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Abstract

China’s college expansion program, which was implemented in 1999 significantly

increased the share of college-educated workers in the urban labor force. We find

that returns to education were not responsive to changes in local skill supply be-

tween then and 2009. To explain the trend, we develop a model of endogenous

technology adoption and predict that increasing the share of college-educated work-

ers leads firms to adjust their use of production technology. We construct supply

shocks in local labor markets based on policy-driven variations in the changes of

college enrollment quotas across cities. Using panel data from over 20,000 large

manufacturing firms, we find that an enlarged college-educated labor force causes

skill-intensive firms to invest more in capital and R&D as well as employ more

workers, evidence that supports the theory of endogenous technology adoption.
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I Introduction

Over the past several decades, returns to college education have steadily increased

in many countries despite an increased supply of college graduates.1 While researchers

reason that recent technological changes are skill-biased, shifting the relative demand for

highly educated workers, it is possible that skill-biased technological changes (SBTC) are

actually caused by increases in the supply of skilled labor, an idea introduced in theories

of endogenous growth (Romer, 1990), endogenous technological change (Acemoglu 1998,

2007) and endogenous technology adoption (Beaudry et al., 2010).

Testing theories of endogenous technology adoption, however, requires understanding

how firms choose production inputs after changes in their local labor market. While

existing studies mainly use immigration waves as the source of exogenous increases in

low-skilled labor (e.g. Lewis, 2011), this paper focuses on how firms adjust their in-

puts as the share of high-skill labor increases. We use data from a large-scale natural

experiment in China that took place in 1999. We adopt a firm-level approach that pro-

vides more granular evidence to an endogenous technology adoption model, extending

city-level evidence reported in previous studies such as Beaudry et al. (2010). A firm-

level analysis also helps us to rule out the possibilities that previous city-level results

are solely driven by the relative expansion of capital-intensive sectors or export-intensive

industries. Although firms’ adjustments in production technology may happen through

exits and entries, previous work has shown that within-firm adjustments are the main

mechanism through which labor supply shocks are absorbed by the economy (see Lewis,

2013 and Dustmann and Glitz, 2015).

The Chinese college enrollment expansion program was implemented by the Chinese

central government unexpectedly in 1999 and became one of the biggest expansions of

post-secondary education in the world.2 By 2009, annual post-secondary school enroll-

ment increased six-fold, from 1 million students to 6 million, and the share of college-

educated workers in the urban labor force increased by more than 60% (Table 1). The

college wage premium remained stable despite the sharp and persistent increase in the

relative supply of college-educated workers (Figures 1 and 2).3 This suggests that a

rightward shift occurred in the labor demand curve and motivates us to consider an

endogenous technology adoption model as a potential explanation.4

We develop a framework with the coexistence of two types of production technologies,

1See Bekman et al. (1998), Card and Lemieux (2001), Acemoglu (2002), Autor et al. (2008), and
Walker and Zhu (2008) for example.

2We calculate that China’s college expansion program generates an average increase of 0.6 year of
education for cohorts born in 1990 compared with cohorts born in 1980.

3Carneiro et al. (2018) studied the change of college wage premiums after the construction of new
colleges in several cities in Norway in the 1970s. Although their setting is very different from ours, the
results regarding changes in college wage premium are similar.

4Acemoglu (2002) proposes a theoretic framework of directed technology change.
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characterized by two different types of capitals, one skill-biased and the other labor-

biased. Our model is an extension of the models in Beaudry et al. (2010) and Lewis

(2013), which include two types of capital (skill-biased and labor-biased) and two types

of labor (high-skill and low-skill).5 In our model, firms employ both high- and low-skill

workers and choose either type of capital to produce the same output across two types

of firms. To achieve a new equilibrium, firms adjust every input when the local labor

market skill-mix changes. As high-skill labor becomes more abundant, firms using skill-

biased capital invest more in capital and hire more workers, while firms using labor-biased

capital reduce capital investment and workforce size as the relative supply of low-skill

workers decreases. The model predicts that college wage premiums do not change, as the

endogenous shifts in labor demand exactly compensate for the increases in skilled labor.

To test this model empirically, we treat cities as individual labor markets and use

variations in the college enrollment expansion of each city to identify shocks in the supply

of college-educated workers. More specifically, we construct an instrumental variable

for the local skill mix based on a city’s predicted college enrollment quota, which was

determined by the Ministry of Education (MOE). Using the firm-level panel data on all

large manufacturing firms in China from 1998 to 2008, we show that firms hiring more

high-skill labor, which are more likely to use skill-biased capital in production, are more

likely to increase their capital, R&D spending, and employment when the local share of

skilled labor increases. We control for confounding factors such as state-owned enterprise

(SOE) reform, rural-to-urban migration, and industry-specific time trends that might

have been influenced by China joining the World Trade Organization (WTO) in 2001.6

Finally, using worker-level wage data from the Urban Household Survey (UHS), we verify

that the estimate for the slope of the relative labor demand, or the inverse elasticity

of substitution between college- and high-school-educated workers, is close to zero. All

findings are aligned well with the predictions of our endogenous technological adoption

model.

Previous studies that have used SBTC to explain increasing college wage premiums

often assume that technological changes are exogenous, e.g. Katz and Murphy (1992),

Krueger (1993), Bekman et al. (1998), and Autor et al. (2008). There are only a handful

of empirical studies that test endogenous adoption of technologies with respect to skill-

mix shocks. Examples include Goldin and Sokoloff (1984), Krusell et al. (2000), Beaudry

5We use a nested CES production function which is a more general function form than that in
Beaudry et al. (2010). Nevertheless, all predictions of the model are unchanged if we use exactly the
same functional form as that in Beaudry et al. (2010).

6Previous evaluations of China’s college enrollment expansion program mainly use a difference-in-
differences design that cannot rule out industry-specific time trends. For example, Li et al. (2014) and
Li et al. (2017) describe how the college expansion program changes the return to education; Che and
Zhang (2018) study the growth of firms’ total factor productivity after the college enrollment expansion
program.
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et al. (2010), and Lewis (2011).7 We contribute to this literature by suggesting a specific

mechanism that could explain how SBTC happens when different technologies coexist:

as high-skill labor share increases, the overall labor demand becomes more skill-biased

because firms that adopt skill-biased technologies grow faster than firms that use labor-

biased technology. Our finding complements that of Lewis (2011), which models an

economy with only one type of capital that is skill-biased.

By examining one of the largest educational promotion programs, our study also adds

more micro-foundations to the “human capital engine” theory (Lucas, 1988). Instead of

the cross-country comparison approach, we adopt a local labor market approach that is

less limited by reverse causality.8 In particular, to explain China’s phenomenal growth in

the past several decades, existing literature emphasizes drivers such as the reallocation

of resources from the public sector to the private sector (Song et al., 2011), access to

international trade (Brandt et al., 2017), capital formation (Chow, 1993), and institu-

tional reform (Xu, 2011). We suggest a human capital channel that has been overlooked

previously. If enrollments of college students were strictly controlled by the government,

relaxing the supply constraints of college-educated workers could have triggered techno-

logical progress and economic growth.9

Our study also contributes to the understanding of the general equilibrium effects

of education. While a vast amount of literature estimates the returns to education in

various countries (see a survey in Card, 1999), there are far fewer studies that discuss the

general equilibrium effects of education and even fewer that study countries other than

the United States (studies on human capital spillovers include Moretti 2004b, 2004a,

Ciccone and Peri, 2006, and Iranzo and Peri, 2009). Our results show that endogenous

labor demand shifts may offset the wage effects of the supply increase, which provides

an alternative channel to understanding the general equilibrium effects of educational

promotion programs.

The remainder of this paper is organized as follows. Section II discusses the policy

background and examines aggregate college wage premium trends before and after the

college enrollment expansion. Section III outlines a simplified model of endogenous tech-

nology adoption. Sections IV and V discuss data and our empirical strategies, followed

by our empirical results in Section VI. Section VII concludes our paper.

7A related example on endogenous technological change with respect to endowment shocks is Hanlon
(2015) which tested how the shock to the relative supply of cotton (an input to production) affects the
direction of technological progress in textile industry of US.

8Examples of cross-country comparisons include Benhabib and Spiegel (1994), Barro and Lee (1994),
Gregorio and Lee (2002), Barro et al. (2013), and Nicola Gennaioli and Shleifer (2013). Critiques of the
cross-country comparison approach include Bils and Klenow (2000), Chevalier et al. (2004), and de la
Fuente and Doménech (2006).

9From Chinese import competition, there can also be technology spillover effects in other countries
as studied by Bloom et al. (2016).
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II Policy background

Each higher-education institution’s enrollment in China is managed by the MOE, a

branch of the Chinese government that falls below the State Council. However, a policy

change originating in the State Council in 1999 started the college expansion program,

which deviated from the MOE’s five-year plan for 1996-2000 (and since the State Council

manages the MOE, the State Council’s policy took precedence over the MOE plan).10

To achieve the ambitious goal set by the State Council, the MOE modified its college

education enrollment plan abruptly. On June 24, 1999, only two weeks before the national

college entrance exam, the MOE announced a 38 percent increase in the admissions quota.

Since then, college enrollment has increased dramatically in China.

The MOE sets a binding enrollment quota for each college every year. If a college plans

to make any adjustment, it needs to seek approval from its provincial government and the

MOE. As each college follows the pre-assigned quota closely, the MOE plays the main role

in determining the total enrollment of a college and therefore the total college enrollment

of the country. To formulate the enrollment quota for each college, the MOE issues a

plan every five years that outlines the growth of college enrollment for an upcoming five-

year time frame. To do this, the MOE audits the on-campus infrastructure at each of

the country’s colleges and then constructs benchmark enrollment quotas accordingly. For

example, the MOE used the auditing results from 1996 to compute the benchmark college

enrollment quotas for each college from 1997 to 2004. The MOE sets annual enrollments

based on the benchmark quotas and the country’s overall growth plan. After the State

Council unexpectedly raised the target gross college admission rate in 1999, the MOE did

not revise the benchmark enrollment quota but only increased the growth rate of annual

enrollment at the national level.

Figure 1 shows that the annual college admission growth rate was 2 percent on average

between 1993 and 1998 based on the data published by the National Bureau of Statistics

(NBS) of China. However, from 1999 to 2001 it suddenly increased by 30 percent per

year. It slowed to a 15 percent annual growth rate in the following 5 years. As a result,

the average proportion of workers with any college education between 15 and 64 years of

age in China’s urban labor force increased from 17.9 percent in 1993-1999 to 29.5 percent

in 2003-2009, according to the UHS (see Table 1).

How does the enlarged college-educated workforce affect the equilibrium wage in the

labor market? To document the change in the college wage premium at the national

10Based on the “Blueprint for the Ninth Five-Year Plan for Education” published in 1996, the MOE
originally planned to raise the gross college enrollment rate (college enrollment among those in the same
age group) from 6.5 to 8 percent by 2000. However, in December of 1998, the State Council released
a special issue of the policy book “Plan to Revitalize Education for the 21st Century,” which sought
to raise the target gross college admission rate further to 11 percent, tripling the original growth goal
year-over-year from 1.5 to 4.5 percent.
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level, we run an ordinary least squares (OLS) regression. This allows us to estimate

the college wage premium each year and the results of this can be seen in Figure 2.11

We restrict the sample to workers between 20 and 40 years of age at the time of the

survey because workers in this age group have similar work experiences and they were

directly affected by the college expansion program.12 In Figure 2, the squares represent

the point estimates for the estimated college wage premium from 1993 to 2009 for workers

aged 20-40. During this period, the increase in the supply of college-educated workers

accelerated. However, the average college wage premium remained steady. Also of note

is that unemployment rate of college-educated workers decreased compared to workers

without any college education (see Feng et al., 2017 and Figure A1).

This college expansion program also increased variation in the skill mix across cities.

Although the MOE did not publish details of how the college expansion program was

implemented, the data suggests that the MOE likely increased each college’s enrollment

quota using a national growth rate. Figure 3 shows that changes in a city’s college enroll-

ment between 1998 and 2009 is highly correlated to the city’s initial college enrollment

in 1998. Therefore, cities that had higher college enrollments before 1999 were likely to

have faced larger influxes of college-educated workers compared to others after the college

expansion program.

While the relative supply of college-educated workers quadrupled from 1993 to 2009

for 20 to 40-year-olds based on UHS data, the college wage premium during this period did

not decrease. The national acceptance rate of the college entrance exam nearly doubled

from 34 percent in 1998 to 62 percent in 2009. This change in selection cutoff decreases the

average unobserved abilities of college graduates (e.g., Juhn et al., 2005). As colleges had

insufficient infrastructure in the first few years to accommodate so many new students,

the quality of college education could decline during the beginning of the college expansion

program (see Meng et al., 2013). Overall, changes in students’ unobserved abilities or

quality of college education during this period were likely to decrease rather than increase

the college wage premium holding the relative labor demand constant.

Our explanation for the observed college wage premium trend is a shift in the labor

demand that was likely caused by endogenous skill-biased technology adoption. In the

following sections, we develop a model with two production technologies to illustrate how

firms adjust capital and labor demand when faced with an exogenous change in the skill

mix of a local labor market.

11The dependent variable is the log of a worker’s annual earnings in each year, which consists of basic
wages, bonuses, subsidies, and other labor-related income. The explanatory variables include a dummy
variable that indicates whether a worker is college educated and other control variables that include
demographics, provincial-fixed effects, and years of experience by education levels.

12Li et al. (2017) suggest that the college expansion program has different effects on labor market
performance across workers in different age groups. We also verify that the pattern holds for college
wage premium of workers aged 15-64.
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III Model

There are four possible elements in a production function: low-skill labor (L), high-

skill labor (H), skill-complementing capital (Kh), and labor-complementing capital (Kl).

We define workers who received any college education as high-skill labor, and workers

who have received high-school education or below as low-skill labor. We define capital

in our model as a generalized machinery input in the production function, which can

be measured by the total value of capital in firm-balance sheet or other related variables

such as R&D expenditure. Motivated by observed heterogeneity in production technology

among firms in a large developing country like China, we assume that there are two types

of firms: firms that use skill-biased capital and firms that use labor-biased capital. Both

types of firms employ a mix of high- and low-skill labor.

Consider an environment in which two types of firms both produce one final good

denoted by Y . Each type of production technology follows a nested constant elasticity

of substitution (CES) production function (see Equations 1-2), which has been widely

adopted in economics literature since Sato (1967). In particular, Y1 equals the amount of

output produced by firms using technology 1 and Y2 represents the total output of firms

using technology 2.

Y1 = [α1(K
ρ1
h + Lρ11 )

µ
ρ1 + (1− α1)H

µ
1 ]

1
µ , 0 < α1 < 1, ρ1, µ ≤ 1 (1)

Y2 = [α2(K
ρ2
l +Hρ2

2 )
µ
ρ2 + (1− α2)L

µ
2 ]

1
µ , 0 < α2 < 1, ρ2, µ ≤ 1 (2)

In these production functions, the elasticity of substitution between labor and capital

is fixed. For example, the elasticity of substitution between L1 and Kh is µ
1−ρ1 under the

first production technology. When ρ1 is equal to 1, L1 and Kh are perfect substitutes,

see example in Autor et al. (2003). When ρ1 is equal to µ, capital is skill-neutral, i.e.

the elasticity of substitution between L1 and Kh is equal to that between H1 and Kh. If

ρ1 > µ, capital is generally a substitute to low-skill labor and a complement to high-skill

labor.

Capital is not always skill complementing. Acemoglu (2002) summarizes studies such

as Goldin and Katz (1998) on how machines invented in the 19th Century were non-skill-

biased. An example from today’s economy is that sewing robots and sewing machines are

simultaneously used in the textile industry. Sewing robots require high-skill workers to

program designs while sewing machines simply assist low-skill workers in making clothes.

In this example, the second type of production technology, sewing machines, is an illus-

tration of capital (Kl) as a complement to low-skill labor (thus ρ2 > µ), as opposed to

the more generally assumption that capital only complements to high-skill labor.

In this economy, we further assume that the price of capital is exogenous (denoted as

rh and rl); and the sum of each type of labor is exogenous (H1+H2 = H and L1+L2 = L).
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Both types of firms maximize their profits by choosing the optimal amount of capital and

labor. As the production functions in our model satisfy constant returns to scale, we can

normalize the number of firms to be 1 under each type of production technology. In this

case, a price-taking firm aims to maximize profits by solving the problems in Equations

(3-4) after we normalize the product price to be 1 as well.

maxΠ1 = Y1 − wHH1 − wLL1 − rhKh (3)

maxΠ2 = Y2 − wHH2 − wLL2 − rlKl (4)

We define a competitive equilibrium as a situation when firms maximize profit, labor

markets clear, and each type of firm earns the same profit for a given output price and

input price. The constant returns to scale of the production function imply that each

type of firm earns zero profit. In equilibrium, we can solve how a firm allocates inputs by

taking the first-order derivative of a firm’s profit with respect to each input. In particular,

we propose the following:

Proposition 1: When firms can adjust capital freely and the range of parameters

allows an interior solution for the equilibrium, the relative wage of high-skill workers

compared to that of low-skill workers, ln(wH
wL

), only depends on exogenous production

function parameters (µ, α1, α2, ρ
h and ρl) and capital rental price (rh, rl). See proof in

Appendix A1.

To see the adjustment of relative wages of high- and low-skill workers in each type of

firm, we can focus on the first-order conditions summarized in Equation (5).

ln(
wH
wL

) = ln
(1− α1)

α1

+ (1− µ

ρ1
) ln(1 +

Kρ1
h

Lρ11
) + (µ− 1) ln

H1

L1

= ln
α2

(1− α2)
+ (

µ

ρ2
− 1) ln(1 +

Kρ2
l

Hρ2
2

) + (µ− 1) ln
H2

L2

(5)

Suppose firms do not adjust capital (i.e. Kh and Kl are fixed). According to Equation

(5), the relative wage of high-skill workers compared to that of low-skill workers, ln(wH
wL

),

decreases as the relative supply of college-educated workers (ln H1

L1
or ln H2

L2
) increases when

µ < 1. However, if the price of the capital is constant and firms can adjust the quantity

of capital freely, Proposition 1 shows that the relative wage keeps constant regardless of

skill-mix changes under both technologies.

While our model is an extension of Beaudry et al. (2010) and Lewis (2011), it is

different in three aspects: 1) Lewis (2011) points out skill-capital complementarity can

explain why low-skill immigration has little effect on wages. Our model, however, exhibits

that adjustment in both skill- or labor-biased capital can explain the observed constant
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wage premium after relative labor supply shocks; 2) our model allows for the co-existence

of different types of production technologies and predicts a zero response in college wage

premium instead of a diminished response as that in Beaudry et al. (2010);13 3) in this

model, we assume that firms are endowed with different production technologies, whereas

firms in Beaudry et al. (2010) and Lewis (2011) are homogeneous.

In addition, Equation (5) indicates that a sufficient condition for H1

L1
> H2

L2
is α1+α2 <

1. This is aligned with previous estimates. For example, Stokey (1996) finds α1 = 0.38

and Duffy and Papageorgiou (2000) use α1 = α2 = 0.4 in the estimation of nested CES

production functions. This observation provides a method for how to identify firms that

are using skill- or labor-biased capital and motivates our next proposition.

Proposition 2: When more high-skill workers enter the labor market, firms that use

skill-biased capital hire more workers and invest more in capital. Correspondingly, firms

that use labor-biased capital employ fewer workers and divest in capital. However, the

capital intensity measured by the value of capital per worker remains constant among

both types of firms. For proof, see Appendix A2.

IV Data

The main data sets used in this study are micro-level surveys conducted by the Na-

tional Bureau of Statistics (NBS) of China. The first data set comes from the Urban

Household Survey (UHS), which is China’s largest nationally representative urban house-

hold data set. It is a repeated cross-sectional survey similar to the March Current Popu-

lation Survey Income Supplement in the United States. We have access to the UHS data

from 1993 to 2009, which provides the most complete information on the urban labor

market in China to our knowledge (Feng et al., 2017). The second data set is the Annual

Survey of Industrial Firms (ASIF), which consists over 2 million observations of large

domestic- and foreign-invested manufacturing firms in China from 1998 to 2008.14 In

addition, we use aggregated summary data from 2000, 2005 and 2010 Census as supple-

mentary information on city-level skill-mix. We chose the Census data for the years that

most closely align with the data from our other sources. By combining all these data,

we can connect large manufacturing firms with local labor-force compositions before and

after the college expansion program.

UHS data includes information on employment, earnings, expenditures, and demo-

graphic characteristics of urban residents in China. In addition to labor market outcomes,

13As a robustness check, we use the production functions in Beaudry et al. (2010) (both firms use
skill-biased capital but with different substitution elasticities) to replace our Equations (1-2) and we
obtain the same set of results.

14Examples of recent works that use the ASIF data include Brandt et al. (2017) and Che and Zhang
(2018).
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the UHS also records detailed information about school completion levels and residential

locations. The education levels of workers are grouped into the categories of “high school

and below” and “college or above.”15 To be consistent with the workforce definitions in

the Census data (where workers are grouped by aged below 15, aged 15 to 64 and aged

above 65), we restrict our UHS sample to urban workers who are between 15 to 64 years

old to calculate each city’s share of college-educated workers at the prefecture-level.16

We list the summary statistics of workers in the UHS by separating the sample into

two comparable periods (see Table 1). The first period is from 1993 to 1999, when the

college expansion policy was not implemented. The second period is from 2003 to 2009,

when the affected cohorts started entering the labor market. The four-year gap between

1999 and 2003 accounts for the affected cohorts’ time in college, which was on average

four years. Table 1 shows that the composition of education levels in urban labor market

changed substantially between the two periods. The share of workers with a college

degree or above increased from 17.9 percent in the first period to 29.5 percent in the

second period.17

The ASIF contains information on the income statements and balance sheets of each

large manufacturing firm in China from 1998 to 2008. The ASIF includes all firms that

are either state-owned or are non-state firms with current-year sales over CNY 5 million

in the manufacturing sector. Our unit of analysis in this data set is at a plant level, as

we observe one firm having multiple plants in different cities. Among all the firms, more

than 90 percent of all observations in our sample are single-plant firms. For firms with

multiple plants, we treat each plant as an independent unit and assign them separate

IDs. The definition of unit ID is by a firm’s tax filer number and location code (or 6-digit

administration code). For simplicity of notation and emphasizing the fact that most of

our observations in the data are at a firm-level, we refer the unit of analysis as a “firm”

regardless whether it is from single- or multiple-plant firms. To measure firms’ real capital

stock, we follow Brandt et al. (2012) by using the perpetual inventory method. We exclude

firms with missing, zero, and negative values for real capital stock and employment, as

well as firms with fewer than eight employees (such firms are considered individually-

owned businesses in China).

We then drop firms that did not enter the ASIF in 2004. We impose this restriction

as firm-level skill mix is crucial for our analysis and we can only track the skill-mix

information of any firm in the ASIF that existed in 2004 using the 2004 Economy Census.

15The category of “college or above” includes workers who have received any post-secondary education.
16Individuals who are retired, disabled, students, or working at home are not considered to be a part

of the labor force.Feng et al. (2017) provides a more detailed description of the UHS. We confirmed
that using weighting in the UHS sample does not change our empirical results. Likewise, we found that
restricting the data to 20- to 40-year-olds did not change our empirical results.

17Part of the observed change may be explained by the lower levels of education achieved by people
who were college-aged during the Cultural Revolution. During that time, college enrollment was nearly
halted.
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Table 2 lists the summary statistics for all firms in our analysis sample. All of the firms

surveyed by the ASIF are quite large in scale of employment due to the design of the

data collection. In our sample of interest, the annual real value added is CNY 33 million

(as measured in 1998) and the average workforce size is 289.

As supplementary data, we use city-level outcomes that from the statistical yearbooks

published by the NBS. The city-level college enrollment and graduate data are from the

“Statistical Yearbook of Regional Economy”. One control we have is based on the city

macroeconomic indicator data from the “City Statistical Yearbooks”. In addition, we

use micro-level data from the 1995 and 2004 Economy Censuses. We also use export and

import records from the General Administration of Customs (GAC) from 1998 to 2008

to provide additional controls and tests.

To capture the likelihood of a firm’s use of skill- or labor-biased capital (K1 or K2), we

use the share of college-educated workers in a firm based on the 2004 Economy Census.

The overall share of high-skill workers among Chinese manufacturing firms was approx-

imately 12% in 2004 and there is substantial variation in the firm-level college worker

ratio within an industry according to the Economy Census. We use the ratio of high-skill

over low-skill workers in 2004 Economy Census as the measure of skill intensity (SI).

V Empirical Strategy

Suppose each city is a separate labor market. The market for high- and low-skill labor

is purely local, with exogenously fixed local supplies that vary across cities and time.18

To test whether firms invest in capital differently after a skill-mix shock, we introduce

the regression in Equation (6). Consider a basic firm-level equation for the logged real

value of capital Kict in firm i of industry j in city c at time t as:

Kict = βiRct + ηi + γ1Oit + γ2Cct + γ3Ijt + εict (6)

where Rct = log(Hct
Lct

) represents the city-level skill mix, and the capital, Kict is interpreted

broadly as production technology which can be measured by a firm’s value of capital or

R&D expenditure. We measure city level skill-mix, Rct, using the logged ratio of workers

with college or above education over workers with high school and below education. The

ηi represents a firm’s fixed but unobservable characteristics. To control for the effects

of SOE reform in China, we add a time-specific ownership dummy (Oit).
19 The city

economic indicators (Cct) help absorb macro-economic shocks at the city level. We also

18The Chinese residency-permit system (hukou) largely restricts the inter-city labor mobility, which
helps to justify our identification assumption.

19We include five ownership categories: SOEs; domestically private-owned enterprises or enterprises
owned by shareholders; foreign invested enterprises; enterprises owned by investors from Hong Kong,
Macau, or Taiwan; and collectively owned enterprises and enterprises with hybrid ownership.
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add industry-specific year-fixed effects (Ijt) to disentangle any possible effects of China’s

joining the WTO on firms in different industries.20 Finally, to cancel out firm fixed effects

(ηi), we use a long-difference regression to test our model’s prediction, where ∆ represents

the long difference operator.

∆Kict = βi∆Rct + γ1∆Oi + γ2∆Cc + γ3∆Ij + ∆εict (7)

Our model predicts that the sign of βi depends on the production technology a firm

uses. From a firm’s high level of SIi, we can infer that this firm is more likely to use skill-

biased capital. Therefore, we use a parametric approximation to estimate firm specific

responses to changes in a city’s skill mix, βi:

βi = β0 + β1SIi (8)

We re-write Equation (7) as Equation (9) to test our model’s prediction in the data.

∆Kict = β0∆Rct + β1∆Rct × SIi + γ1∆Oi + γ2∆Cc + γ3∆Ij + ∆εict (9)

The coefficient of the interaction term between SIi and change in Rct shows if firms

that use skill-biased capital invest more in capital after an influx of college-educated

workers in a local labor market. The model’s prediction is reflected in the positive

coefficient of the interaction term, β1.

The main challenge for estimating Equation (9) is that the change in a city’s skill mix

(∆Rct) can be related to unobserved shocks ∆εict. We thus use an instrumental variable

that is based on college enrollment expansion to isolate the exogenous shock in a city’s

skill mix. The instrumental variable, Sct, uses a city’s predicted share of college-educated

workers in year t, ect, as specified in Equation (10).

More specifically, we calculate a city’s college graduates compared to its population,

ect, through dividing the cumulative college graduates in year t by a city’s population

in the year 2000 (Pc,2000). For any year after 2000, the cumulative college graduate

population is the sum of the stock of college graduates in the 2000 Census (Colc,2000) plus

the predicted college enrollments from 1997 until year t − 4. For any year before 2000,

we can use the stock of college graduates in the 2000 Census (Colc,2000) minus a city’s

predicted college enrollments from t− 4 until year 1996.

One year’s predicted college enrollment, Êcj = Njηc, equals the national college en-

rollment in year j, Nj, multiplied by a city’s share of the national college enrollment in

1998 (ηc).
21 Finally, equation (11) describes how we construct the instrument variable,

20Several trade models (e.g., Acemoglu, 2003 and Bloom et al., 2016) assert that exports from less
developed countries to the U.S. or Europe lead to a decrease in skill premium in less-developed countries.

21The city-level college enrollment and graduation data in our study comes from the Statistical Year-
book of Regional Economy from 1999 to 2009. We use a 4-year lag to recover a city’s college enrollment

12



Sct, for city-level skill-mix, Rct.

ect =
Colc,2000 − Σ1996

j=t−3Êcj · 1t≤1999 + Σt−4
j=1997Êcj · 1t≥2001

Pc,2000
(10)

Sct = log(
ect

1− ect
) (11)

Figure A2 shows that a city’s college enrollment share stays steady over time, which

explains why our predicted college enrollment matches well with a city’s actual college

enrollment. Our instrument is different from a shift-share instrument because we do

not assign future college graduates to cities where college-educated workers were located

before the college expansion program. Nevertheless, we impose the assumption that

a city’s initial college enrollment share of the national college enrollment is randomly

assigned after controlling for city observable characteristics, i.e. Cov(∆εict, ηc|Cct) = 0.

To find out which city level controls (Cct) we need to control for, we examine which

city characteristics are likely to correlate with a city’s pre-policy college enrollment share.

According to Table 3, a city’s type — whether it is a municipality that is directly over-

seen by the federal government, a provincial capital, or another type of prefecture-level

city – significantly influences the a city’s college enrollment numbers.22 A city’s urban

population and GDP positively correlate with a city’s enrollment share, but the city’s

migrant population and average wage do not correlate with a city’s college enrollment

share. Based on these findings, we conduct the following validity tests to examine our

instrument.

In our firm-level long difference regressions, we add city type, region dummies and the

base year level of urban population and GDP as controls to address the concern that local

governments may impose industrial policies or provide support that targets provincial

capitals, coastal cities, or cities with larger urban populations. Another concern is that

cities with higher baseline enrollment shares have been more exposed to trade since China

entered the WTO in 2001. Therefore, we add city-level export volume by destination

country as a control.

We also test our instrument’s validity by conducting a pre-trend test. As an illustra-

tion, we draw the average total capital and employment of firms in each year by cities

that are predicted to have higher or lower changes in college enrollment in Figures A3

and A4. We divide cities into two groups based on the level of Sct in 1998, so cities with

top half value of Sc,1998 are predicted to have larger increases in college enrollment per

capita. Note that the general downward trend in firm’s average size over time can be

in 1998 and we verify that the college graduation rate in China is approximately 100 percent. We also
use the number of colleges established as of 1998 to predict the enrollment share of each city in 1998,
which generates similar results.

22To follow the higher education model of the Soviet Union, there was a major integration and reor-
ganization through building and moving of all universities in 1952 which largely determined the location
of the majority of current universities to be at capital cities.
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explained by the composition change due to the specific sample selection criterion of the

ASIF. From 1998 to 2008, the ASIF always used the nominal sales over CNY 5 million

as the cutoff value to define a large manufacturing firm. As a result, the average size of

firms that entered the ASIF in later years is smaller. To control for composition changes

across different waves in the ASIF, we regress the annual logged value of capital, employ-

ment, revenue and 2-digit industry as well as city fixed effects for all firms. We then draw

the capital and employment residuals from 1998 to 2008 in Figures A5 and A6 and find

consistent results.

According to these figures, firms from low-expansion cities have slightly higher capital

stock before 2003 but the difference reversed after 2003, with the timing matching when

the first cohort of college graduates from the expansion program entered the labor market.

We find a similar trend for firms’ total employment.

In the pre-trend test regression, we add data from the 1995 Economy Census to

supplement the firm-level observations in pre-policy periods, and then carry our main

specification by using Sct′ at future periods to replace the Rct in Equation (9). For

example, we can regress a firm’s capital change from 1995 to 1999 on the change in Sct

from 2004 to 2008 using the same set of other control variables as that in Equation (9).

We will discuss the empirical result of the pre-trend test in the next section.

Our policy-induced instrumental variable is similar to that in Fortin (2006). To the ex-

tent that past college enrollment is exogenous to current demand, two-stage least squares

(2SLS) estimates should consistently estimate the supply shock. In Table 4, we run the

following regression (Equation 12) at using data from the UHS to examine whether the

instrumental variable (Sct) has a strong first-stage result:

Rct = δSct + θX ′ct + εct. (12)

The control variable list Xct includes municipality, provincial capital dummies, and a

city’s time varying characteristics such as GDP and population. We also present the

regression result using data from the Census in Table A2, which includes both rural and

urban workers in the skill-mix measurement.

In Table 4, we show that a city’s actual skill mix as measured in the UHS, Rct,

strongly correlates with the predicted skill mix, Sct. This correlation does not weaken

significantly after we control for the city characteristics. The coefficient of Sct shows that

a 10 percent increase in the predicted relative supply of college graduates predicts a 2.5

percent increase in a city’s relative supply of college-educated workers.23

23We collect the placement reports of 116 universities (top-tier universities in China) in “Project 211”
of the MOE in 2014 to estimate how likely students are to work in the city where they attended college
relative to other cities. Of the 48 universities with city-level placement information, 46.5 percent of
students work in the same city after graduation. For the other 28 universities with provincial-level
placement information, we know that 62.6 percent of students choose to work in the same province
after graduation. It appears that the ratio of students who choose to stay local after graduation in the
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VI Results

In this section, we first verify our Proposition 1 by estimating the relative labor

demand for college-educated workers using wage data from the UHS. We then present

evidence to support Proposition 2, showing that after an influx in college-educated works,

firms using skill-biased capital increase capital stock, R&D expenditure and employment

compared to other firms. By using other sources of firm-level data, we find that con-

founding factors, such as China’s joining WTO, SOE reform or rural-to-urban migration,

are not the cause of the change.

VI.A Worker-level evidence

We use worker-level data to test how changes in skill mix affect the equilibrium wage

in the labor market. Based on the UHS wage records, we estimate the relative demand

curve at a city level to verify our wage prediction (summarized in Proposition 1). More

specifically, we test if the outward shift in the relative demand for college-educated workers

offsets the reduction in the supply of low-skilled workers using UHS data. The regression

uses the dependent variable as the log of the relative wage of college-educated workers

among workers aged 15 to 64. The key independent variable is the relative supply of

college-educated workers in the same age group of that city, Rct, which is also measured

by the data from the UHS. The additional control variables, noted by Xct, include city

characteristics and year fixed effects. We again use a city’s logged predicted relative

supply of college-educated workers, Sct, as the instrument for Rct.

log(
whct
wlct

) = θ0 + θ1Rct + θ2Xct + ζct (13)

According to Table 5, the point estimate of the slope of relative labor demand (the

inverse elasticity of substitution between college-educated and high school-educated work-

ers) ranges from -0.04 to 0.1 and not statistically different from 0 in all 2SLS specifications.

Overall, our estimates for the inverse elasticity of substitution between college-educated

and high school-educated workers are smaller in magnitude than previous estimates in

Katz and Murphy (1992), Angrist (1995), Card and Lemieux (2001), and Fortin (2006)

(which range from -0.2 to -0.7). One possible explanation for the difference in our esti-

mate versus others is that the college worker ratio in China nearly doubled in the time

frame we are examining while the observable change in the US was much smaller in

magnitude. The smaller change in the market could limit the scale of endogenous tech-

nology adoption. Thus, it makes sense that our point estimate is consistent with what

we hypothesized in Proposition 1.

placement reports is consistent with the observed significant first stage regression result.
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VI.B Firm-level evidence

To test Proposition 2 (firms’ have heterogeneous responses to changes in local labor

market skill-mix), we define skill intensity (SIi) using a firm’s number of college-educated

workers in the 2004 Economy Census divided by the number of high-school-educated

workers. We use this proxy because our model predicts that firms using skill-biased

capital hire a higher share of college-educated workers, verified by Table A1. In that

table, we observe that firms with higher skill intensity are capital intensive and spend

more in R&D.

With this proxy of production technology endowment, we use a firm-level long differ-

ence regression according to Equation (9) to examine how city-level skill mix shocks affect

firms differently in Table 6. We measure a firm’s logged real capital change in the period

of 1998 to 2008 as the outcome variable. The coefficient of the interaction between city

level skill mix shock ∆Rct and firm skill intensity SIi measures how much more capital a

firm invests if its college over non-college educated workers ratio is one standard deviation

higher. Suppose there is a 60% increase in the relative supply of a city’s college-educated

workers population (which is the average change across cities in our sample from 1998 to

2008), the point estimator for β1 suggests that firms with one standard deviation higher

skill intensity will accumulate 1.5 percent more in total capital.

While both OLS and IV estimates in Table 6 are significant and similar in magnitude,

the overall magnitude of the capital adjustment appears small. One explanation for

this result is that the accounting value of capital might be a noisy measure of a firm’s

production technology. We then turn to R&D as another measure of skill-biased capital.

Table 7 uses the change in firms’ R&D expenditures from 2001 to 2007 as a dependent

variable to document firms’ responses to changes in the skill mix of local labor markets.

The ASIF has R&D records from 2001 to 2007. As most manufacturing firms in China

are not associated with high-tech, it is not surprising that 59.3 percent of firms in the

ASIF have zero R&D expenditure. To include all firms with zero expenditure in the

regression, we add 1 to each firm’s R&D expenditure before taking the natural log. We

use this specification as our main empirical result (Panel A of Table 7). In addition, we

run an alternative regression by restricting the sample to firms with non-zero expenditure

(Panel B of Table 7).

We find that the OLS estimates for β1 in columns (1-3) are smaller than the 2SLS

estimates in columns (4-6), and the point estimators for β1 are much larger in magnitude

than the estimates in firms’ capital investment in Table 6, suggesting that R&D expen-

diture can be a more accurate proxy for skill-biased capital than the value of capital in

a firm’s balance sheet. Quantitatively, a 60 percent increase in a city’s relative supply

of college-educated workers drives a firm to spend, on average, 8 percent more in R&D

compared to firms that have one standard deviation lower skill intensity. As R&D expen-
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diture is a directly observable indicator of technology (see Machin and Van Reenen, 1998),

a firm’s increase in R&D in response to an increasing share of college-educated workers

provides additional evidence to support the theory of endogenous technology adoption.

To test our instrumental variable’s validity, we use additional records on firms’ real

capital to run a pre-trend regression. We use the change in the city skill mix in future

periods as the key independent variable. The results are presented in Table 8 and we

find insignificant correlation between a firm’s capital investment between 1995 to 1998

(or between 1995 to 1999) and the future influx of college-educated workers between 2005

and 2008 (or between 2004 to 2008). Unfortunately, as the R&D expenditure data is only

available in the ASIF from 2001 to 2007, we cannot run a similar regression for firms’

R&D expenditure for that time period.

We then continue to examine whether firms that use more skill-biased capital increase

their total employment as the share of college-educated workers in the local labor market

increases. According to Table 9, the point estimates suggest that when a city increases its

relative supply of college-educated workers by 60 percent, firms that have one standard

deviation higher skill intensity hire 2 percent more workers compared to other firms in

the same city. This result is consistent with Proposition 2 as well.

To compare our results to that of Lewis (2011), we test whether firms that use more

skill-biased capital adjust their capital intensity (measured by the value of capital per

worker) after a change in local labor market skill mix. Lewis (2011) finds that firms in

areas with larger increases in unskilled labor invest less in capital per worker because

capital and skill are always complements. Our model predicts that the co-existence

of different technologies leads to the constant capital intensity gap across firms that use

skill- and labor-biased capital. This distinguishes our model from previous models, which

focus on the average adjustment in capital per worker. In Table 10, we empirically verify

that firms that use more skill-biased capital do not have different capital intensities as

the coefficient of the interaction between city level skill mix shock ∆Rct and firm skill

intensity SIi is not statistically different from zero.

Last, to summarize how the coefficient of the interaction term, β1, varies across regions

and industries in China, we separate firms by their geographic regions (“coastal” or

“inland”) and by type of industry (high-tech or low-tech) in Table 11.24 As the coastal

region is the economic hub for China, large manufacturing firms located there drive our

main results. We also find that firms from high-tech industry respond more to local labor

market skill-mix changes, both in capital investment and R&D expenditure. This helps

explain the regional and industry-wide differences of Chinese manufacturing firms.

24We use 2013 NBS definition of high-tech industry to categorize whether each firm belongs to a high-
tech industry. According to the NBS definition, there are 42 4-digit industries in the manufacturing
sector that are considered as high-tech in China.

17



VI.C Robustness checks

To rule out confounding factors, we conduct robustness checks in Table 12 based

on firm-level regressions (Equation 9). Cities with different college worker ratios might

have faced different trade barriers before China joined the WTO in 2001, therefore firms’

investments in capital and R&D could be responses to changes in international trade.

By using the GAC data from 1998 to 2008, we aggregate each city’s export volume by

destination country (collapsed into two groups based on whether a destination country

belongs to the WTO or not) and use this controlling variable to tease out the possible

influence of change in trade access. We find that adding a city’s export volume by desti-

nation country does not change the key coefficient of β1 in all specifications, suggesting

that city-specific trade barriers are unlikely to be a factor in explaining firms’ responses

in capital investment and R&D expenditure to changes in labor market skill mix.

Another variable we considered as a possible confounding factor was rural-to-urban

migrant workers, which may influence how firms adopt technology. The UHS does not

include migrants in its sample. To check for how and if changes in migrant workers could

affect our data, we turn to Census data. We compare a citys college worker ratio (using

UHS data) to changes in the migrant population (using Census data) and find that there

is no correlation between the change in a citys college worker ratio and the proportional

change in that citys migrant population (see Figure A7). As cross-validation, we also

run a firm-level regression by including a city’s extrapolated migrant population based

on the 1990, 2000, and 2010 Census.25 Table 12 shows that the point estimators for the

key coefficients are similar to those in the baseline specification after adding controls for

a city’s migrant population.

One additional concern is that SOEs are different from non-SOE firms, though non-

SOE firms cover 84 percent of firm-level observations in our ASIF sample. To demonstrate

that our results are not driven by the SOEs alone, we run regressions on firms’ capital,

R&D and employment again and exclude SOE firms. As shown in Table 12, we again

find consistent and similar estimates for β1 across all three outcome variables.

One alternative explanation for our Proposition 1 is the Rybczynski theorem of the

Heckscher-Ohlin trade model. It argues that changes in the relative supply of college

graduates have no effect on city-specific relative wages as long as there are within city

output adjustments which can fully absorb any endowment shock. To evaluate the possi-

bility that a firm changes its output mix rather than production technology, we categorize

a firm’s main product using the 3-digit classification table published by the NBS in 2002

and track if firms in our ASIF sample have ever changed their main product over time.26

25As the only accurate counts of migrants are from Census years, we use a quadratic time trend to fill
in the gap years.

26We use the established natural language processing method to map each firm’s self-reported main
product to the classification table published by the NBS.
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We find 18 percent of the firms in our ASIF sample have changed their product types.

By restricting our sample to firms with the same main product, we find larger (though

less precise) estimates of β1 in capital and R&D investment.

If there exists large measurement error in Rct, the OLS estimates in Table 6 and

Table 7 are biased towards 0. To evaluate the role of measurement error, we use Census

data from 2000 to 2010 to construct the skill mix for 1998 and 2008 at a prefecture-level

(including both urban and rural areas) as a robustness check (see Table A3). The point

estimators for β1 in Table 6 and Table A3 are well-aligned. We also regress the changes

in firms’ capital on the changes of city skill-mix in other periods (see Table A4 and find

consistent 2SLS estimates.

VII Conclusion

Researchers have argued that the increasing college wage premiums in many countries

are the outcome of SBTC. The difficulty facing the SBTC hypothesis has been the lack

of explanation for why technical change tends to be skill-biased. We provide direct

empirical evidence supporting models of endogenous technology adoption and show that

firms actively respond to changes in the local skill ratio depending on technologies they

use. Specifically, firms endowed with skill-biased production technology accumulate more

capital and spend more on R&D when faced with an influx of college-educated workers.

In conclusion, an education policy that alters the skill mix of a country can have profound

effects in determining how firms adopt technology.
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Table 1: Summary statistics of the UHS worker sample

(1) (2)
1993-1999 2003-2009

Demographics
Female 50.8% 50.8%
College or above 17.9% 29.5%
High school or below 82.1% 70.5%

Labor market outcomes
Work in SOEs or government

All 58.2% 37.5%
College or above 81.3% 61.2%
High school or below 53.2% 27.2%

Working experience (year)
All 20.5 21.9
College or above 18.8 17.5
High school or below 20.8 23.8

Annual earnings (in 1998 CNY)
All 5,913 12,774
College or above 8,722 22,008
High school or below 5,301 8,919

Observations 288,517 897,310

Note: The UHS worker sample include workers who have urban residence

and age between 15 and 64 during the survey. The UHS has increased its

survey sample since 2002.
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Table 2: Summary statistics of the ASIF firm sample

Analysis sample 1998-2008 (1) Obs (2) Mean (3) S.D.

State-owned enterprise ratio 1,050,881 0.145 0.352
Real value-added (millions) 934,459 33.02 315.75
Real capital (millions) 1,050,881 34.89 423.20
R&D expenditure (millions) 855,937 1.73 51.59
Average number of employees 1,050,881 288.64 1157.79
Annual salary per employee 1,049,382 16,233 74,929

Note: All value variables are measured in 1998 CNY. The sample includes firms

that with 2-digit industry code range from 13-42 according to the NBS industry

classification from 1998 to 2008 ASIF data. We drop firms that did not enter

the ASIF in 2004, as well as firms with missing, zero, and negative values for

real capital stock and employment,and firms with fewer than eight employees.
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Figure 1: Trend of college enrollment in China from 1993 to 2009. The data is from the
annual statistical yearbook published by the NBS.
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Figure 2: The trend of college wage premium of workers age between 20-40 after the
increase in relative labor supply. We calculate the college wage premium using individuals’
wage and education achievement data in the UHS.
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A Appendix

A.1 Proof for Proposition 1

Proposition 1: When firms can adjust capital freely and the range of parameters

allows an interior solution for the equilibrium, the relative wage of high-skill workers

compared to that of low-skill workers, ln(wH
wL

), only depends on exogenous production

function parameters (µ, α1, α2, ρ
h and ρl) and capital rental price (rh, rl).

Proof. At the equilibrium with interior solution, each firm produces according to the first

order conditions (Equations 14-19) of profit maximization problem in Equation (3-4):

∂Y1
∂Kh

= α1y
1−µ
1 Kρ1−1

h (Kρ1
h + Lρ11 )

µ
ρ1
−1

= rh (14)

∂Y1
∂H1

= (1− α1)y
1−µ
1 Hµ−1

1 = wH (15)

∂Y1
∂L1

= α1y
1−µ
1 Lρ1−11 (Kρ1

h + Lρ11 )
µ
ρ1
−1

= wL (16)

∂Y2
∂Kl

= α2y
1−µ
2 Kρ2−1

l (Kρ2
l +Hρ2

2 )
µ
ρ2
−1

= rl (17)

∂Y2
∂H2

= α2y
1−µ
2 Hρ1−1

2 (Kρ2
l +Hρ2

2 )
µ
ρ2
−1

= wH (18)

∂Y2
∂L2

= (1− α2)y
1−µ
2 Lµ−12 = wL (19)

As the production function has constant return to scale, we have the zero profit conditions

in Equation (20-21).

Y1 − wLL1 − wHH1 − rhKh = 0 (20)

Y2 − wLL2 − wHH2 − rlKl = 0 (21)

We introduce the simplifications in Equations (22-27) to help solve the equilibrium
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wage of each type of worker.

(14) and (16) : L1 = (
wL
rh

)
1

ρ1−1Kh (22)

(14), (15) and (22) : H1 = [
α1wH

(1− α1)rh
]

1
µ−1 [1 + (

wL
rh

)
ρ1
ρ1−1 ]

µ−ρ1
(µ−1)ρ1Kh (23)

(17) and (18) : H2 = (
wH
rl

)
1

ρ2−1Kl (24)

(17), (19) and (24) : L2 = [
α2wL

(1− α2)rl
]

1
µ−1 [1 + (

wH
rl

)
ρ2
ρ2−1 ]

µ−ρ2
(µ−1)ρ2Kl (25)

(15) and (23) : Y1 = (
α1

rh
)

1
µ−1 [1 + (

wL
rh

)
ρ1
ρ1−1 ]

µ−ρ1
(µ−1)ρ1Kh (26)

(19) and (25) : Y2 = (
α2

rl
)

1
µ−1 [1 + (

wH
rl

)
ρ2
ρ2−1 ]

µ−ρ2
(µ−1)ρ2Kl (27)

In summary, the first-order conditions for the equilibrium can be simplified as Equa-

tion (28-29)

(1− α1)
1

1−µw
µ

1−µ
H + r

µ
µ−1

1 α
1

1−µ
1 [1 + (

wL
rh

)
ρ1
ρ1−1 ]

µ(1−ρ1)
(1−µ)ρ1 − 1 = 0 (28)

(1− α2)
1

1−µw
µ

1−µ
L + r

µ
µ−1

2 α
1

1−µ
2 [1 + (

wH
rl

)
ρ2
ρ2−1 ]

µ(1−ρ2)
(1−µ)ρ2 − 1 = 0 (29)

We further introduce two sufficient conditions (condition 1 and 2) so that there ex-

ists wH and wL satisfying both the first-order and the second-order condition for profit

maximization.

Condition 1: A sufficient condition for there exist two wH and wL subject to equations

(28-29) for every µ is that

g <
(1− α2)e(h− g) + g

1− (1− α1)(1− α2)(h− g)(f − e)
< min{h, 1

1− α1

} (30)

e <
e+ g

1− (1− α1)(1− α2)(h− g)(f − e)
) < min{f, 1

1− α2

} (31)

where

e = (α
ρ1
ρ1−1

1 − r
ρ1
ρ1−1

1 )
ρ1−1
ρ1 (32)

f = (α
ρ1
ρ1−1

1 − r
ρ1
ρ1−1

1 )
ρ1−1
ρ1 (33)

g = (α
1

ρ2−1

2 − r
ρ2
ρ2−1

2 )
ρ2−1
ρ2 (34)

h = (α
ρ2
ρ2−1

2 − r
ρ2
ρ2−1

1 )
ρ2−1
ρ2 . (35)

We derive this condition by finding two fixed points in Equation (28), (0, (α
ρ1

µ(ρ1−1)

1 −
r

ρ1
ρ1−1

1 )
ρ1−1
ρ1 ) and ( 1

1−α1
, (α

ρ1
ρ1−1

1 − r
ρ1
ρ1−1

1 )
ρ1−1
ρ1 ), that independent of the value of µ. Similarly,

Equation (29) has two fixed points, ((α
ρ2

µ(ρ2−1)

2 −r
ρ2
ρ2−1

2 )
ρ1−1
ρ1 , 0) and ((α

ρ2
ρ2−1

2 −r
ρ2
ρ2−1

1 )
ρ2−1
ρ2 , 1

1−α2
).
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Given that µ < ρ1 and µ < ρ2, we have

0 < (α
ρ1

µ(ρ1−1)

1 − r
ρ1
ρ1−1

1 )
ρ1−1
ρ1 < (α

1
ρ1−1

1 − r
ρ1
ρ1−1

1 )
ρ1−1
ρ1 (36)

0 < (α
ρ2

µ(ρ2−1)

2 − r
ρ2
ρ2−1

2 )
ρ2−1
ρ2 < (α

1
ρ2−1

2 − r
ρ2
ρ2−1

2 )
ρ2−1
ρ2 (37)

If we link these fixed points and define them as:

A = (0, (α
ρ1
ρ1−1

1 − r
ρ1
ρ1−1

1 )
ρ1−1
ρ1 ) = (0, e) (38)

B = (
1

1− α1

, (α
ρ1
ρ1−1

1 − r
ρ1
ρ1−1

1 )
ρ1−1
ρ1 ) = (

1

1− α1

, f) (39)

C = ((α
1

ρ2−1

2 − r
ρ2
ρ2−1

2 )
ρ2−1
ρ2 , 0) = (g, 0)) (40)

D = ((α
ρ2
ρ2−1

2 − r
ρ2
ρ2−1

1 )
ρ2−1
ρ2 ,

1

1− α2

) = (h,
1

1− α2

) (41)

We further derive the point of intersection E as

E = (
g − (1− α2)e(h− g)

1 + (1− α1)(1− α2)(h− g)(f − e)
,

e+ g(f − e)(1− α1)

1− (1− α1)(1− α2)(h− g)(f − e)
) (42)

Notice that wH is continuous concave function of the wL in Equation (28), but a

continuous convex function of the wL in equation (29). If the intersection point E is

between fixed points A, and B, C and D, we can always find two sets of wH and wL that

satisfy Equations (28-29) for every µ. The following condition guarantee the position of

the intersection point E.

g <
(1− α2)e(h− g) + g

1− (1− α1)(1− α2)(h− g)(f − e)
< min{h, 1

1− α1

} (43)

e <
e+ g

1− (1− α1)(1− α2)(h− g)(f − e)
) < min{f, 1

1− α2

} (44)

Figure A8 illustrates how we derive the sufficient condition using an example when

α1 = α2 = 0.4, r1 = r2 = 1. If ρ1 = 0.3, ρ2 = 0.5, µ = 0.5, the sufficient condition is

satisfied and we can find two solutions for the Equations (28-29). However, if ρ1 = 0.3,

ρ2 = 0.3, µ = 0.9, the condition is not satisfied and there is no solution for the Equations

(28-29).

Condition 2: The range of parameter generate interior solutions guarantees the exis-

tence of positive level of capital for each type of firms, Kh and Kl.

Under above conditions, we claim the relative wage of high- and low-skill workers

ln(wH
wL

) does not change after the influx of high-skill workers in local labor markets in

equilibrium. As we cannot analytically verify that at least one set of solution satisfy
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the second-order condition, we numerically verified that the Hessian matrix (based on

second derivative of the profit function at the equilibrium) is always negative definite

given above two conditions. The numerical computation codes are attached in the online

appendix.

A.2 Proof for Proposition 2

Proposition 2: When more high-skill workers enter the labor market, firms that use

skill-biased capital hire more workers and invest more in capital. Correspondingly, firms

use labor-biased capital employ fewer workers and divest in capital. However, the capital

intensity measured by value of capital per worker remains constant among both types of

firms.

Proof. In equilibrium with interior solution, labor markets for both types of workers clear.

H1 +H2 = H (45)

L1 + L2 = L (46)

By combining Equations (45-46) with Equations (22-25), we rewrite the labor market

clearing conditions as

aKh + bKl = H

cKh + dKl = L

where

a = [
α1wH

(1− α1)r1
]

1
µ−1 [1 + (

wL
r1

)
ρ1
ρ1−1 ]

µ−ρ1
(µ−1)ρ1 > 0

b = (
wH
r2

)
1

ρ2−1 > 0

c = (
wL
r1

)
1

ρ1−1 > 0

d = [
α2wL

(1− α2)r2
]

1
µ−1 [1 + (

wH
r2

)
ρ2
ρ2−1 ]

µ−ρ2
(µ−1)ρ2 > 0
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thus we have

Kh =
dH − bL
ad− bc

(47)

Kl =
aL− cH
ad− bc

(48)

Kh

H1 + L1

=
1

a+ c
(49)

Kl

H2 + L2

=
1

b+ d
(50)

Notice that

ad− bc ∝ ad ·Kh ·Kl − bc ·Kh ·Kl = H1 · L2 −H2 · L1 > 0 (51)

As H1

L1
> H2

L2
, if α1 + α2 < 1 (see discussion on Equation 5 in the main text). Therefore,

we have following comparative statics

∂Kh

∂H
=

d

ad− bc
> 0 (52)

∂Kl

∂H
= − c

ad− bc
< 0 (53)

∂(H1 + L1)

∂H
= (a+ c)

∂Kh

∂H
> 0 (54)

Equations (52-53) indicate that firms that use skill-biased capital further invest in

capital if there is an influx of high-skill workers in the local labor market, and firms that

use labor-biased capital reduce capital stock after more college-educated workers enter

the related labor markets. These adjustments in K1 and K2 also help explain the constant

college wage premium after the influx of college-educated workers observed in Figure 2.

According to Equation (49-50), the capital per worker does not change after the skill-mix

shock in this model, which we can empirically test as well. In addition, Equations (54)

shows that the total employment of firms that use skill-biased capital will increase as

well.
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Figure A1: The trend of unemployment rate premium of workers age between 20-40
after the increase in relative labor supply. We calculate the college wage premium using
individuals’ wage and education achievement data in the UHS.
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Figure A3: The trend of firms’ logged capital in original value across two types of cities
from 1998 to 2008. The data is from the ASIF.
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Figure A4: The trend of firms’ logged employment in original value across two types of
cities from 1998 to 2008. The data is from the ASIF.
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Figure A5: The trend of firms’ logged capital in residual across two types of cities from
1998 to 2008. The data is from the ASIF.
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Figure A6: The trend of firms’ logged employment in residual across two types of cities
from 1998 to 2008. The data is from the ASIF.
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