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About the Supply Chain Review for the
Energy Sector Industrial Base

The report “America’s Strategy to Secure the Supply Chain for a Robust Clean Energy Transition” lays out the
challenges and opportunities faced by the United States in the energy supply chain aswell as the federal
government plans to address these challenges and opportunities. It is accompanied by severalissue-specific
deep dive assessments, including this one, in response to Executive Order 14017 “America’s Supply Chains,”
which directs the Secretary of Energy to submit a report on supply chains forthe energy sectorindustrial base.
The Executive Order is helping the federal government to build more secure and diverse U.S. supply chains,
including energy supply chains.

To combat the climate crisis and avoid the most severe impacts of climate change, the U.S. is committed to
achievinga 50 to 52 percent reduction from 2005 levels in economy-wide net greenhouse gas pollution by
2030, creatinga carbon pollution-free power sector by 2035, and achievingnet zero emissions economy-wide
byno laterthan 2050. The U.S. Department of Energy (DOE) recognizes thata secure, resilient supply chain
will be critical in hamessing emissions outcomes and capturingthe economic opportunity inherent in the
energy sector transition. Potential vulnerabilities and risks to the energy sector industrial base must be
addressed throughout every stage of this transition.

The DOE energy supply chain strategy report summarizes the key elements of the energy supply chain as well
asthe strategiesthe U.S. government is starting to employ to address them. Additionally, it describes
recommendations for Congressionalaction. DOE hasidentified technologies and crosscuttingtopics for
analysis in the one-yeartime frame set by the Executive Order. Along with the policy strategy report, DOE is
releasing 11 deep dive assessment documents, including this one, covering the following technology sectors:

e carbon capture materials,

e clectric grid including transformers and high voltage direct current (HVDC),

e energy storage,

o fuel cells and electrolyzers,

e hydropowerincluding pumped storage hydropower (PSH),

e neodymium magnets,

e nuclearenergy,

e platinum group metalsand othercatalysts,

e semiconductors,

e solar photovoltaics (PV), and

e wind

DOE is also releasing two deep dive assessments on the following crosscutting topics:

e commercialization and competitiveness, and
e cybersecurity and digital components.

More information canbe found at www.energy.gov/policy/supplychains.
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Nomenclature or List of Acronyms

CdTe Cadmium telluride

DOE U.S. Department of Energy

E.O. 14017 Executive Order on America's Supply Chains
HVDC High-voltage direct current

IP Intellectual property

IRR Internalrate of return

LPO Loan Programs Office

OEM Original equipment manufacturer

opP Office of Policy

OTT Office of Technology Transitions

PGM Platinum group metal

PSH Pumped storage hydropower

PV Photovoltaics

R&D Research and development

RDD&D Research,development, demonstration,and deployment
ROI Return on investment

WACC Weighted average cost of capital

WBG Wide bandgap
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Executive Summary

Competitive U.S.-based clean energy manufacturers and rapid commercialization of U.S.-developed
technologies are critical to secure energy supply chains, generate high quality jobs,and meet the United States’
nationalsecurity, energy and climate objectives. The February 2021 “Executive Order on America’s Supply
Chains” (E.O. 14017)directs the U.S. Department of Energy (DOE) to evaluate supply chains that encompass
the energy industrial base, focusing on technologies that are critical to meet U.S. decarbonization goals by

2050.

Understandingand analyzingthe end-to-end supply chain through economic analysis is crucial to mitigating
risks and identifying opportunities to enhance U.S. competitiveness in the clean energy industry. This insight
will allow the Department of Energy (DOE) to leverage its research, development, demonstration and
deployment (RDD&D) capabilities to most fully realize the objectivesof E.O. 14017.

This report provides a six-step structured analyticalapproachto such an economic analysis of supply chains:

Step 1: Prioritization. For each technology, map the supply chain, and screen where the biggest
vulnerabilities and opportunities are based on qualitative assessments of current supply and demand. Based on
the assessment, prioritize where further detailed analysis is required.

Step 2: Create Supply Baseline. Create the supply chain baseline of the current and projected globalasset
footprint, which includes location, costs, and volumes of assets (such as manufacturing plants), considers the
impact of newtechnologies.

Step 3: Create Demand Forecast. The demand forecast includes the prices the market is willing to bear,
given the component’s value proposition across applications, and the likely volumes demanded by the
marketplace.

Step 4: Assess U.S.-based Economics of Production. Understand what it would cost to build U.S.-based
assets and the unit economics to manufacture in the United States in the context of potentialnew technology
commercialization opportunities and other market dynamics. Given that, understand where in the current
supply chain stack potential U.S. assets would reside, and understand for which applications the U.S.-based
output would be competitive.

Step 5: Policy Analysis. Given the supply/demand scenarios and U.S. cost competitiveness, lay out policy
options that would catalyze the building of a U.S.-based supply chain.

Step 6: “War Gaming” and Scenario Analysis. The marketplace is dynamic,so any new policies or changes
to the supply stack will elicit competitive responses. Use scenario analysis and simulate potential outcomes in
the supply stacks, demand stacks,and globaland domestic markets.

Vi
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A systematic analysis forthe most at-risk supply chains based on the above approach should guide decision-
makingacross DOE and the U.S. government. The approachwill be challenging to implement due to
significant data gaps, difficult-to-model system dynamics, and complex interactions between companies and
governments; thus, sufficient resources, multiple agencies, and central coordination will be required over the
long term. This report describes the establishment of a hub-and-spoke model foranalytics capabilities that will
significantly augment the current capacity within DOE to execute these analyses.

Find the policy strategies to address the vulnerabilities and
opportunities covered in this deep dive assessment, as well as
assessments on other energy topics, in the Department of Energy 1-
year supply chain report: “America’s Strategy to Secure the Supply
Chain for a Robust Clean Energy Transition.”

For more information, visit www.enerqgy.qov/policy/supplychains.

Vii
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1 Economic Analysis of Supply Chain
Competitiveness

1.1 Introduction

In February 2021, President Biden signed the “Executive Order on America’s Supply Chains” (E.O. 14017),
directing fourexecutive agencies to evaluate the resilience and security of the nation’s critical supply chains
and to craft strategies forsix industrial basesthatunderpin America’s economic and nationalsecurity. As part
ofthe one-yearresponse to E.O. 14017,the U.S. Department of Energy (DOE), with support from DOE
nationallaboratories, conducted evaluations of the supply chains that encompass the energy industrial base,
with a particularfocus on technologies required to decarbonize the U.S. economy by 2050, which have
identified challenges and opportunities across critical technology areas. Beyond this initial analysis, a
systematic economic analysis requires a full demand-side analysis acrossapplications,aswell asan
understanding of market structure and dynamics foreach component. This report provides a 6-step analytical
approachto such an analysisand provides a framework forimplementingthe analysis across the technology
areas of the energy industrial base to help guide the establishment of US manufacturingassets.

This reportuses a few terms throughout, that are worth definingat the outset:

e Competitiveness. While this term is used in economic and business language to refer to a number of
different, but related, concepts, this report uses the term to describe the ability of a nation’s industry,or a
specific domestic firm within that industry,to gain a competitive advantage over foreign competitors
(Porter, 1990). This reportis concerned with the competitiveness of domestic industries to support clean
energy supply chains.

e Technology Commercialization. In thisreport, we define technology commercialization as the process
by which new technologies are transferred from the laboratory to fullcommercialscale, through the
Research, Development, Demonstration,and Deployment (RDD&D) process.

e Supply Chain. A supply chain is the system of stakeholders, technologies, activities, information, and
resources involved in movingmaterials, goods, and services throughout the production process from raw
materialand intermediate components to the final product, end customer, orend-of-life management. A
resilient supply chainis designed, managed, and operatedto effectively prepare forand adaptto change,
with the ability to sustain manufacturing operations orrapidly recover from anticipated and
unanticipated disruptions.

1.2 Economic Analysis Is Essential to Understanding Supply Chain
Competitiveness in the Energy Industrial Base

The Biden Administration hasset 2030 climate goalsaimed atambitious and achievable reductions in
greenhouse gases (White House, 2021). Reachingthese goals will require a sweeping transformation of the
U.S. energy industrialbase. While efficient decarbonization technologies are available to pursue these goals,
they often rely on raw materials bought and sold in opaque and volatile globalmarkets concentrated in
geopolitically sensitive areas. Midstream supply chain stages, such asmaterial processingand component
manufacturing, are often concentrated in foreign countries with complicated geopoliticalrelationships with the
United States or may face otherissues that make them susceptible to disruption.

One strategy for improving the resilience of supply chains fordecarbonization technologies is increasing
domestic production of rawmaterials, components, and energy technologies through onshoring overseas
manufacturing, scaling up existing manufacturing, increasing materialsrecycling, and encouragingnew
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manufacturingby commercializing technologies developed in the United States. Increased domestic
manufacturingrequires domestic industries that have the potentialto be competitive relative to global
competitors. A domestic manufacturing industry may not be competitive for variousreasons, such as
challenging market or supply chain dynamics, naturalresource endowment, domestic or internationalpolicies,
or technology and workforce gaps. If a domestic industry is not competitive relative to other countries at
present,and the United States wishes to establish supply chain resiliency through onshoring, policy
interventions will be required to help the U.S. industry establish an economically competitive position.

Robust and resilient domestic supply chains require economics that encourage private sectorinvestment at
home. Highly complex, interdependent supply chains are the result of numerous investment and business
decisions made overthe course of many years. For example, in the pharmaceutical industry, many of the
world’s small molecule drug manufacturing facilities are located in Puerto Rico because of incentives that have
led the private sectorto build the majority of theirmanufacturing plants in that region.

Granularanalysisthat considers the market dynamics within critical supply chains,and that can beupdated as
worldwide manufacturing footprints evolve and country-levelincentives and tariffs change, will help position
the United States for the supply chain of the future -- building out domestic manufacturing, while
commercializingnew technologies.

1.3 The Department of Energy can Drive U.S. Competitiveness Through Its
Impact on the RDD&D Pathways of Clean Energy Technologies

Among its many responsibilities, DOE directs funding for research, development, demonstration, and
deployment (RDD&D) of technologies that may transform the U.S. energy industrialbase over time. These
activities include basic science research and discovery, applied science research and development (R&D),
development of nascent technologies, and further efforts to accelerate the demonstration, deployment, and
scale-up of new technologies to drive commercialization at scale. Technologies developed through funding
from the U.S. Department of Energy and related federalagencies have the potentialto drive U.S.
manufacturing competitiveness in the rapidly expandingclean energy sector for decadesto come, and their
commercialization is an important part of a U.S. supply chain competitiveness strategy.

Itis critical to align the identification and pursuit of RDD&D with market opportunities to support U.S.
competitiveness and the growth of resilient and sustainable supply chainsthat could include domestic
manufacturingto support clean energy technologies. This impact may occurovershort-, medium-,and long-
term timescales—supporting U.S. leadership in high-growth marketstoday, while strengthening the strategic
positioning in markets that may emerge overthe next five, ten, or twenty years.

The purpose of this report is to illustrate how economic and marketanalysis will inform a DOE strategy to
enhance the competitiveness of domestic industries and accelerate the commercialization of new technologies.

1.4 Additional Considerations

This report was prepared in parallel with several DOE one-yearenergy domestic base deep dive assessments,
particularly those relevant to decarbonization by 2050. These technologies include rare earth permanent
magnets, platinum group metal (PGM) catalysts, semiconductors, wind turbines, solar photovoltaics (PV),
nuclearenergy, fuel cells and electrolyzers, hydropower, carbon capture materials, electric grid, and energy
storage for grid applications. Due to the scale and complexity of interdependent supply chain networks, the
robust economic analysis described in this report takes time, data,and capacity. This report describes an
approachto continue and expand the analysis forall technology areas through a long-term approach that will
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guide decision-makingon the establishment of US manufacturingassets and the continualupdatingof those
analysesas market conditions evolve. As policy actions are undertaken, analysis capabilities should also
monitor if the intended outcomes are beingachieved.

According to E.O. 14017, itis important to “ensure integrity and public confidence in supply chain analyses”
(Section SE, E.O. 14017). This can be achieved by sharinganalyticalfindings in ways thatimprove public
understanding, including aspects of resiliency that increase public confidence.

Section 2 of this report describes the recommended 6-step economic analysis to evaluate supply chain
competitiveness. Section 3 summarizes this report’s recommendations to implement the analysis across the
energy industrial base.
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2 An Analytical Framework to Evaluate Supply
Chain Competitiveness and Drive Technology
Commercialization

Itis important to ground policy actions and strategies spurring domestic technology commercialization and
competitiveness in the context of the industry’s fundamental economics and an understanding of private sector
decision making. The transition to a clean energy economy will require significant investment by the private
sector, responding to market signalsand government policies (IEA, 2021). The analytical framework
articulated in this section describes steps that will be part of the overall DOE strategy to expand supply chain
knowledge, inform decision making, and support the clean energy transition.

2.1 Definitions

This section uses severalterms common in describing supply chains, defined below:

e Node. Throughout this section, nodes refer to physicalnodesin a supply chain; that is, entities or assets
thatextract rawmaterials, manufacture components, and process, store, or distribute goods and services,
and entities responsible for end-of-life activities, including recycling and waste management. The word
“node” is also used in this report as a shorthand fora single raw material, component, orproduct made at
anodein the supply chain.

e Tiers. Acommon way to group nodes and identify upstream and downstream relationships within the
supply chain. For example, Tier 1 suppliers provide products or services to the integrator; Tier 2
suppliers provide products or services to Tier 1 suppliers; etc (FEMA, 2019).

2.2 Six-Step Analytical Approach

Below, we describe a six-step structured analyticalapproach to assessinga supply chain for vulnerabilities and
opportunities.

Step 1: Prioritization. For each technology, map the supply chain, and screen where the biggest
vulnerabilities and opportunities are based on assessments of a set of criteria ateach node (forall tiers of the
supply chain). Based on the assessment, prioritize where furtherdetailed analysisis required.

Step 2: Create Supply Baseline. Create the supply chain baseline of the current and projected globalasset
footprint, which includes locations, costs, and volumes of assets (such as manufacturingplants), considers
substitute technologies (e.g., polysilicon vs. CdTe), new manufacturingtechnologies (that could shift the cost
curve), and disruptive technologies (e.g., additive manufacturing, 5G, autonomous vehicles).

Step 3: Create Demand Forecast by Application. The demand forecast includes the prices the market is
willing to bear, given the component’s value proposition across applications, and the likely volumes demanded
by the marketplace. Understand how the supply curve intersects the demand curve.

Step 4: Assess U.S.-based Economics of Production. Understand what it would cost to build U.S.-based
assets and the unit economics to produce/manufacture in the United States and potential opportunities for,and
impacts of, new technology commercialization and othermarketdynamics. Given that, understand where in
the current supply chain stack potential U.S. assets would reside, and understand for which applications the
U.S.-based output would be competitive.
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Step S: Policy Analysis. Given the supply/demand scenarios from step 2 and step 3 and the assessment of U.S.
cost competitiveness and opportunities from step 4, identify policy optionsthat would catalyze the buildingof
a U.S.-based supply chain and support other U.S. policy objectives.

Step 6: “War Gaming” and Scenario Analysis. The marketplace is dynamic,so any new policies or changes
to the supply stack will elicit competitive responses. Use scenario analysis and simulate potential outcomes in
the supply stacks,demand stacks, and globalmarket dynamics.

Figure 1 summarizes this six-step approach.

Create Demand

Create Supply Forecast by
Prioritization Baseline

Application

Assess US-Based
Economies of Policy Analysis
Production

“War Gaming” &
Scenario Analysis

Figure 1: Steps to Evaluate Competitiveness of US Based Footprints

This type of detailed analysisis required to drive analytically informed decision makingto ensure that strategic
moves made by the United States are sustainable. This analysis should be updated on a regularbasis given the
dynamic nature of the marketplace.

2.3 Step 1: Prioritization

Understandingsupply chain dependencies and vulnerabilities starts with systems-level visibility. The first step
in the analytical process is to screen the supply chainsacrossa technology forthe greatest vulnerabilities and
opportunities, based on qualitative assessments of the existing supply and demand situation. This qualitative
assessment informs the development of a prioritized list of critical supply chain nodes and maximizes the
impact of economic analysis on important strategic decisions.

A few prioritization criteria important to considerin this assessment include:

e Greater market concentration, both geographically and in terms of the numberof individual firms
competingin the market (fewer firms means greatermarket concentration), can increase the risk to
supply by reducing the number of points of failure needed to threaten a supply chain. The existence of
high market concentration may also allow existing producers to act to undercut new entrants to the
market, especially if existing producers have the excess production capacity to flood the marketand
depress prices temporarily.
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e Geopolitical stability where current supply is located, aswell as geopolitical and trade relationships
with the United States, will impact the likelihood of supply disruptions faced by U.S. buyers.

e Pricevolatility can be an important indicator of supply reliability. Note that suppliers that can provide a
stable source of supply at contracted pricesmay be able to commanda premium.

Additionalprioritization criteria may be developed to augment those listed above.

Figure 2 provides an illustrative screening analysis completed forsolarphotovoltaics (PV). First, assemble a
list of the product componentsacross allnodes (including all tiers) of the supply chain, from raw materials
(quartz, polysilicon, aluminum, etc.) through to end products (modules/inverters/systems, etc.), accounting for
the end-of-life stage. For each of the components, a series of questions about theirdemand and supply can then
provide, in aggregate, a qualitative assessment of risk. For each component, questions may include:

o I[stherea significant domestic market forthis product/component? Is the projected domestic demand
significant?

o [stherea significant global market? Isthe projected globaldemand significant?
e [stherea competitive domestic market? Are U.S. suppliers competitive in the global market?
e [sforeign supply source significant? Is it secure?

Depending on the security and commercialcriticality of the overall technology, we can then establish a
threshold for advancingnodes to the more detailed analysis in Steps 3-6.

Supply chain Product/ Significant Significant Projected Significant Projected Cost Cost competitive | Is foreign
segments to meet the | Comp t: d i d i significant global market significant competitive | between US supply source
demand of the final liers d d d ti global among US | suppliers vs. significant
product demand d d ppli global suppliers | secure?
Raw materials Quartz

Bauxite

Iron

Silver

Copper

Cadmium

Tellurium
Processed material Polysilicon

Aluminum

Rolled Glass

Float Glass
Subcomponents Ingots

Wafers

Cells

Supports
End products Modules

Inverters

Systems

Figure 2: Solar PV Example of Screening Process for Competitiveness Analysis (DOE, 2022)
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Example Data Required for Step 1:

o Comprehensive list of supply chain nodes (across all tiers)
o Time series price and quantity information on all nodes/product components

e Market information for each node, including measures of market concentration/competitiveness
(e.g., Herfindahlindex, lists, and sizes of incumbents)

Comprehensive analysis across multiple, complex supply chainsis data and laborintensive and will require
increased resources and capacity. Overtime, best practices may be implemented to develop standardized
approachesto qualitative and quantitative analyses of prioritization criteria.

24 Step 2: Create Supply Baseline

For each prioritized nodes/product components (e.g., “Bauxite” in the example from Step 1),a mappingof
current global assets, their location, transportation, suppliers, production volumes, and unit cost economics
provides an important basis forunderstandinghowany U.S.-based assets would fit into the global marketplace.

Step 2 in this analyticalapproach isto map out the current status of supply (by node)in a supply stack, where
every individual asset’s (e.g., refinery, manufacturing plant) high-level unit costs (e.g., $/kgor $/part)are
modeled at its steady-state volume. Assets, including those owned by the same company, may have different
costs depending on the production technology they use; labor, electricity, or otherlocation-dependent costs; or
in the case of mines, on the type and grade of ore being processed. Production of substitutes that provide
similar value to the original product should also be included.

Figure 3 provides a simplified example of a hypotheticalsupply stack,in which each baris an individualasset.
In this example, firms A and B own low-cost, high-capacity assets in the generally low-cost Location 1, while
firms C and D own intermediate-cost assets in two otherlocations. Finally, Firm E owns high-cost, low-
volume assets in high-cost Location 4.

Firm A
Firm B
Firm C
Firm D

M rimE

Unit Cost

! Quantity
Location 1 2 3 4

Figure 3: lllustrative Supply Stack Example
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Understanding where potential U.S. assets would fallin the supply stack is critical to understanding their
competitiveness in the market. Building the supply stack and identifying where potentialnew assets would fall
in the stack requires analysisof an array of costs, including manufacturing costs, material input costs,and
transportation costs. See below foran in-depth discussion of these cost components.

Assessing Costs

Competitiveness of U.S. suppliers depends on their costs relative to global suppliers, controlling for
quality and product differentiation. Understanding cost factors can help inform overallcompetitiveness
and identify effective approaches to improve competitiveness.

Manufacturing Costs include labor, materials, waste treatment, utilities, capitaldepreciation, capital
investments and plant maintenance, and support services and supplies. They vary dependingon the
production process used, as different production processes may use different amounts of materials, labor,
and capital. Forexample, the use of the grain boundary diffusion process in the manufacturingof
neodymium-iron-boronmagnets allows magnet manufacturers to reduce their use of heavy rare earth
elements by nearly 50 percent, but the technology is notavailable to all producers due to expensive

equipment and intellectual property constraints (Smith and Eggert, 2018).

The competitiveness of domestic firms also depends on regional differences in these costs. For example,
laborcosts are lower in many countries than they are in the United States—a significant consideration,
given the importance of maintaining stronglabor standards and family-supporting wages for American
workers. The differences are greater for jobs that require less skill or training than formore skilled
positions (Chung, Elgqvist, Santhanagopalan, CEMAC,2015). U.S. producersmay be able to make up for
higher laborcosts per worker with improved worker productivity, through improved production
technologies, more capital-intensive processes, or better worker training. Thus, investments in workforce
development can be criticalto makinga sector domestically competitive. However, if labormakesup a
high portion of costs in an industry, it may be difficult for U.S. production to be cost-competitive.

Energy costs can also be important drivers of total production costs in some industries and may vary
significantly by location. Average electricity and naturalgas prices in the United States are relatively low
by global standards (Chung, Elgqvist, Santhanagopalan, CEMAC,2015), though prices vary by location
within a country and overtime. Electricity-intensive manufacturingmay be able to reduce costs by
locating neara large hydropower plant, or othersource of cheap electricity. The efficiency of energy
consumption, coupled with the costs of raw materials, can be key drivers of manufacturing costs.

Material Costs needed forproduction can also be a majordriverof costs,and materialavailability can be
a key vulnerability. I[f materials are less expensive or more easily available in one country or region, this
can push companies to locate their production there. China’s dominance in rare earth markets, for
example, combined with reductions in Chinese export quotasand a temporary cut-off of rare earth metal
shipmentsto Japanin 2010, led to significant price volatility in rare earth marketsas well as price
differentials between internal Chinese prices and export prices. This, in turn, led rare earth magnet
companies from Japanand Germany to establish new production facilities in China where the supply of
needed rare earth materials was more secure. Differences in materialprices by location can therefore be a
key indicatorof potential competitiveness of U.S. suppliers. If material prices are volatile, it may be
advantageous to establish strong relationships or contracts with suppliers. This may be easierto do if
suppliers are domestic or located in allied countries.

Transportation costs and othertransaction costs such as tariffs are key to determining when it makes
sense fordifferent stages of the supply chain to be located neareach other. Ifa product’s transportation
costs are high, it may make sense forenough domestic production to exist to meet domestic demand, but
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notmore. Policies to increase demand forthe product may then spurnew domestic production. Examples
of products with high transportation costs include wind turbine blades and towers, because of their size,
and rare earth magnet powders (specifically neodymium-iron-boron) because they are pyrophoric (at risk
of'igniting if exposed to air). Non-domestic manufacturers would find it challenging to compete in these
product categories since their transportation costs would lead to a higher landed and all-in cost to the
customer.

Beyond the “hard” costs listed above, other hidden costs may play an importantrole in determining a U.S.
supplier's competitiveness relative to global suppliers. These costs may include lead time, poor quality and
communication, the potential for continuous improvement, and geopoliticaland climate risks. Addressing
these risks within their business modelmay enable a U.S. firm to increase their customervalue proposition
and increase their global competitiveness (Gray etal, 2020).

In addition to mappingthe current status of supply, the analysis should consider scenarios for how the supply
stack may change overthe time period of interest. For example, could there be a shiftin the costs of some
assets due to changesin energy or laborcosts? Are there new disruptive manufacturingtechnologies being
developed that could lead to the building of new assets that would dramatically shift the cost curve? Are there
new substitute technologies that could make parts of the existing supply stack obsolete (e.g., a new material
that could displace an incumbent one forcertain applications)?

Example Data Required for Step 2:

e Globalassetdata (location, unit cost, volume)
o Unit costs of new substitute/replacement technologies
o List and assessment of new manufacturing technologies (that would shift the cost curve)
o Global supply curve by asset (y-axis is unit cost, x-axis is manufacturing volume)
Similar to step 2, completingthis step will require additionaldata and analysis resources and capacity.In

particular, unit costs of substitute technologies may be challenging to project, and intelligence on potential
facility builds may be difficult to obtain.

2.5 Step 3: Create Demand Forecast by Application

For each node of the supply chain at which we are conductingthe analysis, Step 3 constructs a demand stack.
This information complements the supply stack developed in Step 2 to complete ourunderstandingofthe
market segment at each node. Because the willingness to pay fora component may vary by application, the
demand stack may include buyers outside of the industry we are studying. Takingthe example from

Section 2.3, suppose we prioritized foranalysis the market for “Bauxite” in Step 1 (and completed the supply
stack for“Bauxite” in Step 2), Step 3 would identify all the current and potentialapplications of “Bauxite,”
including those not part of the supply chain for solarPV. End uses for bauxite, forexample, include steel,
cement,and chemicals (USGS, 2016). The analysis should also anticipate potentialuses in new applications
thatmay appearovertime, and applications thatmaybegin using the product should its cost change with the
introduction of new supply. There also are situations where applications maybe willing to be pay more for
higher quality product and/or other “softer” benefits (e.g., ability to tailor a solution, fast response time)and
understanding which applications those are can also help the US with their competitive positioning.
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The quantity demanded and willingness to pay fordifferent applications informs ourunderstandingof the
potentialaddressable marketat different cost points and, in conjunction with our supply stack from Step 2, can
help us predict the potential market dynamics for hypotheticalnew domestic entrants into the market,and the
impact of policy interventions. Figure 4 illustrates a simplified hypothetical demand stack,andthe below
discussion addresses further considerations when evaluatingdemand.
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Figure 4: lllustrative Demand Stack Example
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Demand-side Considerations for Potential U.S. Suppliers

To evaluate the competitiveness of a potential supplier, it is important to understand whatmarket or
market applications they plan to address, the size of those market applications, and the pricing they would
likely facein each application.

Evaluating Market Size. Suppliers may aim to sell in domestic markets only or aim to compete in global
export markets. The totalsize of the domestic market, as well as transportation costs fora product,may
determine whether U.S. producers can be supported by domestic sales or if they will have to compete on
global export markets. The size of the global marketis also important because if it is small, each new
production facility can have a significant impact on globalsupply, which may make it more challenging to
add newproduction unless there is significant demand growth. The size of these markets will also
determine how much impact the developmentofa newindustry is likely to have on job creation and
growth of the U.S economy. Industries with larger expected market size, in dollar terms, have the potential
for larger economic impacts.

Suppliers with products that are differentiated from the products of theircompetitorsmay also focus on
sub-markets forapplications in which their products offer greateradvantages. Forexample, wide bandgap
(WBG) semiconductors may never compete for the entire semiconductormarket but can compete for sub-
markets such as those fortransformers in the electric grid, grid integration of wind and solarpower, data
centers, and industrialmotors (U.S. DOE, 2013), where their higher cost s justified by the higher
performance needed in these applications. The cost-benefit calculation maybe different foreach potential
application.

Price Premiums. Companies with higher costs can still compete on quality orreliability or in regional
markets when prices differ by location. Distinct markets by location can exist when transportation costs,
tariffs, or othercosts of sales between regions are high. Products that have significant price differentials
dependingon quality may also be better suited fordomestic manufacturers thatare not able to compete on
price, but that can optimize their production to develop a higher-quality product than competitors. For
example, U.S.-produced nuclearreactors are known fortheir quality and safety, which may be more
important to buyers than small differences in production costs.
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If products are produced in geopolitically sensitive regions, buyers may be willing to pay a premium for
additionalreliability of supply. For some industries and technologies, the reliability of supply may be
more important thancosts, if material costs are low but the availability of the materialis crucial to the
manufacturing process. For example, rare earth metalsmake up a smallpart of the cost of manufacturinga
vehicle, but if rare earth metals become unavailable, this could disrupt the vehicle production supply
chain.

Example Data required for Step 3:

e List of applications the technology can address, including current and potential future applications
e Bottoms-up cost analysis of price that market will bear given value proposition, by application
e Global demand curve by application (v-axis is unit price; x-axis is volume)

o Global demand curve by customer/end-user (y-axis is unit price; x-axis is volume)

2.6 Step4: Assess U.S.-based Economics of Production

Once the marketdatain steps2 and 3 have been collected and analyzed, Step 4 assesses the economics of
potential U.S.-based production: its cost components, competitive advantages, and barriers to entry.

First, construct the unit costs of potential U.S.-based assets. For hypothetical combinations of location, scale,
and quality/product differentiation, estimate the steady-state operational fixed and variable costs of production,
and divide by production volume foran estimate of unit costs. These cost components are described in detailin
Section 2.4. These estimates provide an understanding of where any U.S.-based assets would fallin the cost
stack we constructed in Step 2.

Next, approximate start-up costs (i.e., initial capitalinvestments). These can constitute a substantial barrier to
entry for new firms entering the market or forexisting firms that are looking to build new manufacturing
facilities. In addition to the cost of equipment, the costs of learning a new manufacturingprocess, including
materialand time lost while optimizing the process, are important components of start-up costs.
Semiconductor fabrication isan example of an industry with high start-up costs, including both high capital
costs and significant expertise and learming-by-doinginvolved to establish an efficient production facility.
There may also be knock-on start-up costs when introducinga new technology into an ecosystem where Tier
Ones, Tier Twos, and OEMs may need to establish new work processes to adopta newtechnology. For
example, with carbon fiber products, new recycling processes had to be established when first introduced.

As part of both start-up and operating costs, construct an understanding of laborand workforce development
costs. Firms will not make large capitalinvestmentsin a manufacturingasset without being assured that they
will have accessto a ready workforce with the skills they need in that location, orthe ability to quickly attract
and develop such a workforce. The analysis should considerboth the initial investments in talent acquisition
and training, as well asthe costs of maintainingan on-goingtalent pipeline.

China’slong dominance as the “world’s workshop” may continue. In terms of manufacturing costs, although
China’slaborcosts haverisen quickly recently, over 30% from 2016-2022, they are still substantially lower
than the US. This hasdriven some manufacturingto lower wage countries such as Vietnam, but otherfactors
keep China attractive. Specifically, its large laborpool, networked business ecosystem, and controlled currency
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exchangerate give it advantages that make manufacturingin China sticky. Deeper analysis will need to guide
the United States'strategy to drive toward competitiveness.

To understand if private sector capital will be sufficient to establish U.S.-based production assets, use the unit
cost and start-up cost estimates in conjunction with the market data from steps 2 and 3 to conduct analyses of
investment returns (e.g., WACC/IRR). The policy implications may be different depending on whether start-
up costs or steady-state operatingcosts are the key factor limiting domestic competitiveness. [f U.S. companies
have the potentialto be competitive once they have overcome the initial start-up costs, a set of policies focused
on supporting companies through the initial start-up phase, such as supportingcapitalinvestments and
workforce development, maybe sufficient. If their steady-state operating costs are likely to be too high to be
competitive and theirproducts have no source of differentiation, long-term policy support may be needed to
drive down domestic operatingcosts, e.g., through investment in superior manufacturingtechnologies or next-
generation technologies that give domestic producers a competitive advantage.

Finally, thoroughly assess industry barriers to entry and a domestic entrant’s potential sources of
competitive advantage that may allowthem to overcome such barriers. These considerations are discussed in
furtherdetailbelow.

Understanding Barriers to Entry & Sources of Competitive Advantage

New U.S. companies and assets may face different barriers to entry depending on the market dynamics of
each industry.

Economies of scale are a fundamental quality of production that may shape industry dynamics. Firms that
have economies of scale are able to lower unit costs by spreading fixed costs over a larger number of
goods produced. Those with increasing returns to scale experience reductions in the average cost of
producingadditionalunits of output as more goods are produced.

In industries with companies with economies of scale, new companies may find it hard to enter the sector
or survive as their manufacturingasset may need to reach a minimum production volume to be cost-
competitive. For example, Infinium, a rare earth metalrefiner, ran into this problem when it attempted to
refine metalsata smallscale fordomestic stockpiles and research needs.

The market structure of the existing marketsis also important when considering new entrants. The
numberof companies selling a particularproduct, and the relative size and market share of each,
contribute to the amount of market powerheld by market participants. A company with large market share
can often influence market prices and may use that powerto try to limit entry of new players. On the other
hand, it can also be difficult to be profitable in a highly competitive commodity market with many smaller
players,as the competition keeps prices low.

Also importantisthe level of verticalintegration in the supply chain. A vertically integrated company that
produces products at multiple stages of the supply chain has the ability to either use their products
internally or sell to otherbuyers, makingit difficult for a new entrant occupyinga thinnerslice of the
supply chain to find suppliers and/orbuyers for their products. Vertically integrated companies can also
reap benefits from improved security, visibility, and coordination. While potentially actingasa barrier to
entry for new firms, vertical integration can also serve asa strategy for standingup a new industry where
existing suppliers and buyers do not exist.
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Opportunities for technological disruption may arise when innovations create a new market orare able to
displace an existing market orvalue chain. U.S. companies may be able to establish a foothold in an
industry by introducing new, disruptive technologies.

Firms with a technologicalvalue proposition that is protected by intellectual property have a significant
advantage overtheir competitors. For example, Hitachiowns patents on standard techniques for producing
neodymium-iron-boronmagnets, which creates challenges fornew entrants into the market. However,
technologicaladvantages erode overtime,as patent protection expires and other producers are eventually
able to replicate production techniques. Domestic producers may need to continue innovatingto maintain
their technologicaladvantage, or find markets where they can compete on cost and quality in a mature
industry. In some situations, where copying is easy and there is little patent protection, the advantage
might be to the second mover, who can take advantage of the new technology without bearing the R&D
costs needed to develop the new technology.

In mature industries, relative factor costs of inputs such aslabor, materials,and equipment may play a
more importantrole in determining which producers are most successful. Technological developments in
these industries may focus on improving production processes to reduce cost, leading to a relative cost
advantage over competitors.

Example Data required for Step 4:

e Bottoms-up coststo build assetsin the United States and major cost sensitivities
o Upstream and downstream costs/prices for U.S.-built facilities

o Modeling and analysis of project economics: internal rate of return (IRR), weighted average cost of
capital WACC)

o Sensitivity analysis of cost/price changes up and down the supply chain and identification of major risks

o Analysisofbarriers to entry and sources of competitive advantage

Similar to previous steps, completingthis step will require additionaldata and analysis resources and capacity.
In particular, establishing cost components and completinga fullanalysis of project economics will require
drawing on private sector insights and expertise.

2.7 Step 5: Policy Analysis

Analyses of the supply chain risks and vulnerabilities, opportunities, potential competitiveness of domestic
industries form the foundation for government policy and investment decisions and strategies to support strong
domestic supply chains and the clean energy transition. This capability can be used to inform a wide range of
decisions, including annualresearch and development investments, technology deployment strategies,
manufacturing strategies, intellectual property and licensing policy, tax policy, climate,and environment
policy, international development activities and strategies, trade policy and export strategy,and high-level
nationalsecurity strategies and objectives.

Understanding policies of the various types listed above will require additionalanalyses built on the
foundational market assessment in Steps 1-4. For example:

e Financialmodeling and analysis of the potentialimpact of policy changes that affectproject
economics or company financials

e Modeling the potentialimpact of new policies on supply chain stacks and potential competitive
responses
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e Estimatingthe incentive size required to shift investment decisions

e Analysis of policies thatcould be proposed orimplemented internationally as a response to U.S.-based
policies

e Analysis of labor market responses to workforce developmentprograms

While many of the items listed above exist in some form or another, the development of systematic approaches
and strategies to analyze the interplay of highly dynamic markets and policy environments is needed ata
greater scale than whatis currently available.

2.8 Step 6: “War Gaming” and Scenario Analysis

Finally, Step 6 reconciles the findings from the supply-side analysis (Step 2) and the demand-side analysis
(Step 3) and evaluates the impacts of the proposed policies on the decision-makingof individualactorsin the
context of market dynamics. Markets change rapidly due to demandshocks, macroeconomic shifts, policy
changes in other countries, investor appetite, new company strategies, and other factors. An understandingof
supply chain and manufacturingeconomics is only robust when it includes the ability to game out various
scenarios and feedback loops.

Scenario analysisis useful for evaluatingmarket outcomes overtime, and in response to externalmarket
factorssuch as other governments’ policies and strategic behaviorby market actors. Scenario analysis can
include theuse of dynamic simulation models (e.g., agent-based models, computational general equilibrium
models) that can modelthe ability of firms to compete in the broadermarket overtime. For example,
observable country-orcompany-levelstrategies can be modeled and explored to assess waysthat markets and
supply chains may evolve. In these models, customers respond to options in the market; companies respond to
customerbehaviorand shifting preferences.

Case Study: Industry Dynamics in the Solar PV Market

Many,if not most, of the early technology breakthroughs in photovoltaics (PV) occurred in the United
States.In 1962, Bell Labs launched Telstar which included solar cells that could generate 14 watts. By
1972, PV was widely used in outer space applications where there were few, if any, alternatives to
generate electricity. In 1980, ARCO Solar, an American firm, was the first company to produce over 1
MW of PV modulesin a year.1 In 1985, researchers at Stanford University were the first to demonstrate a
PV cell that was25% efficient. In 2000, First Solar began producingthin-film PV panelsin Perrysville,
Ohio. With a capacity of over 100 MW annually, it was the largest PV manufacturingplant in the world at
the time. (DOE, 2022)

Policies and investments in other countries accelerated market activities. Germany introduced a feed-in
tariffto spur demand forrenewable energy, including solar, in 2000. This led to strong performance by
German manufacturers to meet domestic demand. Overtime, the increased cost competitiveness and
market opportunity forsolartechnologies led to greater investments by countries around the world,
particularly comingout of the Great Recession. (IEA, 2020) The increase in investment led to further cost
reductions due to access to low-cost capital, economies of scale, and continued technological innovations
in PV cells and manufacturing processes.
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China, in particular, was aggressive in the use of policy mechanisms to drive increased solar
manufacturing.1 By 2012,45% of global solar manufacturingwas located in China, duein large partto the
use of low-wage laborand low-cost financing. American and European firms were unable to compete with
their Chinese counterparts based on price in such an environment. By 2017, Chinese manufacturing
capacity represented over 50% of the globalsupply (IEA, 2017).
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Despite decades of U.S. leadership in the research and development of solartechnologies, the United
Statesis nottheleaderin global PV manufacturingcurrently. Yet, solar remainsa highly dynamic, high-
growth sector with continued economic opportunities that arise from the research, development, and
deployment of new technologies. Expanded economic analysis of new energy technologies can support a
strategy to spur domestic manufacturingand maximize the benefits of high-growth technology sectors to
the American people.

Simulations can also be used to explore scenarios with specific observed strategic behaviors. The case study on
the solar PV market below describes industry dynamics that require policy responses informed by scenario
analysis.

Scenario analysis can inform a wide range of investment and policy decisions. For example,as clean energy
markets grow and mature, country-levelstrategies will continue to evolve and adapt. Nimble, quick-turnaround
scenario analysisis an important toolto inform U.S. government and private-sectorinvestment decisions.
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3 Next Steps

3.1 Undertake a Systematic Analysis for the Most At-risk Supply Chains to
Guide Decision Making

The analyticalapproachdescribed in this report is an essentialtool in supporting “[r]esilient American supply
chains [that] will revitalize and rebuild domestic manufacturingcapacity, maintain America’s competitive edge
in research and development, and create well-payingjobs” called for in the President’s Executive Order (White
House,2021). DOE will build on the work included in the 100-day and one-yearreports in response to
Executive Order 14017 to continue toward a systematic economic analysis of supply chains that face risks and
present opportunities, as described in Section 2. This analysis will complement already completed work to
furtherenhance U.S. leadership and competitiveness in clean energy technologies, resulting economic and jobs
benefits to the American people.

The economic analysis described above can dovetail with an analytically driven planning process for DOE’s
RDD&D investment strategies to maximize the benefit of federalinvestments to the American people. DOE’s
Office of Technology Transitions (OTT) is developinga commercialization adoption-risk framework that
allows program offices to evaluate not just the technology risk, but the market risk of the technologies in their
portfolios. The framework tracks these risks over time and ensures market risk is being mitigated atthe same
time as technology risk, bringing the technologies closer to commercialization. Faster commercialization of
new technologies will speed the pursuit of nationaleconomic, security,and climate goals.

The output of these analyses will inform complementary activities by interagency partners in support for U.S.
exports, scale-up of small businesses, increasing competitiveness for U.S. manufacturing, and reduction in
global emissions through the deployment of U.S.-developed low-emissions technology around the world.

3.2 Significantly Augmentthe Analytical Horsepower Needed to Execute on
These Analyses

The clean energy sector facesrapidly changing global markets; the emergence of numerous new technologies,
rapid policy development, and implementation in countries around the world to address climate change and
support domestic economies; and increased action by companies to respond to this dynamic environment.
Accomplishing the detailed analyses described in this report at the speed, scale, and rigor necessary,and in an
ongoing manner, requires an expansion on already existing capabilities. To provide a sense of the scope of
work — each of the companion reports’ eleven technology areas are lookingat 20 to 56 different supply chain
stages — the number of different supply chain stages to evaluate is large. When asked what proportion of the
analysis described in Section 2 hasbeen completed in each of these areasto date,many ofthe technology areas
self-assessed in the range of 25-75%, due to limitations in available data and analytical capabilities. Additional
supply chainsnot covered in these reports may also require evaluation.

Analyticalcapabilities exist within the DOE, including at the Office of Technology Transitions, the Office of
Policy, the Loan Program Office, within the various technology offices,and across the DOE national
laboratory complex and in other federalagencies. However, analysis capabilities with a deep understandingof
markets are too few, their work is largely uncoordinated, and the requisite data are far from sufficient.
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Hub-and-Spoke Analysis Model

Coordination acrossrelevant offices within DOE, the nationallaboratory complex,and its interagency partners
is essential forthe efficient and effective use of resources to develop the kind of analytical capacity described
above. A hub-and-spoke modelcould be implemented in which a centraloffice at DOE developsand maintains
shared data and analysistools that can be applied across multiple economic analysis contexts. The central
office could provide access to data sets, “off-the-shelf” models forcommon analyses, such asunit costs from a
production facility, analysts capable of quick-turn and longer-term analysis tasks, and contract mechanisms to
engage externalsubject matterexperts. Additionally, the hub could develop baseline economic analyses for
cross-cutting supply chain topics, such as upstream materials relevant to multiple downstream markets and
common assumptions that offices should use (e.g., projected cost of labor).

Creatingand maintainingan energy supply chain office as well as database and analyticaldecision modeling
capabilities is described in policy action #22 in the accompanyingcapstone report. This office will facilitate a
centralized consortium formarket and supply chain research and analysis, to provide a forum forfederal,
nationallaboratory,academia, andindustry to address crosscuttingissues. Benefits to this type of approach
include establishing consistency fordata standards and frameworks, validation and sharing, addressingand
overcomingdata gaps, and identifyingresearch needs. A central function could create end-to-end supply chain
analysis capabilities through linking existing capabilities and provide easily digestible resources and tools
across the federal government and to private-sector stakeholders.

The energy supply chain office will also play a guiding role in the aggregation of relevant supply chain data. In
addition to analytical capacity, access to reliable supply chain data and comprehensive supply chain mapsis
essentialto the success of any economic analysis of supply chain competitiveness. Many data sources are not
adequately designed to perform supply chain analysis at present. Partialdata about supply chains can be
assembled from publicly available sources; some datais compartmentalized orincomplete. Efforts should be
made to assemble public (federal, state,and local)and private, historical, and near-real-time raw data,
including data that covers environmentaland social vectors. The government hasa role to play in coordinating
data collection (through voluntary orcompulsory reporting), while protecting the sensitive information of
individual companies (such as costs and production volumes).

4 Conclusions

A deepunderstanding of supply chain economics in key technology areas, enabled by the six-step analysis
outlined in this report, will allow the Department of Energy (DOE) to leverage its research, development,
demonstration, and deployment (RDD&D) capabilities to most fully realize the objectivesof E.O. 14017. The
Office of Technology Transitions, and the DOE officesin the technicalareascovered in the accompanying
reports, will continue to coordinate on deepeningthe department’s understanding of supply chain resilience
and competitiveness, using the self-assessments completed to-date as a startingpoint for furtheranalysis.

Recommended policy actions to address the vulnerabilities and opportunities covered in this report may be
found in the Department of Energy 1-yearsupply chain review policy strategies report, “America’s Strategy to
Secure the Supply Chain fora Robust Clean Energy Transition.” For more information, visit
www.energy.gov/policy/supplychains.
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