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CHAPTER 1

Introduction

BACKGROUND

Motivated by tax incentives and low labor costs available abroad, businesses with headquarters in
the United States and other developed nations have moved their manufacturing operations overseas
(Ellram et al., 2013; Zhai et al., 2016). However, in recent years, there has been a call to bring
manufacturing home, especially in the United States, but also in such nations as the United
Kingdom (Bailey and De Propris, 2014) and Germany (Kinkel, 2014). In the United States, this
call for reshoring (or “revitalization in American manufacturing” (The White House, 2022) has
come from both the government and organizations that represent domestic workers (Sirkin et al.,
2012; U.S. Congress, 2020). The Boston Consulting Group estimated that reshoring of seven
industries from China (computers and electronics, appliances and electrical equipment, machinery,
furniture, fabricated metals, plastics and rubber and transportation goods), combined with increased
exports due to improved U.S. competitiveness, could create 2 to 3 million U.S.-based jobs and add
$20 to $55 billion annually to the U.S. economy (Sirkin et al., 2012). In fact, a cumulative 1.6
million jobs were estimated to have been created between 2010 and 2022 from moving
manufacturing to the United States by both U.S. (e.g., General Electric and Ford) and foreign
companies (Moser and Kelley, 2022).

Reshoring the supply chains (SCs) of critical products can aid in not only improving
domestic economic well-being, but also increasing national security. Numerous nations have faced
the consequences of allowing overseas production of their most critical supplies, many of which
quickly became inaccessible as a consequence of SC disruptions and international impedances (e.g.,
personal protective equipment (PPE), hand sanitizer, paper goods, and meat) arising at the onset of
the COVID-19 pandemic (Engstrom et al., 2021; Moore, 2021). National security concerns arising
from outsourcing has been recognized in many industries, including agri-food (Ali et al., 2022),
pharmaceutical (Gurvich and Hussain, 2020), and semiconductor industries (Lieberman, 2003;
Harada, 2010). Moreover, less reliable supplies of these key products can lead to further disruptions
to SCs of products that rely on them. Consider, for example, the impact of a microchip shortage on
the production of computers, mobile phones, and even defense systems (Gould, 2022).

The costs of reshoring are nontrivial. In addition to direct costs of recreating operations in
a new location with a new labor force, there are broader national and international costs to
companies and for the U.S. government for bringing manufacturing home. Capri (2020)
conjectured that a self-sufficient economy achieved by what he called “techno nationalist policies”
and reshoring could erode significant gains in international trade. Others note a likely increase in
cost of the end products and potential for inflation as a result of shifting offshore manufacturing
back to the United States (Evstatieva, 2021).

There are additional costs of reshoring that have received less attention, including the cost
to the U.S. infrastructure. Transportation infrastructure systems, in particular, form the backbone
of worldwide SCs. Internally, road, rail, and air networks play a crucial role in the movement of
raw materials to processing plants, middle products between factories or between factories and
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warehouses, and end products to distribution points and, finally, consumers. Whether this
infrastructure can support large reshoring efforts requires examination. This research investigates
the viability of restructuring SCs toward bringing the manufacturing and production of middle- and
end-products critical to national security home. It asks the question, “Can our civil infrastructure
support this U.S.-based production increase from reshoring should we bring manufacturing back to
the U.S.?” The research further assesses the value of reshoring toward increasing national resilience
(a contributor to improved national security), and investigates the U.S. transportation system’s
readiness for a SC transformation from large-scale reshoring.

A review of the literature on the impact of SC reshoring and its implications for
transportation infrastructure and national resilience was conducted, results of which are provided
next. This review indicates significant gaps in our understanding of how SC reshoring could strain
existing transportation systems and its potential for increasing national resilience. Chapter 3
presents a framework for assessing the impacts from reshoring the manufacturing of one or more
key products and restructuring their SCs accordingly. The framework estimates the negative
impacts of reshoring relevant to the transportation infrastructure and environment, proposes a
measurable metric of resulting national resilience improvement, and suggests consideration of
tradeoffs between the negative impacts and potential gains in national resilience improvement,
GDP and the domestic job market. The presentation of the framework is followed by outcomes
from its implementation in studying the impacts of a reshoring scenario involving N95 filtering
facepiece respirators (FFRs) and microchips in Chapter 4. Tradeoffs between added total truck-
miles (TMs) and truckloads (TLs), roadway maintenance costs, fuel consumption, emissions, and
potential truck-related incidents versus the benefits of avoided economic losses (used in creating a
surrogate for national resilience herein), increases in GDP, added jobs, and excess production
capacity are considered. Chapter 4 expands on these findings to comment on U.S. readiness for
large-scale SC reshoring to support increased domestic production of a larger set of critical goods
and improved national resilience. Last, limitations of the study and potential extensions are
discussed in Chapter 5.

OBJECTIVES

This project evaluated U.S. transportation infrastructure readiness for SC reshoring in critical
products from across a broad range of industries. It asked, “Can our civil infrastructure support
U.S.-based production increase from reshoring should we bring manufacturing back to the U.S.?”
Through quantitative analyses, it traded off transportation infrastructure and environmental impacts
against potential gains in national resilience and other economic indicators.

DATA AND DATA STRUCTURES

The framework was illustrated on a scenario comprised of reshoring goals for two SCs supporting
the manufacturing of products in differing industries, specifically N95 FFRs from the surgical
appliance and supplies manufacturing industry and microchips from the semiconductor and related
device manufacturing, following the North American Industry Classification System (NAICS)
conventions (Executive Office of the President Office of Management and Budget, 2017).The N95
FFR has shown its crucial role in the fight against the COVID-19 pandemic (USCDC, 2020), and
government agencies facilitated considerable reshoring of this product accordingly (USDOD,
2020). Microchips are ubiquitous and have proven to be almost as critical, with recent shortages
leading to shortages in a wide variety of products, ranging from vehicles (Moore, 2021) to
refrigerators (Leprince-Ringuet, 2021). As such, government agencies have offered incentives
(e.g., short-term tax credit for N95 FFR manufacturing (NJEDA, 2021)) and long-term property
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tax breaks (Sohn, 2021), for microchip manufacturing to enable reshoring or bolster American
production of these important products. Estimates are taken over a 2-year period assumed to occur
after SC restructuring and/or production capacity changes are complete.

In the N95 FFR SC, 26 crude oil suppliers, 48 imported N95 FFR suppliers, 19 oil
refineries, 3 polypropylene resin plants, 7 meltblown polypropylene nonwoven fabric plants, 6
spunbond polypropylene nonwoven fabric plants, 7 N95 FFR plants, and 48 distributors are
modeled as candidate entities, with 4,365 hospitals modeled as the end customers. In the microchip
SC, 48 raw wafer suppliers, 72 chemical plants, 4 distributors, and 20 fabs are modeled as candidate
entities, with 4 assembling, testing, and packaging (ATP) plants modeled as end customers. The
20 fabs included 15 existing fabs and 5 potential locations for new fabs that were broadly mentioned
in news outlets at the time of modeling (Shilov, 2020; Sohn, 2021). These 5 include Goodyear,
Arizona; Phoenix, Arizona; Queens Creek, Arizona; Genesee, New York; and Taylor, Texas.

w
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CHAPTER 2

Literature Review

Numerous works have studied the driving forces behind reshoring (Gray et al., 2013; Ellram et al.,
2013; Tate et al., 2014; Foerstl et al., 2016; Fratocchi et al., 2016; Wiesmann et al., 2017; Cohen et
al., 2018 and Orzes and Sarkis, 2019). Ellram et al. (2013) suggested eight factors, including
physical character of input/product, cost, labor, logistics, SC interruption risk, strategic access to
market and knowledge, country risk and finally, government trade policies, that affect a company’s
decision to manufacture their products offshore or to return to domestic production. Based on 139
cases for reshoring of American manufacturing companies with plants in China, Zhai et al. (2016)
found that quality, instead of the rising labor cost, is the primary factor supporting reshoring
decisions. In a comprehensive review, Fratocchi et al. (2016) presented an interpretative framework
that includes 31 motivating factors for reshoring, indicating the complex nature of reshoring
decisions. Wiesmann et al. (2017) categorized the drivers of and barriers to reshoring according to
their sources, such as access to raw materials, supplies and markets, and politics. Sustainability is
an additional motivating factor for reshoring (Wiesmann et al., 2017; Orzes and Sarkis, 2019).

A few works have looked at the potential detriments for companies pursuing reshoring.
Gray et al. (2013) asserts that reshoring could lead to long-term losses, as the growth potential for
markets in developing countries is significant and locating nearer to future markets has important
benefits. Shih (2014) used the MotoX mobile phone SC as an example to show that if only final
assembly and manufacturing of a subset of the components are reshored, few benefits would be
gained unless new, home-based suppliers of the remaining parts can be identified. Additionally, the
logistical costs from importing those components not obtainable locally could outweigh any gains.
Moreover, van Hoek and Dobrzykowski (2021) noted that for some products, price increases
incurred from reshoring would likely lead to demand reduction.

While numerous works have studied various aspects of reshoring, few works have
investigated whether the U.S. infrastructure can support large-scale reshoring. Some works that
quantify the impacts of reshoring on local freight transport demand may be relevant. Using
historical freight analysis framework (FAF) data, Sarder et al. (2016) predicted the potential
increases in flows of domestic freight volumes within the U.S. and concurrent decreases in freight
volumes at major U.S. ports for several scenarios. They estimate inland regional flows and imported
commodity flows from ports. They do not model SC logistical or production decisions.

Another relevant set of works studied the impacts of production expansion of specific
commodities on local roadways (Bai et al., 2010; Hajibabai et al., 2014; Fried et al., 2018; Chen et
al., in review; Miller-Hooks et al., 2022). Chen et al. (in review) and Miller-Hooks et al. (2022)
proposed an analytical framework with embedded mathematical methods for assessing the impacts
of SC restructuring and domestic capacity expansion on a nation’s roadways. Their work uses a
similar optimization-based methodology as in (Ottemdller and Friedrich, 2019; Nicholson et al.,
2011; Atallah et al., 2014) for approximating SC structure.

Numerous works have focused on building resilient SCs (e.g., Christopher and Peck, 2004;
Ponomarov and Holcomb, 2009; Hohenstein et al., 2015; Kamalahmadi and Parast, 2016; Doroudi
et al., 2018; Hosseini et al., 2019; Narassima et al., 2022). These studies consider resilience
primarily in terms of continuity of business post-disruption. Another important area of focus has
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been on SC risk management, more specifically risk identification and disruption mitigation.
Reviews of the literature on this topic can be found in (e.g., Jiittner et al., 2003; Tang, 2005; Tomlin,
2006; Kleindorfer and Saad, 2009; Tang and Nurmaya Musa, 2011; Ho et al., 2015). The necessity
of a functioning transportation system as key to maintaining a resilient SC is also widely
acknowledged (e.g., Christopher and Peck, 2004; Wilson, 2007; Tang and Nurmaya Musa, 2011;
Meyer et al., 2019).

The role of resilient SCs in regional, national, or global resilience has received less
attention in the academic literature, and whether reshoring will improve or reduce national
resilience is still a controversial topic. Several works (e.g., Gurvich and Hussain, 2020; Keelan et
al., 2021) call for reshoring of pharmaceuticals and other healthcare products for the purpose of
improving national resilience. Contrary to this call for reshoring, Lincicome (2021) suggests that
such reshoring could undermine national security and global integration could bolster national
security. Lincicome (2021) used historical data from steel, shipbuilding, semiconductor, and
machine tool industries to support these arguments.

Fjéader (2014) noted a lack of definition of national resilience and suggested consideration
of national security, civil emergency management and critical infrastructure protection as
contributing measures to national resilience. The larger transportation system’s role in maintaining
national resilience is discussed in (Chacon-Hurtado et al., 2020). In an analysis of the relationship
between the economy and national security, Retter et al. (2020) identified supplier dependence as
one of seven key factors that, through their potential for economic impact, create a threat to national
security. The other six factors are: ownership (through control and influence) by public or private
actors of critical infrastructure and sectors, espionage and access to sensitive information, natural
resource dependence, government intervention, corruption and fraud, and socio-economic
inequality. While focused on community resilience, a notion of resilience based on the ability to
avoid economic loss proposed in (Rose, 2007) also has relevance where critical products are
involved, contributing to national resilience as suggested in Chapter 3, as well as security.

It appears that no prior work has studied the potential impacts of large-scale reshoring on
anation’s infrastructure, nor has any prior work developed techniques for understanding the impact
of reshoring on a nation’s resilience. In fact, whether reshoring will improve national resilience is
not fully understood. This research sought to fill this gap. The evaluation framework is applied on
a case study with two products (N95 FFRs and microchips). The readiness of the U.S. roadway
infrastructure to absorb the added truck traffic and its consequences from large-scale reshoring
scenarios was also evaluated.
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CHAPTER 3

Methodology

INTRODUCTION

The proposed evaluation framework for investigating transportation infrastructure readiness for
major SC transformation in support of large-scale reshoring ventures and its potential for creating
greater national resilience is presented next. The framework considers positive (e.g., increased
production capacity, economic well-being (GDP and job opportunities), improved national
resilience) and negative (e.g., increased roadway congestion, maintenance costs, fuel consumption,
emissions, and hazmat incidents) effects of reshoring, and considers their tradeoffs to provide
insights into both the burden and corresponding resilience gains from reshoring.

An overview of the evaluation framework is presented in Figure 1. The framework is
comprised of three key modules: (1) the Supply Chain Restructuring and production growth Impact
analysis (SC-RI) (adapted from Chen et al., in review and Miller-Hooks et al., 2022) module for
estimating the impacts of reshoring on the roadway network; (2) National Resilience Evaluation
(NRE) module for evaluating the improvement in national resilience, measured as a function of
percentage of avoided economic loss; and (3) Impact and Resilience Tradeoff Evaluation (IRTE)
for conducting a tradeoff analysis to assess the gains in national resilience along with other positive
effects against the corresponding negative impacts on the national infrastructure and environment.
Separate from the evaluation framework, a Scaling of National Impacts for Large-scale Reshoring
Scenarios (SNI) technique is suggested for estimating impacts from much larger-scale reshoring
scenarios. The SNI method is used in assessing national readiness for large-scale reshoring. The
following subsections provide the details of these key modules.

SUPPLY CHAIN RESTRUCTURING AND PRODUCTION GROWTH
IMPACT ANALYSIS MODULE (SC-RI)

The SC-RI module enables the analysis of the impacts that result from changes in transportation
requirements created from SC restructuring and/or increased production of a given product. The
analysis is repeated over all SCs contained in the considered reshoring scenario and their impacts
are summed. The module is comprised of three major submodules: (1) SC-profiling, (2) SC-
structure and commodity flow analysis, and (3) SC-impact analysis. The inputs of this module
include the location of facilities, transportation channels, supply- and demand-side attributes,
production and transportation cost parameters, and bill of materials.

(o2}
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Figure 1. National readiness and resilience SC reshoring evaluation framework.

In the SC-profiling submodule, information about existing and potential entities,
transportation channels, supply and demand attributes, parameters for cost estimation, and bill of
materials are collected and processed. The SC as it exists currently and the SC as restructured or
expanded for production growth, along with related commodity flows through the SC, if not known,
are approximated through solution of a pair of mathematical models in the SC-structure and
commodity flow analysis submodule. The outcomes of this submodule are given in terms of added
TLs and TMs. The SC-impact analysis submodule gives an evaluation of secondary impacts,
including traffic congestion given by a speed reduction index (SRI) (Afrin and Yodo, 2020),
roadway maintenance costs, domestic fuel consumption, emissions from GHG and other air
pollutants, and truck-related incidents and incidents involving trucks carrying hazardous materials
that result from the SC modifications. Impacts of a chosen reshoring scenario are evaluated at both
local and national levels. Details of the SC-RI methodology can be found in (Chen et al., in
review and Miller-Hooks et al, 2022).

NATIONAL RESILIENCE IMPACT EVALUATION (NRE)

Reshoring contributes to resilience through two key mechanisms: (1) increasing domestic
production capacity, and thus, increasing the inherent coping capacity by producing more critical
products in advance; and (2) availability of at-the-ready production capability and capacity
(adaptability) for domestic production of commodities when critically needed.

To assess the national resilience improvement from increased domestic production from
SC reshoring, a concept of regional- or community-based economic resilience computed in terms
of percentage of avoided economic loss as described in (Rose, 2007; Dormady et al., 2022) was
proposed.

Let c; be the lost market value for commodity i that arises when demand for commodity i
cannot be fulfilled due to insufficient supply, d; be the demand for commodity i, s; be the available
supply of commodity i, and f;(-) be the unit price of commodity i; c¢; is computed by equation (1).

~
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o= S ifdi>s: )

0 otherwise

The lost market value (i.e., ¢;) can be interpreted as the additional income that could have
been attained if additional supply of commodity i were to exist that could satisfy all demand. With
increased domestic production capacity to provide additional supply g;, the loss can be reduced to
¢';, defined in equation (2).

p DTG ifdi > s+ gi 2
C'y 2
0 otherw1se.

The avoided economic losses, Ac;, resulting from increased domestic production of
commodity i by quantity g;, used in support of the domestic market, can be computed as in
equation (3).

St g S if di > s+ g;

AG=c=ci=y Slosie) ifs; <d <s +g; )
0 otherwise.

The ratio of avoided potential losses is used to measure resilience improvement, which is
calculated as in equation (4).

R; = Aci/c;. 4)

Given that f(x) 1s positive, under a positive unfulfilled demand, Zd‘ o f (x)>0
when d; > s; + g;, andZ : S‘f(x) > 0 when d; > s;. Also, Ac; > 0if g; >0 Thus 0<R; <
1. R; = 1 infers that all economic loss is avoided and the maximum resilience is obtained, while
R; = 0 infers that no resilience improvement is created. According to equations (3) and (4), R; is
an increasing function of additional domestic supply g; that reduces the unfulfilled demand when
9i <d;—s;

There are several mechanisms related to SC reshoring through which the unfulfilled
demand can be reduced, thus enhancing national resilience. These mechanisms broadly involve:
(a) supplier management via, for example, substitutions and temporary production capacity
increase through increases in work shifts; (b) influencing customer behavior through increased
consumer confidence in product availability, and thus, reduced benefits of panic stocking or
hoarding; (c) reducing monopolistic behavior through increased domestic participation in the
production SC (Munson and Rosenblatt, 1999) and increasing equity in product distribution; and
(d) enhancing government control by providing more options to award government contracts to
domestic producers that support the SC.

Equation (4) can be used to quantify the economic resilience improvement from reshoring
as a consequence of reshoring initiatives, whether the initiatives target supply-, demand-, or market-
side goals. The equation can also be expanded to incorporate second- and third-level (indirect)
impacts, such as losses from decreased availability of personnel due to, for example, lack of PPE,
or non-economic impacts, such as fatalities.

IMPACT AND RESILIENCE TRADEOFF EVALUATION (IRTE)

In this module, the positive effects of increased national resilience, avoided economic losses,
increased domestic jobs, and other benefits of reshoring are compared against the incurred negative
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impacts associated with increased domestic production and supply chain reconfiguration at both
national and local levels.

For a commodity i, the negative impacts depend on the total domestic production, g;. Let
P;(g;) be the negative impacts of producing g; units of product i. P;(g;) is an increasing function
with respect to production level g; that is either linear or diminishes with increased production
level. It is shown by a dashed line in Figure 2. Given an unfulfilled demand, w; = d; — s;, national
resilience improvement created by reshoring the manufacturing of commodity i is also an
increasing function of g; in a portion of its range. That is, the greater the demand gap that is filled,
the greater the resilience improvement. As such, R; can be given as R;(g;) and shown through the
solid line in Figure 2. It is shown with concave shape to capture the higher unit cost associated with
greater unfulfilled demand w; for critical commodities. Through monetary or other conversion
methods, P;(g;)) and R;(g;) can be made comparable. Doing so, their relationship via g; can be
illustrated as in Figure 2.

If the unfulfilled demand for a commodity i is large enough, then there exists a balance
point (g7) at which the negative impacts from increased domestic production are equivalent to the
gains in national resilience improvement. A commodity i is worth reshoring if w; > g7, and the
best reshoring strategy is to reshore as much as possible up to the point that the demand is fulfilled.
Moreover, a minimum of g{ should be reshored; otherwise, the negative impacts would outweigh
the benefits to national resilience, i.e., P;(g;) > R;(g;). If w; < g, then the added resilience will
not be justified given the impacts from the fixed costs of initiating the reshoring effort (i.e., P/
in Figure 2). Thus, reshoring of this commodity would not be justifiable.

By equation (3), when the unfulfilled demand is reduced to zero through increased
domestic production, any additional increase in production will not increase resilience, i.e. a
maximum resilience level, Rj"**, is met (the right side of vertical line g; = w; in Figure 2), and
gi = max {d; — s;, 0} is the maximum suitable reshoring amount.

The shapes of the resilience improvement (solid line in Figure 2) and impact (dashed line
in Figure 2) curves are determined by SC characteristics (e.g., criticality of the final commodity to
the market, raw material volume to final product volume ratio, and transportation distances between
plants), while the unfulfilled demand (w;) is exogenously determined by the market. Both play an
important role in determining whether the positive gains from reshoring will outweigh the negative
impacts. Generally, a product with less negative impact potential (having a small initial setup
impact (P/™" in Figure 2) and flat or diminishing impact curve), greater unfulfilled demand (with
w; = g7), and significant criticality with increasing value as a function of the unfulfilled demand
will have priority for reshoring.
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Figure 2. Impact and resilience improvement with increased domestic production.
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CHAPTER 4

Application and Findings

APPLICATION AND EXPERIMENTAL DESIGN

The framework was illustrated on a scenario comprised of reshoring goals for two SCs supporting
the manufacturing of products in differing industries, specifically N95 FFRs from the surgical
appliance and supplies manufacturing industry and microchips from the semiconductor and related
device manufacturing, following the North American Industry Classification System (NAICS)
conventions (Executive Office of the President Office of Management and Budget, 2017).The N95
FFR has shown its crucial role in the fight against the COVID-19 pandemic (USCDC, 2020), and
government agencies facilitated considerable reshoring of this product accordingly (USDOD,
2020). Microchips are ubiquitous and have proven to be almost as critical, with recent shortages
leading to shortages in a wide variety of products, ranging from vehicles (Moore, 2021) to
refrigerators (Leprince-Ringuet, 2021). As such, government agencies have offered incentives
(e.g., short-term tax credit for N95 FFR manufacturing (NJEDA, 2021)) and long-term property
tax breaks (Sohn, 2021) for microchip manufacturing to enable reshoring or bolster American
production of these important products. Estimates are taken over a 2-year period assumed to occur
after SC restructuring and/or production capacity changes are complete.

In the N95 FFR SC, 26 crude oil suppliers, 48 imported N95 FFR suppliers, 19 oil
refineries, 3 polypropylene resin plants, 7 meltblown polypropylene nonwoven fabric plants, 6
spunbond polypropylene nonwoven fabric plants, 7 N95 FFR plants, and 48 distributors are
modeled as candidate entities, with 4,365 hospitals modeled as the end customers. In the microchip
SC, 48 raw wafer suppliers, 72 chemical plants, 4 distributors, and 20 fabs are modeled as candidate
entities, with 4 assembling, testing, and packaging (ATP) plants modeled as end customers. The
20 fabs included 15 existing fabs and 5 potential locations for new fabs that were broadly mentioned
in news outlets at the time of modeling (Shilov, 2020; Sohn, 2021). These 5 include Goodyear,
Arizona; Phoenix, Arizona; Queens Creek, Arizona; Genesee, New York; and Taylor, Texas.
Detailed descriptions of the N95 FFR and microchip elements of the reshoring scenario are
presented in (Chen et al., in review and Miller Hooks et al., 2022) and Appendix A, respectively.

FINDINGS

Local and National Impact Analysis through the SC-RI Module

Local-level impacts

The impact at the local level is identified (Table 1). For the N95 FFR SC, with an increase of 3,470
TLs (from 1,112 to 4,582) over the 2-year study period, the maximum TL increase is found on the
route between the crude oil port in Houston and the refinery plant in Houston. The additional TLs
(equivalent to approximately 1 truck per hour) have trivial impact on traffic congestion for roads
connecting these two locations. The maximum TM increase is found on the route between the N95
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FFR plant of Honeywell at Smithfield, Rhode Island and the distributor at Columbus, with an
increase of 470,000 TMs over the 2-year study period (approximately 900 TMs per day, at a
traveling distance of approximately 700 miles per shipment). This local increase of TMs accounts
for approximately 10% of the increase in TMs and additional secondary negative impacts on the
whole SC.

For the microchip SC, the maximum increase of TLs was found on the route between the
chemical plant of Versum Materials U.S. at Phoenix, AZ and the fab of Intel at Chandler, AZ, with
an increase of 226,593 TLs (from 23,624 to 250,217) over the 2-year study period. The added TLs
(equivalent to approximately 54 trucks per hour) would be expected to increase traffic congestion
(maximum SRI increase from 2.71 to 4.12) on roads connecting these two locations. Accordingly,
this road section will bear nearly all the added TLs and corresponding secondary negative impacts.
The maximum TM increase is found on the route between the chemical plant of Versum Materials
U.S. in Phoenix and the fab of Intel in Chandler, with an increase of 2 million TMs over the 2-year
study period (3,922 TMs per day at a traveling distance of 10 miles per shipment).

Generally, microchip SC reshoring has greater negative impact at the local level (e.g.,
additional 54 trucks per hour between one O-D pair) than does the reshoring of the manufacturing
of N95 FFRs (e.g., with an additional 1 truck per hour between one O-D). The difference can be
explained by the fact that substantially greater raw material requirements (especially chemicals and
raw wafers) by volume are required than that (primarily crude oil) required in N95 FFR SC
reshoring. Additionally, the microchip customers, chemical suppliers, raw wafer suppliers, fabs,
distributors and assembly, testing, and packaging (ATP) plants and plant locations are clustered at
relatively few locations (i.e., AZ, especially the Phoenix Metropolitan area, and TX), fostering
more consolidated, larger shipments. This cluster pattern (compact design) was shown to be
advantageous in (Patil, 2021). This differs from the N95 FFR SC case, where middle product
manufacturers and end customers are scattered over many locations across the nation, creating a
need for many smaller shipments.

An increase in inbound raw material flows can also be expected at some of the largest U.S.
ports. For example, an increase in inbound flows of 52,540 tons of crude oil and 5,990 tons of raw
wafers could be expected to pass through the ports in Houston and Los Angeles, respectively, over
the study period to support the increased domestic production associated with the studied scenario.
Such increases account for 0.02% and 0.01% of the total tonnages handled in the ports in 2017,
respectively (USACE, 2020).
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Table 1. Maximum local impacts of N95 and microchip SC reshoring.

Scenario N95 FFR Microchips
- Post- o Post-
Impact Existing . Increase Existing . Increase
reshoring reshoring
TMs (millions) 0.0 0.5 0.5 0.2 2.3 2.0
TLs 1,112 4,582 3,470 23,624 250,217 226,593
Traffic
congestion 2.56 2.59 0.03 2.71 4.12 1.41
(Maximum SRI)
Maintenance
cost 0.0 0.2 0.2 0.1 0.8 0.7
($ millions)
Fuel
consumption 0.0 0.2 0.2 0.1 0.7 0.7
(million gallons)
CO 0.0 0.0 0.0 0.0 0.0 0.0
CO2 0.0 1.7 1.7 0.8 8.3 7.5
Pollutant | yoc 0.0 0.0 0.0 0.0 0.0 0.0
(1,000s
of tons) NOx 0.0 0.0 0.0 0.0 0.1 0.1
PMio 0.0 0.0 0.0 0.0 0.0 0.0
SOx 0.0 0.0 0.0 0.0 0.0 0.0
National level impacts

As revealed in Table 2, the reshoring of the manufacturing of both N95 FFR and microchip SCs is
expected to have negative impacts on the larger, national transportation system. N95 FFR SC
reshoring is expected to lead to greater added TMs (4.14 million in Table 2) and result in substantial
added maintenance costs, fuel consumption, and air pollutant emission, while the microchip SC
reshoring is expected to result in greater added TLs (229,510 in Table 2). The large increase of
TMs at the national level in N95 FFR reshoring is attributed to the scattered entity location pattern
in the SC as well. The large increase of TLs from the reshoring of the microchip SC is also a
consequence of substantially greater raw material requirements in this SC. On the other hand, the
compact design in the microchip SC reshoring case enabled through consolidation of raw material
and middle product supplier to a single region is expected to lead to a lower increase at 0.6% in
TMs compared with that of N95 FFRs at 93%. In total, reshoring both SCs would add 4.5 million
TMs and 0.2 million TLs to the nation’s roadways over the 2-year study period.
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Table 2. Aggregated nation-wide impacts of N95 and microchip SC reshoring.

Scenario N95 FFR Microchips
o Post- .- Post- Total
Impact Existing . Increase | Existing . Increase .
reshoring reshoring scenario
TMs (millions) 4.48 8.62 4.14 49.14 49.46 0.32 4.46
TLs 26,070 33,630 7,560 183,530 | 413,040 229,510 | 237,070
Maintenance cost | 4 57 3.02 145 | 1720 | 17.31 0.11 1.56
($ millions)
Fuel consumption |4 4o | 5 gg5> 137 | 1622 | 16.32 0.11 148
(million gallons)
(6{0) 0.03 0.06 0.03 0.36 0.36 0 0.03
CO2 16.44 31.62 15.18 180.19 181.37 0.18 15.36
Pollutant | voc | 0.01 0.02 0.01 0.10 0.10 0.00 0.01
(thousands
of tons) NOXx 0.22 0.42 0.20 2.38 2.40 0.02 0.22
PMio 0.01 0.01 0.01 0.08 0.08 0.00 0.01
SOx 0.01 0.01 0.01 0.06 0.06 0.00 0.01

Evaluating the Effects of Reshoring on National Resilience via the NRE
Module

In 2020, the first year of the COVID-19 pandemic, the average cost of an imported N95 FFR was
over $1.5 (U.S. Census Bureau, 2021). This price dropped to 30¢ in 2021 when domestic N95 FFR
production expanded dramatically (USITC, 2020). With avoided economic losses on the order of
$2.3 billion, national resilience improvement from reshoring of the N95 FFRs for the tested
scenario was estimated to be 0.54 by equation (4).

Unlike N95 FFRs that serve only as end products, microchips are incorporated into many
other products. Thus, economic losses due to shortages in microchips can have wide-scale impact
that can require analysis and data across many products and industries. In this study, only the
economic loss in the microchip industry is estimated for resilience evaluation. A linear unit price
function for microchips is built based on the sales data from 2016 to 2021 in reports from the
Semiconductor Industry Association (SIA) (SIA, 2020; SIA, 2021b). With $50.6 billion in avoided
economic losses, national resilience improvement was estimated to be 1.0 by equation (4), meaning
that 100% of the potential economic losses in the SC would be avoided. Details of these estimates
are provided in “Supplementary Appendix B.” In total, this two-product SC reshoring scenario
would lead to a combined $52.9 billion in avoided economic losses or a 0.96-point increase in
national resilience improvement, inferring that 96% of the potential economic losses in the two SCs
would be avoided as a result of reshoring and/or increasing domestic production.

The gains In national resilience measured through this evaluation methodology directly
considered aspects of unfulfilled demand that can be reduced by SC reshoring through supplier
management and enhanced government control (e.g., via government-based incentives), the first
and last of the four mechanisms by which unfulfilled demand can be reduced, as discussed in
Chapter 3.

Tradeoff Analysis via the IRTE Module

The cost of improvements in national resilience by 0.54 points achieved by reshoring the
manufacturing of N95 FFRs alone was estimated to create a 0.001% increase in the 300 billion
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national total TMs estimated in 2019 (National Center for Statistics and Analysis, 2021), but with
trivial local impact. The expected TM increase and corresponding negative impacts induced by
increased domestic production of microchips and related SC restructuring was found to be even
smaller than that induced by the N95 FFR SC reshoring portion of the scenario, while the maximum
national resilience improvement was obtained (with a value of 1).

In considering the reshoring of the manufacturing of the microchip SC, the gains in national
resilience likely outweigh the expected incurred negative impacts. Given the perfect (1.0) resilience
level achieved through reshoring, by the tradeoff curve in Chapter 3, further increasing domestic
production of microchips would have nominal impact on national resilience, but would produce
added negative impacts. Gains would be obtained only by exporting surplus and thus increasing
GDP. The benefits of surplus could improve resilience for future demand surge scenarios, the value
of which would require re-evaluation under the new scenario. On the contrary, with the estimated
NO95 FFR demand and a resilience value of only 0.54 (of 1.0), additional improvement in national
resilience can be gained through further increase in domestic production capacity. Until a level of
1.0 is reached, the gains in national resilience may continue to outweigh the added negative impacts.

Other economic benefits of reshoring, such as boosting the domestic economy, reducing
port congestion, increasing the number of domestic jobs, and improving SC security (e.g., less lead
time, higher service level) are also nontrivial. A total of $2.2 billion and $34.7 billion value would
be created by reshoring the N95 FFR SC and microchip SC, respectively. Additionally, savings
from reducing imports can be expected. Note that $2.8 billion was spent to import 1.8 billion of
NO95 FFR in 2021 (USITC, 2021). In addition, the reshoring of these critical medical supplies can
bring job opportunities. For example, a single N95 FFR plant that produces 5 million units of N95
FFRs a month can create around 500 new jobs (Stoney, 2020). Through expanding the N95 FFR
plants alone, the creation of more than 13,000 jobs could be expected from reshoring (monthly
capacity increasing from 42.5 million to 173 million by reshoring). The reshoring of the microchip
SC is expected to more than double the current approximately 184,600 U.S. microchip industry
jobs (Platzer et al., 2020) by directly creating approximately 235,000 new jobs, and support an
additional 1.4 million jobs indirectly throughout the U.S. economy (SIA, 2021b).

National Readiness

To assess national readiness for undertaking a large-scale reshoring proposal within the United
States, a method for estimating the impacts of reshoring at scale, involving numerous industries, is
required. Two such approaches were considered: (1) a commodity market-value based method that
scales from detailed analyses of specific products (here, N95 FFRs and microchips) and (2) a raw-
material equivalent (RME) approach that estimates TLs and TMs as a function of the raw materials
that are used as a result of increased production.

Scenario-based scaling

“New normal” and “stretch” reshoring scenarios for the U.S. manufacturing sector for the year
2025 proposed in (Ramaswamy et al. 2017) are used here to set target scaling levels. In the “new
normal” scenario, it was assumed that the United States would maintain its 2015 level of domestic
production of finished goods in terms of market share into 2025, despite what was revealed to be a
declining trend in manufacturing. To maintain the 2015 share of the global market, domestic
production would need to increase to meet the projected growth in product demand. It was
estimated that this increase would create $300 billion in added product value. In the “stretch”
scenario, the value added was estimated at $530 billion. In this section, the two approaches to
estimate the scaled impact on U.S. roadways from reshoring at a national level are based on these
added values for the “new normal” and “stretch” scenarios.
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Scenario-based scaling here builds on the N95 FFR and microchip scenario of Chapter 4.
The U.S. N95 FFR market value in 2019 was $600 million with a demand of 445 million units
(David and DeCarlo, 2020) or $1.30 per piece. 2019 is used here to predate the extraordinary
demand and price surges from the COVID-19 pandemic. In the reshoring N95 FFR scenario, where
all demand is satisfied by domestic production after reshoring, $2.2 billion in market value would
be added. Thus, a $300 billion market value increase as expected in the “new normal” scenario for
the whole nation would lead to 136 times (300/2.2) more TMs and TLs than estimated for reshoring
NO95 FFRs. A similar approach was used for scaling the microchip SC. The added TMs, TLs, and
secondary impacts, including fuel consumption, emissions of GHGs and other air pollutants, and
hazmat property damage only (PDO) crashes (the key impact indices used herein), arising under
the “new normal” and “stretch” reshoring scenarios, are provided in Table 3.

Compared to general imported commodities, both N95 FFRs and microchips are high-
value, low-weight, and low-volume products. Thus, fewer TLs are required for their transport by
value. Consequently, the negative externalities estimated by this value-based scaling approach with
base products of N95 FFRs or microchips can only provide a lower bound on the negative impacts
for the transportation system.

With scaling based on N95 FFR SC, reshoring of “all-N95 FFR-alike” under the “new
normal” would only lead to a 0.1% increase in national total TMs with trivial increase of TLs and
secondary negative impact increase of similar magnitude. Similarly, scaling based on microchips
produces a 0.2% increase of 589 million annual TLs nationally (estimated by taking the national
total tons shipped by truck of 8,843 million tons and dividing by the national average of 15 tons
per TL from 2017 data (USDOT et al., 2020)) with an expected small increase in TMs and
corresponding trivial secondary negative impacts.
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Table 3. Impact of large-scale critical reshoring (per year).

“New Normal” Scenario “Stretch” Scenario

Scaling Scaling Scaling Scaling Scaling Scaling
Impact from from total with from from total with
N95 FFR | microchip RME N95 FFR | microchip RME
Economic 300 300 300 530 530 530
($billions)
Raw materials
(million tons) ) ) 645 ) ) 1141
TMs (millions) 284 1 8,812 501 2 15,591
TLs (thousands) 507 991 43,000 895 1,751 76,000
Maintenance 99 0 3,084 175 1 5,457
costs ($millions)
Fuel
consumption 94 0 2,908 165 1 5,145
(million gallon)
CO (thousand > 0 64 4 0 114
tons)
COz (thousand |4 44 5 32315 | 1,837 9 57,172
tons)
VOC (thousand 1 0 19 1 0 33
tons)
NOx (thousand 14 0 427 24 0 756
tons)
PM (thousand 0 0 14 1 0 o5
tons)
SO« (thousand 0 0 11 1 0 19
tons)
HAZMAT PDO 141 2 1,032 250 3 1,826
crash

Raw material equivalent-based scaling

The added product values for “new normal” and “stretch” scenarios are 13% (3002,300) and 23%
(530/2,300), respectively, of the total $2.3 trillion in U.S. imported commodities, including
products and raw materials, based on data from 2015 (UN, 2021). The volume of raw materials that
is needed to produce these imported commodities (raw material equivalent (RME)) is calculated
here to be 4.96 billion tons (based on annual numbers given by (IRP, 2018)) in 2015. If 13% (“new
normal”) and 23% (“stretch™) of these materials are to be handled within the United States as a
result of general large-scale reshoring, then the additional raw material to be transported within
U.S. borders would be 645 million tons (13% of 4.96 billion tons) and 1,141 million tons (23% of
4.96 billion tons), respectively. With an average of 206 miles per shipment by truck and 15 tons
per TL in 2017 (USDOT et al., 2020), the added TLs, TMs, and the secondary impacts induced by
these two reshoring scenarios were estimated and are given in Table 3.

Using the “new normal scenario,” at a national level, reshoring would lead to an additional
43 million TLs and 8.812 billion TMs (3% of the national total TMs in 2019), with the secondary
impacts of similar magnitude, and likely very significant impact to some local areas. This is much
higher than the estimates obtained for the “all-N95 FFR-alike” and “all-microchips-alike” scaling
approaches.
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National readiness for large-scale reshoring

The general large-scale ‘“new-normal” scenario of many different industries proposed in
(Ramaswamy et al., 2017) is estimated here to cause a 3% increase in TMs, a 2% increase in
national total transportation-based GHG emissions (estimated at 1,848 million tons of GHG
emissions in 2017 (Office of Transportation and Air Quality, 2021)), and other negative impacts of
similar magnitude. As the truck industry constitutes a 1.7% share of the GDP (USDOT and USBTS,
2019), a 3% increase in TMs from this industry would not likely be difficult to absorb in many
locations. However, the impacts at some locations, especially in cities with developed
transportation networks and large labor forces, may be unacceptable. With 43% of U.S. public
roadways in poor or mediocre condition (ASCE, 2021), the added freight TLs and TMs, along with
the resulting negative impacts from this added truck traffic, may be difficult for some roadways to
support.

There is also a need to consider the changes in GHG emissions from a global perspective.
Added domestic GHG emissions from the large-scale reshoring estimation herein would account
for 0.6% of domestic total emissions from all sectors (EPA, 2022). While not a large percentage of
the total, as the world seeks to reduce GHG emissions to combat climate change and aims for
carbon neutrality, any increase could counter these decarbonization efforts. However, it is possible
that with greater domestic control of industrial processes and sourcing for supporting power
generation, total global emissions per unit of production could decrease. Deeper analyses of
emissions production from current global operations would be required to make this assessment.
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CHAPTER 5

Recommendations

SUMMARY

This research was motivated by the question, “Can our civil infrastructure support U.S.-based
production increase from reshoring should we bring manufacturing back to the U.S.?”” To answer
this question, a quantitative evaluation framework was developed for estimating the impact and
national resilience improvements resulting from a proposed SC reshoring scenario involving two
critical products from two industries: N95 FFRs and microchips. Two methods for estimating U.S.
readiness for large-scale reshoring in the manufacturing of products from a broad array of sectors
were also developed.

FINDINGS

Results from application of the evaluation framework to a scenario of critical products (N95 FFRs
and microchips) show that the reshoring of the manufacturing of these products can have significant
benefits in terms of improving national resilience and other economic indicators. However, in the
case of microchips, the potential for negative impacts in some locations may be significant, and the
gains may not outweigh the negative impacts. In considering large-scale reshoring, the potential
for negative impact may be very substantial. This is especially problematic for locations in which
the production activities are concentrated, as well as along roadways that would handle the
movement of not only end products, but raw materials and middle products. Thus, on the one hand,
the existing U.S. transportation infrastructure should be sufficient and ready for large-scale
reshoring efforts, and the gains in national resilience, and for the economy more generally, could
be very substantial. Generally, the benefits are likely to outweigh the negative impacts for the
infrastructure. On the other hand, the burden of such transformation will likely be borne by local
areas and their surrounding communities.

Conducting detailed impact analysis as was completed here for the two studied products
under given assumptions requires significant data collection and modeling effort. Publicly available
data were used in this analysis. More accurate computations can be made with specific data from
individual manufacturing firms on SC structure, alternative suppliers, operations, transportation
contracts, proposed reshoring designs and locations, and more.

OPPORTUNITIES FOR FUTURE RESEARCH

This study included the transport of materials and products only along roadways, which generally
represents over 70% of national freight movements by both value and weight (USDOT et al., 2020).
Changes in flows at ports was also provided. With minor modifications, this framework can
incorporate other modes, especially rail, and multi-modal systems. Additionally, other dimensions
of national resilience, beyond reduced economic losses, can be considered if measured. Consider,
for example, numbers of lives saved through enhanced access to medical protective gear (N95
FFRs) or equity increase due to improved access to affordable electronic devices.
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There are also concerns that moving production of critical goods to one location (e.g., the
United States) may actually lead to lower resilience (Christopher and Peck, 2004). For example,
reshoring some key pharmaceutical and medical device industries to Puerto Rico led to a
nationwide critical drug shortage when this site was hit by Hurricane Maria in 2017 (Sacks et al.,
2018). In fact, having multiple production sites is a known approach for increasing resilience
(Christopher and Peck, 2004). This aspect was not included in the national resilience improvement
analysis herein. Other concerns that could be considered in reshoring initiatives evaluation include
the potential for diminishing demand, labor costs, and inflation.

Last, the analysis of U.S. infrastructure readiness for large-scale reshoring might also
include impacts on non-transportation infrastructure systems, including utilities (water, power, and
waste material handling), natural resources, and industrial waste.
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APPENDIX A

Procedures and Results of Applying
SC-RI to a Microchip SC

The manufacturing of microchips is complex, involving thousands of suppliers and hundreds of
different raw materials or middle products. For simplicity and feasibility of this study, microchip
manufacturing processes were categorized into three key areas: (1) design, (2) front-end fabrication
in a semiconductor fabrication plant (fab), and (3) back-end ATP (Platzer et al., 2020). Key
elements of the microchip SC based in the United States, including entities and commodity flows
involved in fab, were included in this analysis. The end product of the microchip SC is the
semiconductor wafer (SMEW). The ATP plants (ATPPs) are assumed to be the end customers. For
the existing microchip SC, the capacity of domestic fabs was set equal to the related domestic
capacity at the end of 2020 (0.73 million 12-inch equivalent wafers per month (IC Insights, 2021)).
Nationwide, demand was set to the capacity of all fabs of companies headquartered in the United
States, or 1.65 million 12-inch equivalent wafers per month (IC Insights, 2021). Domestic capacity
was expanded to satisfy this demand for the reshoring SC scenario.

SC-RI Module 1: SC-Profiling

(1) Existing and Potential Entities and Connections

In this microchip SC, the domestically produced SEMW (SEMW _DP) begins with the chemicals
(CHEM) produced by domestic chemical suppliers and raw wafers (RAWW) imported from
overseas (Khan, 2021). In fabs, CHEM and RAWW are processed into SEMW _DP, which flow to
the distributors and, finally, for ATP, creating the final microchip end-products. Any unsatisfied
demand was assumed to be filled by imported SEMW (SEMW _IP) arriving through one or more
of the 48 modeled U.S.-based ports. The microchip SC in this study, thus, consists of the direct
suppliers of CHEM, direct suppliers of RAWW, fabs, ports handling the SEMW _IP, distributors,
ATPPs, along with the major commodity flows, as depicted in Figure A1. The sources of data used
in creating this SC materials flow representation are given in Table Al.
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Figure A 1. General layout and material flow in microchips front-end
fabrication SC network.

(2) Supply and Demand Attributes

All suppliers of raw or middle-products, except fabs, were assumed to have unlimited capacity. The
capacities at the identified fabs are listed in Table A2. The demand for SMEW of each inhouse
ATP (IATP) is assumed equal to the current total capacity of the fabs owned by the IATP’s parent
company, and the demand for the only outsourced ATP (OSAT) in the United States is assumed to
be the difference between the nationwide demand and the sum of all IATP demand.

(3) Parameters for Cost Estimation

Parameters for microchip SC cost estimation are listed in Table A3.

(4) BOM

According to TSMC (2012), to produce 14 million SEMW_DP, 15.4 million RAWW, 1.6 million
cubic meters of process chemicals, and 0.1 million tons of bulk chemicals are needed. Raw
materials flow required for 12-inch equivalent wafer manufacturing is shown in Figure A2.
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Figure A 2. Major material flow and BOM in microchips front-end
fabrication of 12-inch equivalent wafer.

SC-RI 2: SC Structure and Commodity Flow Analysis

The layout (selected entities and commodity flows) of the existing microchip and post-reshoring
SCs are presented in Figs. A5 and A6, respectively. Note the emphasis on expanding operations
in California, New Mexico, Arizona, Texas, and portions of the Northeast. This aligns well with
recent announcements for plant expansion (e.g., Wu and King (2020) and Sohn (2021)). The
aggregated value of the top 10 O-D pair commodity flows (Figure A3) and top 10 inbound ((a) of
Figure A4) and outbound ((b) of Figure A4) flows during the 2-year case study period are provided.
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Figure A 3. Comparison of top 10 O-D pair flows in existing and
post-reshoring microchip SC.
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Figure A 4. Comparison of top 10 inbound (a) and outbound (b) flows in existing
and post-reshoring microchip SC.

SC-RI 3: Impact Analysis

Impact analyses are provided in this report. TMs and TLs of different SC segments for microchip
SC are provided in Table A4.

Table A 1. Data sources for the location of entities in each echelon.

Entity
Echelon

Container ports

Data Source

HIFLD database
(U.S. DHS, 2020)

Comments

They are the 48 continental ports in the Major Ports
file with GRAND _TOTAL value over 10 million.

Locations for Entegris (24 locations), Emdgroup (9

Chemical locations), and Dupont (39 locations) are identified
. Khan(2021) . . .
suppliers from the official website of each corresponding
company.
Platzer et al. . :
Fabs (2020) Plants names and locations in Table A2
ATPPs Khan(2021) In-house ATPPs owned by the fabs’ parent company

are assumed at the same locations as the fabs.
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Table A 2. Capacity for the major U.S.-based fabs.

Current
Capacity
(12-inch

Number

of Fabs Comments

Location

Company

equivalent)
According to (Shilov,
. 2020), TSMC currently
TSMC 1 Phoenix, AZ 0 has no production in
Phoenix, AZ
Samsung 0 Talyor, TX 0 According to (Sohn,
Samsung 0 Queens_Creek, AZ 0 2021), these are 4
Genesee_County, possible locations
Samsung 0 NY 0 Samsung may setup
Samsung 0 Goodyear, AZ 0 new fabs.
GlobalFoundries 2 Malta, NY 60,000 (Encyclopedia, 2021a)
GlobalFoundries 1 East Fishkill, NY 20,000 (Moorhead, 2019)
Intel Corporation 2 Chandler, AZ 98,000
Intel Corporation 4 Hillsboro, OR 197,000 (Flaherty, 2021)
Intel Corporation 2 Albuquerque, NM 98,000
Micron . .
Technology 1 Lehi, UT 70,000 (Encyclopedia, 2021b)
Micron Manassas, VA 40,000 (Robertson, 2003)
Technology
Samsung 2 Austin, T3X 92,000 ,
: - (Encyclopedia, 2021b)
Skorpios 1 Austin, TX 10,000
s 1 Richardson, TX 30,000
Texas (Lammers, 2003)
1 Dallas, TX 10,000
Instruments
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Cost Type

Table A 3. Cost estimation for microchip SC.

Cost Parameter

Fabs fixed opening
cost

Parameter
Value

$800 million

Comments

Assumed

Other facility fixed
opening cost

$240,000 per year

For a $12/year/sqft. rental price
(LoopNet.com, 2021) with the
industry space for a typical plant
at roughly 20,000 sqft. (Schmidt,
2020)

Investment
cost

Fixed expansion
cost for all facilities

$2 per day

Ivanov (2017)

Fabs expansion cost
(a unit of 20,000
wafers per month)

$2.72 billion

Estimated based on TSMC fab18

(capacity at 120,000 WPM) with
total investment cost at $17.08
billion

Other facilities
expansion cost

$2 per day

Ivanov (2017)

TL rate

$3.2/mile

(Williams, 2020)

Truck capacity

227 md

(SafeRack’s Industrial Index,
2020)

Transportation
cost

Chemical’s density

1000 kg/m?3

Most of the chemicals are
fluids in normal pressure

Wafer packaging

0.34 m*0.42 m*
0.33 m (25 unit)

(Entegris, 2020)

Procurement
cost

Raw wafer and
chemical

$117 per wafer

Based on material cost at
$1.18 billion, with shipments at
10.1 million for year 2019
(TSMC, 2020)

Production
cost

Fabs labor cost

$1776 per wafer

Based on manufacturing cost
at $17.94 billion, with
shipments at 10.1 million for
year 2019 (TSMC, 2020)
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Figure A 6. Layout of post-reshoring microchip SC.

c IAMTIS 34 r3utc.psu.edu

U.S. DOT Region 3 University Transportation Center



Table A 4 Comparison of TMs and TLs for microchip SC.

TMs (Thousand) TLs
Commodity | Existing re::::i-ng Increase | Existing re:I;)os:i-ng Increase
CHEM 47,171 46,589 -582 174,773 402,091 227,318
RAWW 485 1,389 904 1,691 3,885 2,194
SMEW DP 780 1,160 380 1,541 3,535 1,994
SMEW IP 644 0 -644 1,995 0 -1,995
SMEW 58 58 0 3,529 3,529 0
Raw/Mid. 47,656 47,978 322 176,464 405,976 229,512
Final prod. 1,482 1,218 -264 7,065 7,064 -1
Total 49,138 49,196 58 183,529 | 413,040 229,511
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APPENDIX B

Avoided Economic Losses and

Resilience Calculation for a Microchip
SC

The real price function for microchips is unavailable, and regression based on global historical sale
data (Table B1) for semiconductors is used to get the unit price function (Figure B1). According to
the unit price estimated in Table B1 and the domestic microchips manufacturing value in 2020
estimated as $27.3 billion (11% of $248 billion (Khan, 2021)), the existing domestic microchips
manufacturing quantity is estimated to be 110 billion units, and such quantity increased to 250
billion in the reshoring scenario (25% of $248 billion (Khan, 2021)). The domestic demand in 2021
is estimated as 243 (<250) billion units, equivalent to 21% of global market (SIA, 2021a). The
avoided economic loss is estimated in equation (B1).

Ac = c = Y35 f(x) = ¥28371190.0016x + 0.2729 = $50.6 billion. (B1)

Resilience improvement is calculated in equation (B2).

R =Ac/c =1. (B2)

Table B 1. Sale data for semiconductors from 2016 to 2021 (SIA, 2020; SIA, 2021a)

2016 2017 2019 2020
Sale ($billions) 342 400 | 468.8 | 412.3 | 440.4 | 555.9
Quantity (billions) 869 975 | 1,046 | 976 | 1,002 | 1,150
Unit price ($) 0.394 | 0.410 | 0.448 | 0.422 | 0.440 | 0.483
U.S. demand gap (billions) | 74 96 111 96 102 133
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Figure B 1. Regression of unit price and demand gap of semiconductor
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