. Each line represents the average export price of one rare-earth element
and its corresponding chemical compounds over time.

where I(V alueit > 0) is an indicator function, which denotes whether the commodity i exports (imports)

or not. I(Y ear > 2006)t denotes that if the year is after 2016, the value equals to 1, otherwise, 0.

aj,mini denotes the dependent degree of sector j to the mining and quarrying sector, which is measured

by normalized direct input coefficient. Similarly, we use a′j,mini to measure the dependent degree of the

mining and quarrying sector to sector j. αi and ηt are HS8 commodity fixed effect and year fixed effect,

respectively. β1 and β2 are the coefficients of interest. We cluster at the HS6 level.

Column (1) of table 2 reports the effect of CREER on the export extensive margin. We find that a

one-standard-deviation increase in downstream exposure to the mining sector reduces the probability of

exporting by 1.23%. In contrast, sectors that are more strongly connected upstreamwith the mining sector

exhibit a higher probability of exporting.

Figure 7 shows the pre-trend test of two outcomes. Before 2006, the coefficients are insignificant for

both export and import extensive margin.

We next examine the intensive margin of trade by considering export and import values as well as

prices. The sample is restricted to the top 20 trading partners of China based on total imports in 2000.

We estimate the following regression,

(43) yict = αi + β1I(Y ear > 2006)t ×DownExpos + β2I(Y ear > 2006)t × UpExpos + ηct + εit
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Table 2— The impact of REEs Restriction on extensive margin

(1) (2)
Export Dummy Import Dummy

I(Y ear > 2006)×DownsExpo -0.0123** -0.0124**
(0.0061) (0.0061)

I(Y ear > 2006)× UpExpo 0.0170*** 0.0181***
(0.0060) (0.0060)

HS8 FEs ✓ ✓
Year FEs ✓ ✓
N 137144 137746
Adj. R2 0.4712 0.4582

(a) Level Prices of Rare Earth Export (b) Ln Prices of Rare Earth Export

Figure 7. event study outcome of export dummy and import dummy

Notes: Confidence intervals are at the 95% level. In the subfigure 5a and 5b, the red lines stand for the intensity difference model of upstream
exposure, and the black lines denote the intensity difference model of downstream exposure.
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where yict is the outcome variable, including export (import) price and value. ηct is the country-by-year

fixed effect to absorb the time-varying unobservable factors of trade countries. Other variables are same

as the above equation.

Table 3 reports the results. Columns (1) and (2) show that sectors with stronger downstream dependence

on rare-earth inputs experience a significant decline in export values following the restriction. Specifi-

cally, a one-standard-deviation increase in downstream exposure reduces export value by approximately

7.36%. In contrast, sectors that are more strongly linked upstream with the mining sector experience a

significant increase in export values, suggesting that upstream sectors may benefit from the reallocation

of demand following the restriction. Columns (3) and (4) indicate that the price effects are mainly con-

centrated in upstream sectors. Downstream sectors show limited price adjustments, suggesting that the

primary impact operates through trade quantities rather than prices. For imports, we find that downstream

sectors experience little change in import values, although import prices decline slightly. In contrast,

stronger upstream linkages are associated with higher import values and prices, reflecting adjustments in

intermediate input sourcing.

Table 3— The impact of REEs Restriction on intensive margin

(1) (2) (3) (4) (5) (6) (7) (8)
Export Import

Ln(Value) Ln(Price) Ln(Value) Ln(Price)

I(Y ear > 2006)×DownsExpo -0.0736*** -0.0605*** -0.0104 -0.0110 0.0038 0.0073 -0.0568*** -0.0577***
(0.0164) (0.0167) (0.0075) (0.0075) (0.0178) (0.0190) (0.0080) (0.0080)

I(Y ear > 2006)× UpExpo 0.1956*** 0.1864*** 0.0232** 0.0227** 0.2660*** 0.2645*** 0.0752*** 0.0723***
(0.0151) (0.0154) (0.0095) (0.0095) (0.0187) (0.0196) (0.0099) (0.0099)

HS8 FEs ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓
Year FEs ✓ ✓ ✓ ✓
Country-Year FEs ✓ ✓ ✓ ✓
N 1280752 1186949
Adj. R2 0.4799 0.5452 0.8684 0.8698 0.3540 0.4369 0.8417 0.8463

Overall, these results provide reduced-form evidence that rare-earth export restrictions generate sub-

stantial spillover effects across sectors through input-output linkages. Both the extensive and intensive

margins of trade respond to the policy shock, highlighting the importance of production networks in shap-

ing the aggregate consequences of trade restrictions. These empirical patterns suggest that shocks to ex-

port regulations can propagate across sectors through production linkages. However, the magnitude and

direction of such propagation depend on the interaction between firm selection and production-network
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amplification. Understanding these mechanisms requires a structural framework.

E. Structural form evidences of the propagation impact of CREER

CALIBRATION. — The parameters set of a specific sector is
{
σs, θs, bi, f

ij
s

}K

s=1
. The estimators of σs are

obtained from Su et al. (2026). Following with Huang, Ju and Yue (2026), we estimate the Pareto shape

parameters using the firm-level sales distribution. Under the assumption of a Pareto distribution, the

upper tail of firm sales satisfies a rank-size relationship. For each sector, we estimate:

lnRankis = as −
θs

σs − 1
lnSalesis + εis(44)

where as is sectoral fixed effects and εis is the error term. We measure the rank based on the revenues

of firms and keep observations with over median sales. Then we run this regression sector by sector to

obtain the estimators θs
σs−1 .

As for other parameters concerned with fixed costs and productivity, we estimate them by SMM. Now

we introduce the basic procedure of solving equilibrium. Mass of firms and cutoff productivity are central

to our work. First, based on the zero profit conditions and the cutoff export productivity, lemma 1 shows

the relationships among cutoff productivity.

LEMMA 1: According to zero profit conditions, the cutoff export productivity is expressed as

φij∗
s = τ ijs

mcis
mcjs

(
f ij
s

fjs

) 1
σs−1

φ∗
js ≜ Bij

s φ
∗
js(45)

where Bii
s = 1, ∀i ∈ {H,F}. According to the free entry conditions,

(
φiH∗
s

)−θs
+
(
φiF∗
s

)−θs
=

θs − σs + 1

σs − 1
f e
is(46)
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According to lemma 1, cutoff productivity can by expressed as follows,

(φ∗
Hs)

−θs =

θs−σs+1
σs−1

[
f e
Hs −

(
BHF

s

)−θs f e
Fs

]
1− (BFH

s BHF
s )−θs

(φ∗
Fs)

−θs =

θs−σs+1
σs−1

[
f e
Fs −

(
BFH

s

)−θs f e
Hs

]
1− (BFH

s BHF
s )−θs

Table 4 shows the estimated elasticity of substitute , shape parameters and fixed costs.

VI. Conclusion

This paper develops a multi-country, multi-sector model with heterogeneous firms and endogenous

entry to study how export fixed-cost shocks propagate through global production networks and affect

aggregate welfare. Under CES preference and technology, we need two centralities to capture the im-

portance of industry as supplier and consumer, respectively. Standard sufficient-statistics results are no

longer sufficient for welfare analysis, because consumer centralities, tariff and cumulative market share

jointly influence welfare. We study the effect of China’s rare-earth export restrictions during 2006–2014.

Our empirical results show that export fixed-cost shocks reshape the extensive margin of trade and gen-

erate cascading effects across countries and sectors through input-output linkages.
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DETAILS OF PROOF

A1. Mass of Firms

Given the cutoffs, the measure of firms from country i in sector s serving market j is
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M ij
is = ME

is

(
φij∗
is

)−θs
.(A1)

Define the survival probability as

ωij
is ≡

(
φij∗
is

)−θs
,(A2)

so that

M ij
is = ME

isω
ij
is.(A3)

For a firm with productivity φis, variable profit is

rijs (φis)

σs
.(A4)

Under the zero-cutoff-profit condition,

rijs (φ
ij∗
s )

σs
= wif

ij
s .(A5)

Firm revenue satisfies

rijs (φis) = rijs (φ
ij∗
s )

(
φis

φij∗
s

)σs−1

.(A6)
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Hence expected revenue generated in market j by one entrant is

∫ ∞

φij∗
s

rijs (φis)dGi(φis) = σswif
ij
s

∫ ∞

φij∗
s

(
φis

φij∗
s

)σs−1

dGi(φis).(A7)

With Pareto productivity,

∫ ∞

φij∗
s

(
φ

φij∗
s

)σs−1

dGi(φ) =
θs

θs − σs + 1

(
φij∗
s

)−θs
.(A8)

Therefore total revenue generated by country-i, sector-s entrants is

Ris =
σsθs

θs − σs + 1
wi

∑
j

M ij
s f ij

s

(
φij∗
s

)−θs
= ME

is

σsθs
θs − σs + 1

wi

∑
j

f ij
s

(
φij∗
s

φ∗
is

)−θs

.(A9)

Variable cost is a fraction 1/µs of revenue, where

µs =
σs

σs − 1
.(A10)

Let sLis denote the labor share in variable production. Variable labor demand in country i, sector s is

Lvar
is =

sLis
wi

Ris

µs
.(A11)

Substituting the expression for Ris,
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Lvar
is = ME

is

sLis
µs

σsθs
θs − σs + 1

∑
j

f ij
s

(
φij∗
s

φ∗
is

)−θs

.(A12)

Fixed operating and exporting labor demand is

Lfix
is = ME

is

∑
j

f ij
is

(
φij∗
s

φ∗
is

)−θs

.(A13)

Entry labor demand is

Lentry
is = ME

isf
E
is .(A14)

We impose sector-level labor-market clearing:

Lvar
is + Lfix

is + Lentry
is = γisLi.(A15)

Substituting the above expressions yields

ME
is

[
sLis
µs

σsθs
θs − σs + 1

∑
j

f ij
s

(
φij∗
s

φ∗
is

)−θs

+
∑
j

f ij
s

(
φij∗
s

φ∗
is

)−θs

+ fE
is

]
= γisLi.(A16)

Hence entrant mass is
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ME
is =

γisLi[
1 +

sLis
µs

σsθs
θs−σs+1

]∑
j f

ij
s

(
φij∗
s
φ∗
is

)−θs
+ fE

is

.(A17)

Finally, bilateral firm masses are

M ij
is = ME

is

(
φij∗
is

zi

)−θs

.(A18)

A2. Proof of Definition 2

PROOF:

The flow of product of firm φis in country i and industry s is given by

(A19) yis(φis) =

N∑
j=1

cijs (φis) +

N∑
i=1

S∑
t=1

xijst(φis)

This implies that part of the output is consumed by households in each country, while the remainder is

used as intermediate inputs in production.

According to the optimal consumption and input,

(A20) cijs (φis) =

(
Pj

p̃js

)ϵ
(

p̃js

τ ijs pis(φis)

)σs

βjsCj

and

(A21) xijst(φis) =

(
mcjt
p̃js

)ϵ
(

p̃js

τ ijs pis(φis)

)σs

αj
styjt
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So,

yis(φis) =

 N∑
j=1

(
Pj

p̃js

)ϵ( p̃js

τ ijs

)σs

βjsCj +

N∑
i=1

S∑
t=1

(
mcjt
p̃js

)ϵ( p̃js

τ ijs

)σs

αj
styjt

 pis(φis)
−σs ≜ Dispis(φis)

−σs

(A22)

which means that

ỹis = Dis (pis)
−σs(A23)

Now we substitute in

(A24)

(
p̃js

τ ijs pis(φis)

)σs

=

(
τ ijs pis(φis)

τ ijs pijs

)−σs
(
τ ijs pijs
p̃js

)−σs

=

(
φ̃ij
s

φis

)−σs

(πij
s )

σs
1−σs (M ij

s )
σs

1−σs

The second equality use the definition of bilateral trade share. We also obtain the product of single-

firm’s output and the domestic average price with power ϵ

yis(φis)p
ϵ
is =

N∑
j=1

(χij
s )

−σs−1−θs
σs−1

ϵ(πij
s )

ϵ−σs
1−σs (τ ijs )−ϵ

(
φ̃ij
s

φis

)−σs

(M ij
s )

σs
1−σs βjsP

ϵ
jCj

+

N∑
j=1

S∑
t=1

(χij
s )

−σs−1−θs
σs−1

ϵ(πij
s )

ϵ−σs
1−σs (τ ijs )−ϵ

(
φ̃ij
s

φis

)−σs

(M ij
s )

σs
1−σs φ̃ϵ

jtM
ϵ

σt−1

jt µ−ϵ
t αj

stp
ϵ
jtyjt(A25)

Then aggregate output following by

(A26) yis =

[
1

1−G(φ∗
is)

∫ +∞

φ∗
is

Misyis(φis)
σs−1
σs dG(φis)

] σs
σs−1
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The product of industrial output and the domestic average price with power ϵ is given by

pϵisyis =

N∑
j=1

(χij
s )

−θsσs
σs−1 φ̃σs

is

[
(χij

s )
−σs−1−θs

σs−1
ϵ(πij

s )
ϵ−σs
1−σs (τ ijs )−ϵ

(
φ̃ij
s

)−σs
βjsP

ϵ
jCj

]

+
N∑
j=1

S∑
t=1

(χij
s )

−θsσs
σs−1 φ̃σs

is

[
(χij

s )
−σs−1−θs

σs−1
ϵ(πij

s )
ϵ−σs
1−σs (τ ijs )−ϵ

(
φ̃ij
s

)−σs
φ̃ϵ
jtM

ϵ
σt−1

jt µ−ϵ
t αj

stp
ϵ
jtyjt

]
(A27)

We group terms related to productivity, and get

(A28) (χij
s )

−θsσs
σs−1 φ̃σs

is (χ
ij
s )

−σs−1−θs
σs−1

ϵ(φ̃ij
s )

−σs = (χij
s )

(σs−ϵ)σs−θs−1
σs−1

And

M
ϵ

σt−1

jt =
(
ME

jt (φ
∗
jt)

−θt
) ϵ

σt−1

=(ME
jt )

ϵ
σt−1 (φ∗

jt)
− ϵθt

σt−1

=(ME
jt )

ϵ
σt−1 (φ̃jt)

− ϵθt
σt−1

[
θt

1− σt + θt

] ϵθt
(σt−1)2

(A29)

Where the third equality uses

(A30) φ̃jt =

[
θt

1− σt + θt

] 1
σt−1

(φ∗
jt)

Therefore, pϵisyis is as follows,

pϵisyis =

N∑
j=1

[
(χij

s )
(σs−ϵ)σs−θs−1

σs−1 (πij
s )

ϵ−σs
1−σs (τ ijs )−ϵβjsP

ϵ
jCj

]

+

N∑
j=1

S∑
t=1

[
(χij

s )
(σs−ϵ)σs−θs−1

σs−1 (πij
s )

ϵ−σs
1−σs (τ ijs )−ϵφ̃

σt−θt−1
σt−1

jt

[
θt

1− σt + θt

] ϵθt
(σt−1)2

(ME
jt )

ϵ
σt−1µ−ϵ

t αj
stp

ϵ
jtyjt

](A31)
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Recall that the marginal cost is given by

(A32) mcis =

[
αL
isw

1−ϵ
is +

∑
t∈S

αi
tsp̃

1−ϵ
it

] 1
1−ϵ

According to the trade-share, we obtain

(A33) p̃it =

(
1

πhi
t

× (τhit phit )1−σt

) 1
1−σt

= (πhi
t )

1
σt−1 (τhit phit ), ∀h = 1, 2, . . . , N

The marginal cost of industry s in country i is rewritten by

(A34) mc1−ϵ
is = αL

isw
1−ϵ
is +

1

N

S∑
t=1

N∑
h=1

αi
ts(π

hi
t )

1−ϵ
σt−1 (τhit phit )1−ϵ

Now substitute in

(A35) phit = pht

(
φ̃ht

φ̃hi
t

)σt−1−θt
σt−1

≜ pht

(
χij
t

)1− θt
θt−1

= phtχ̃
ij
t

Therefore, the general feedback of domestic average price is also given by

(A36) p1−ϵ
is φ̃1−ϵ

is M
1−ϵ
σs−1

is µϵ−1
s = αL

isw
1−ϵ
is +

1

N

S∑
t=1

N∑
h=1

αi
ts(π

hi
t )

1−ϵ
σt−1 (τhit )1−ϵ(χ̃hi

t )1−ϵ(pht)
1−ϵ

Similarly, we substitute into

M
1−ϵ
σs−1

is = (ME
is )

1−ϵ
σs−1 (φ̃is)

− θs(1−ϵ)
σs−1

[
θs

1− σs + θs

]− θs(1−ϵ)

(σs−1)2

= (ME
is )

1−ϵ
σs−1 (φ∗

is)
−θs

1−ϵ
σs−1(A37)
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and get

p1−ϵ
is (ME

is )
1−ϵ
σs−1 (φ̃is)

σs−θs−1
σs−1

(1−ϵ)

[
θs

1− σs + θs

]− θs(1−ϵ)

(σs−1)2

µϵ−1
s =

αL
isw

1−ϵ
is +

1

N

S∑
t=1

N∑
h=1

αi
ts(π

hi
t )

1−ϵ
σt−1 (τhit )1−ϵ(χ̃hi

t )1−ϵ(pht)
1−ϵ(A38)

□

LEMMA 2: Consider two industries k and l in the closed-economy benchmark such that

αkj = αlj , j = 1, . . . ,K, µk = µl,

and

Φ1−ϵ
k M̃1−ϵ

k = Φ1−ϵ
l M̃1−ϵ

l .

Then the supplier centralities of the two industries are identical,

β̃k = β̃l.

PROOF:

The result then follows from the same induction argument used in the proof of Proposition 4 in Baqaee

(2018). □

LEMMA 3: Consider two industries k and l in the closed-economy benchmark such that

αjk = αjl, j = 1, . . . ,K, µk = µl,

and

Φ1−ϵ
k M̃1−ϵ

k = Φ1−ϵ
l M̃1−ϵ

l .
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Then the consumer centralities of the two industries are identical,

α̃k = α̃l.

PROOF:

The result then follows from the same induction argument used in the proof of Proposition 5 in Baqaee

(2018). □

Two lemmas show that, once productivity heterogeneity is introduced, industry centrality depends on

the productivity-adjusted firm mass ΦM rather than the number of firms alone. Intuitively, an industry

with fewer but more productive firms can generate the same effective supply capacity as an industry with

many less productive firms. Productivity heterogeneity generates the trade-off between productivity and

mass of firms.

A3. Proof of Proposition 1

PROOF:

According to the optimal demand and input, the expenditure of final spending and intermediate to firms

with productivity φjs in industry s of country j is given by

FEji
s (φjs) = τ jis pjs(φjs)

(
Pi

p̃is

)ϵ (
πji
s

)− σs
1−σs

(
pjis

pjs(φjs)

)σs

βisCiν(φjs)M
ji
s

and

MEji
st(φjs) = τ jis pjs(φjs)

(
mcit
p̃is

)ϵ (
πji
s

)− σs
1−σs

(
pjis

pjs(φjs)

)σs

αi
styitν(φjs)M

ji
s
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We take a sum of survival firms in industry s of country j,

FEji
s = πji

s (p̃is)
1−ϵβisP

ϵ
i Ci(A39)

MEji
s =

K∑
t=1

πji
s (p̃is)

1−ϵαi
stmcϵityit(A40)

Then we substitute p̃is into pis(πii
s )

1
σs−1 andmcit into µ−1

t φ̃itpitM
1

σt−1

it and obtain FEji
s andMEji

s .

FEji
s = p1−ϵ

is πji
s

(
πii
s

) 1−ϵ
σs−1 βisP

ϵ
i Ci(A41)

MEji
s =

K∑
t=1

p1−ϵ
is πji

s

(
πii
s

) 1−ϵ
σs−1 αi

stµ
−ϵ
t φ̃ϵ

itM
ϵ

σt−1

it pϵityit(A42)

where FEji
s is the final expenditure in country i to industry s in country j. Similarly, MEji

s is the

expenditure in country i for buying goods from industry s in country j for production.

M
ϵ

σt−1

it = (φ∗
it)

−θt
σt−1

ϵ (
ME

it

) ϵ
σt−1 = (φ̃it)

−θt
σt−1

ϵ
[

θt
1− σt + θt

] θtϵ

(σt−1)2 (
ME

it

) ϵ
σt−1

where the third equality uses

φ̃jt =

[
θt

1− σt + θt

] 1
σt−1

(φ∗
jt)

□

The bilateral trade value is given by

(A43)

Eji
s = p1−ϵ

is πji
s

(
πii
s

) 1−ϵ
σs−1 βisP

ϵ
i Ci+

K∑
t=1

p1−ϵ
is πji

s

(
πii
s

) 1−ϵ
σs−1 αi

stµ
−ϵ
t (φ̃it)

σt−1−θt
σt−1

ϵ
[

θt
1− σt + θt

] θtϵ

(σt−1)2 (
ME

it

) ϵ
σt−1 pϵityit



VOL. VOLUME NO. ISSUE AS THE DOOR CLOSES 45

We define a common factor Υis as follow,

Υis = βisP
ϵ
i Ci +

K∑
t=1

αi
stµ

−ϵ
t (φ̃it)

σt−1−θt
σt−1

ϵ
[

θt
1− σt + θt

] θtϵ

(σt−1)2 (
ME

it

) ϵ
σt−1 pϵityit

and Eji
s is rewritten

Eji
s = p1−ϵ

is πji
s

(
πii
s

) 1−ϵ
σs−1 Υis

Now we turn FEis andMEis into matrix forms.

FE′
i = [FEi1 FEi2 · · · FEiK ]1×K

ME′
i = [MEi1 MEi2 · · · MEiK ]1×K

Using the centrality representation derived above, the two expenditure vectors can bewritten as follows:

FEi = α̃i

(
π̃D
i

)ϵ−1
βiP

ϵ
i Ci

and

MEi = α̃i

(
π̃D
i

)ϵ−1
Aiµ

−ϵΦϵ
iM̃

ϵ
i Cϵβ̃iP

ϵ
i Ci

where α̃i denotes the block matrix of consumer centrality corresponding to country i, and α̃i stands

for diagonal matrix of α̃i. π̃D
i is a K × K diagonal matrix with elements (πii

s )
1−ϵ
σs−1 . βi is the vector

of taste parameters in country i. Ai denotes the direct input–output coefficient matrix of country i. Φ̃i

is the domestic production matrix of country i. These formulas imply that supplier centrality influences

expenditure on intermediate inputs used in production, but does not directly enter the expression for final

expenditure.

Combining the two components, total expenditure vector can be expressed as

(A44) Ei = FEi +MEi = ˆ̃αi

(
π̃D
i

)ϵ−1
[
βi +Aiµ

−ϵΦϵ
iM̃

ϵ
i Cϵβ̃i

]
P ϵ
i Ci
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According to accounting equality, the aggregate revenue of industry s in country i, Ris, equals to the

total expenditure to varieties in industry s and country i of all the countries, which means that

Ris =
N∑
j=1

Eij
s =

N∑
j=1

πij
s Ejs

The second equality uses Eij
s = πij

s Ejs. And because sunk fixed costs absorb all the profits of sur-

viving firms, the income of household in every country is the total wage, i.e. 1. The final expenditure

is
K∑
s=1

FEis = wiLi = 1,

which means that

(A45) α̃
′
i

(
π̃D
i

)ϵ−1
βiP

ϵ
i Ci = 1 ⇒ P ϵ

i Ci =
1

α̃
′
i

(
π̃D
i

)ϵ−1
βi

A4. Welfare decomposition of the closed economy with multi-sector

The feedback of the mass of firms is,

d ln(M)

d ln fpq
v

= [I − Γ]−1

[
(1− ϵ)

d ln(1K ⊗ C)

d ln fpq
v

+ ϵι
d lnΦe

d ln fpq
v

− eis
fpq
s∑N

j=1 f
ij
s

]
(A46)

And

Γ = π̃
∂vec(lnπ)
∂ ln(M)

+ diag(α̃)−1

[
∂ ln α̃

∂ ln(M)
+

∂ ln α̃
∂vec(lnπ)

∂vec(lnπ)
∂ ln(M)

]
+

∂vec(lnπD ⊗ 1N )

∂ ln(M)

+ π̃ι diag(β̃)−1

[
∂ ln β̃

∂ ln(M)
+

∂ ln β̃
∂vec(lnπ)

∂vec(lnπ)
∂ ln(M)

]
(A47)
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Under the single-country setting,

π̃ → 1,

and the trade channel is closed,

∂vec(lnπ)
∂ ln(M)

=
∂ ln α̃

∂vec(lnπ)
∂vec(lnπ)
∂ ln(M)

=
∂ ln β̃

∂vec(lnπ)
∂vec(lnπ)
∂ ln(M)

= 0(A48)

Therefore,

Γ = diag(α̃)−1 ∂ ln α̃
∂ ln(M)

+ ι diag(β̃)−1 ∂ ln β̃
∂ ln(M)

(A49)

and

d ln(M)

d ln fv
= [I − Γ]−1

[
(1− ϵ)

d ln(C)

d ln fv
+ ϵι

d lnΦ
d ln fv

− ev
fv∑N
j=1 fs

]
(A50)

Similarly, the consumer centrality is given by

d ln(α̃)
d ln fhi

t

= diag(α̃)−1ΛM
2

d ln(M)

d ln fhi
t

+ diag(α̃)−1ΛΦ
2

d ln(Φ)
d ln fhi

t

(A51)

Now we substitute into
d ln(M)

d ln fv
, and get

d ln(α̃)
d ln fhi

t

= diag(α̃)−1ΛM
2 [I − Γ]−1

[
(1− ϵ)

d ln(C)

d ln fv
+ ϵι

d lnΦ
d ln fv

− ev
fv∑N
j=1 fs

]

+ diag(α̃)−1ΛΦ
2

d ln(Φ)
d ln fhi

t

(A52)

The general feedback of welfare degenerates into

d ln(Ci) = −
K∑
s=1

N∑
j=1

βji
is

1

1− ϵ
d ln α̃js(A53)
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Where

Ωji
s =

βisp̃
1−ϵ
is∑K

h=1 βihp̃
1−ϵ
ih

πji
s

=
βisp̃

1−ϵ
is∑K

h=1 βihp̃
1−ϵ
ih

=
βsα̃s

β′α̃
(A54)

β′α̃
d ln(Ci)

d ln fhi
t

= − 1

1− ϵ

K∑
s=1

βsdα̃s

= − β′
s

1− ϵ
ΛM
2 [I − Γ]−1

[
(1− ϵ)

d ln(C)

d ln fv
+ ϵι

d lnΦ
d ln fv

− et
ft∑N
j=1 fs

]

+ β′
sΛ

Φ
2

d ln(Φ)
d ln fhi

t

(A55)

β′α̃
d ln(Ci)

d ln fhi
t

= −β′
sΛ

M
2 [I − Γ]−1d ln(C)

d ln fv

− β′
s

1− ϵ
ΛM
2 [I − Γ]−1ϵι

d lnΦ
d ln fv

+
β′
s

1− ϵ
ΛM
2 [I − Γ]−1et + β′

sΛ
Φ
2

d ln(Φ)
d ln fhi

t

(A56)

(
β′α̃+ β′

sΛ
M
2 [I − Γ]−11

) d ln(Ci)

d ln fhi
t

= −β′
s

[
1

1− ϵ
ΛM
2 [I − Γ]−1ϵι+ ΛΦ

2

]
d lnΦ
d ln fhi

t

+
β′
s

1− ϵ
ΛM
2 [I − Γ]−1et(A57)
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Therefore,

d ln(Ci)

d ln fhi
t

=
1

1− ϵ

β′
sΛ

M
2 [I − Γ]−1

β′α̃+ β′
sΛ

M
2 [I − Γ]−11

et

+
1

ϵ− 1

β′
s

[
ΛM
2 [I − Γ]−1ϵι+ ΛΦ

2

]
β′α̃+ β′

sΛ
M
2 [I − Γ]−11

et
1

θt
(A58)

Where we use

d lnΦ
d ln ft

=
1

θt
(A59)

which comes from the single-country free-entry condition,

J (φ∗
t )ft = f e

t(A60)

where

J (φ∗
t ) = (φ∗

t )
−θs .


