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The Solar Futures Study and Supporting Reports

The Solar Futures Study, initiated by the U.S. Department of Energy (DOE) Solar Energy
Technologies Office and led by the National Renewable Energy Laboratory (NREL), envisions
how, over the next few decades, solar could come to power 40% or more of U.S. electricity
demand, dramatically accelerating the decarbonization of buildings, transportation, and industry.

Through state-of-the-art modeling, the Solar Futures Study is the most comprehensive review to
date of the potential role of solar in decarbonizing the U.S. electric grid and broader energy
system. However, not all the detailed analysis that informed the Solar Futures Study could be
included within its pages. This further analysis is collected in additional National Renewable
Energy Laboratory reports, each dedicated to a different technology or socioeconomic concern.

This report, The Potential for Electrons to Molecules Using Solar Energy, focuses on a particular
technology area that could contribute to decarbonization.

The Solar Futures Study Reports
e Solar Futures Study (main report published by DOE)
e Research Priorities for Solar Photovoltaics in a Decarbonized U.S. Grid
e The Role of Concentrating Solar-Thermal Power Technologies in a Decarbonized U.S. Grid
e The Demand-Side Opportunity: The Roles of Distributed Solar and Building Energy Systems in a
Decarbonized Grid
e Maximizing Solar and Transportation Synergies
e The Potential for Electrons to Molecules Using Solar Energy
o Affordable and Accessible Solar for All: Barriers, Solutions, and On-Site Adoption Potential
e  Forthcoming Environment and Circular Economy Report

You can learn more about the project and reports on the NREL website at
https://www.nrel.gov/analysis/solar-futures.html.
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Executive Summary

Solar photovoltaics (PV) play an important role in the electric power sector and could potentially
support other sectors that need low carbon energy sources. Molecules such as hydrogen,
ammonia, and hydrocarbons, including ethylene are currently produced from natural gas and
crude oil and are used in sectors other than the power sector. Processes to produce them emit
carbon dioxide and other greenhouse gases both directly and in upstream feedstock recovery
processes. Electrons-to-molecules (E2M) technologies are being developed to convert carbon
dioxide, water, and atmospheric nitrogen to desired chemical products using electricity, and they
represent large electricity loads. E2ZM technologies are thus emerging as a potential application
for PV; essentially, they can act as electrochemical energy storage and thereby provide a means
to use the energy generated from PV and store it in molecular form.

E2M systems offer an array of potential products and system designs that can be tailored to
different end uses beyond energy storage applications in the power sector. E2M technology
involves electrochemical conversion, which uses electricity to break molecular bonds and
produce new molecules. Various electrochemical conversion technologies split water into
hydrogen and oxygen, reduce carbon dioxide into other hydrocarbon molecules and several other
possible combinations. Though we do not attempt to provide an exhaustive summary or analysis
of the potential products from E2M systems, we do provide an initial overview that can be used
to identify the potential opportunities and challenges for PV and E2M systems. In this report in
the Solar Futures Study series of reports, we consider the potential for E2ZM to produce key
chemicals and fuels that currently rely on hydrocarbons for production, either as a reactant or a
source of high-grade heat.

E2M represents a key opportunity for PV systems, as its development could result in a
significant increase in demand for electrical energy. Possible ranges of energy demand for
several direct and indirect E2M pathways are shown in Figure ES-1 (page viii) in addition to the
approximate technology readiness level for the pathway. In general, two electrochemical
conversion options are possible for most products:

e Direct electrochemical conversion involves using an electrochemical reactor to make
products from water, carbon dioxide, and/or nitrogen.

e [Indirect electrochemical conversion involves water splitting electrolysis (an electrochemical
route) to produce hydrogen and then traditional catalytic chemistry with hydrogen to produce
the product.

The ranges shown in Figure ES-1 represent the energy demand if the entire supply chain for a
particular molecule were to be shifted to E2M processes, with upper and lower bounds being
determined by the current and best-case energy efficiency for the pathway. Though a complete
and immediate shift to E2M-based supply chains is unlikely in the near term, the large market
sizes and diversity of products indicate that numerous opportunities exist for PV to provide
energy used in E2M. Smaller markets provide specialized opportunities for E2M systems.
Hydrogen produced from E2M can serve as an intermediate for a variety of applications, from
transport to ammonia production. Electrochemical ethylene production could leverage the large
market size and infrastructure of existing petrochemical supply chains. E2M has many different
opportunities to play a significant role in future energy and industrial systems, and thus PV has
numerous opportunities to play a central role in this evolving system.
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Figure ES-1. Possible ranges of annual energy demand for various E2M systems and products
via both direct electrochemical (using an electrochemical reactor to produce the products from
water, carbon dioxide, and/or nitrogen) and indirect electrochemical (water splitting electrolysis

to produce hydrogen and then traditional catalytic chemistry with hydrogen to produce the
product) pathways

Pathways with points instead of bar ranges did not have sufficient data to generate ranges of energy
consumption. Key products from the Energy Decarbonization scenario are shown in black and red points, in
contrast with bars charted for Base and Optimistic scenarios. For detailed descriptions of the assumptions
used in these estimates, see the appendix.

This report in the Solar Futures Study series of reports identifies key challenges and
opportunities to help enable further deployment of E2M, connecting these challenges to PV

where possible. Though many research challenges are specific to E2M systems, overarching
challenges and opportunities are summarized here:

e Reducing E2M system capital costs while realizing increases in system efficiency, lifetime,
and durability while identifying opportunities for directly coupling E2M and PV

e Development of E2M systems so they can operate as dispatchable loads, actively cycling on
and off or ramping up and down from base load operations to use energy from low-cost,
dispatch-constrained electricity generation from wind and solar

¢ Identification of products and pathways for direct and indirect E2M systems

e Enabling E2M access to wholesale power markets, permitting systems to purchase power at
location marginal prices, and compensating E2M systems for any grid services they provide
while increasing demand for electricity from PV analysis and optimization of potential impacts
of E2M technologies on grid and opportunities as dispatchable load to better use variable
generation, ideally creating markets for every renewable kilowatt-hour of energy produced.
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1 Introduction

Energy consumption takes on diverse forms among economic sectors, and electrical energy
comprises a different portion of total energy used across the residential, commercial, industrial,
and transportation sectors (EIA 2018). These sectors rely on electrical energy to meet lighting,
heating, and cooling demands, which in turn comprise most of the final energy consumed among
them. Electricity comprises smaller portions of energy consumed in the transportation and
industrial sectors, where energy consumed is generally from hydrocarbon fuels and feedstocks
in thermal and prime mover applications.

Final energy consumption scenarios from Regional Energy Deployment System modeling
indicate that significant portions of total energy in 2020 and through 2050 will be consumed

in the form of nonelectrical energy, even under scenarios with high electrification (Figure 1).
Nonelectrical energy is used for applications that are difficult or expensive to electrify. These
include aviation, marine, rail for shipping, and other long-drive cycle transportation needs. They
also include installed space and water heating for buildings that do not turn over very often.
Finally, the industrial sector is difficult to decarbonize because it both has heat requirements that
are difficult to electrify economically (e.g., high temperatures, gas flow requirements for drying)
and uses natural gas and oil as feedstocks for chemical products, including polymers, solvents,
and other chemicals.

Reference Demand High Electrification
100 100
m Transportation mIndustrial
—~ 90 —~ 90 _ o
g % m Commercial mResidential
S 80 T 80
L2y (=7 .
c 70 c 70 ! Electric
ie; 8
a a
g 60 g 60
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Figure 1. Projections for final energy consumed by sector in the United States, 2020-2050, with
the divisions between electrical and nonelectrical energy demands shown across sectors

Results are shown for Reference and High-Electrification scenarios.
Source: Mai et al. 2021
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Evaluating the transportation and industrial sectors with respect to their contributions to annual
greenhouse gas emission underscores the need for their decarbonization. For example, immediate
and complete decarbonization of the electric power sector would yield an only 25% decrease

in annual global emissions, as transportation, industry, and agriculture/land use comprise the
remainder of greenhouse gases emitted worldwide annually (IPCC 2014). The development

of pathways and technologies that enable decarbonization within these sectors is essential to
meeting greenhouse gas reduction goals.

Several key areas in the industrial sector consume nonelectrical energy at high rates, including
bulk chemicals, food, iron and steel, and petroleum refining (EIA 2020a). Therefore,
development of systems that facilitate decarbonization of these areas remains a significant
challenge (Davis et al. 2018; Kutscher, Logan, and Coburn 2020). In many cases these processes
rely on natural gas for the production of high-grade heat or as a reactant in the formation of other
molecules. Additionally, petroleum products and hydrocarbon gas liquids are used as chemical
reactants in various processes (e.g., bulk chemicals). These energy needs cannot be directly met
with electrons produced from solar photovoltaics (PV) or other renewables, which creates a
unique challenge for decarbonization of these sectors that cannot be met with solar or wind
power alone.

Moving toward a fully decarbonized economy requires significant investments in new and
alternative infrastructure across multiple sectors of the economy. In this report in the Solar
Futures Study series of reports, we focus on the potential interfaces between PV and the organic
chemicals sector, and we analyze sustainable production pathways. Current supply chains for
most of these products are linear rather than circular, and they rely primarily on fossil fuel
feedstocks as the molecular basis for each product. Establishing sustainable supply chains for
these processes is a twofold effort: circularity in feedstock supply is required and a decarbonized
source of energy to power the process is needed. In nearly all the processes we consider, water is
consumed either as a primary or secondary feedstock along with other molecules such as carbon
dioxide. If these processes were to operate at widespread scale in the future, the water intensity
of these process and how it compares to current supply chains should be analyzed in greater
detail.

Here we identify products that can be produced via direct and indirect electrochemical
conversion pathways that rely on electricity as a feedstock and thus can use energy from PV.
We quantify electricity requirements to produce them at current market sizes and the resulting
potential impact on the demand for solar energy. This review offers a systems level
perspective—it focuses on using solar energy to increase the energy level of various molecules
through electrochemical processing. It does not include an exhaustive review of the state of
technology, advantages, and disadvantages of specific process designs; however, we
acknowledge the degree to which reactor designs determine the scalability and manufactured
costs of these systems. Additionally, siting considerations such as point-of-use applications and
centralized systems are not considered here.
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2 Electrons to Molecules as a Pathway for
Electrification Across Sectors

Electrons from PV can be transformed into other energy carriers, including hydrogen, methane,
and other hydrocarbons (Haegel et al. 2019), which can in turn be used in the transportation and
industrial sectors as chemicals and fuels. Here we analyze technologies that can transform solar
electrons to molecules (E2M) that can then be used in sectors that conventionally consume
nonelectrical energy. Numerous E2M technologies are emerging as potential pathways for
transforming electrons from PV into useful fuels and chemicals, with most processes being able
to use renewable electrons and basic molecular feedstocks to produce higher-value products

(Figure 2) (NREL 2020b).
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Figure 2. Electrons to molecules initiative at the National Renewable Energy Laboratory

Source: NREL 2020b

Possible conversion pathways include chemical, catalytic, biochemical, electrochemical, and
other mechanisms. The ideal conversion process depends on the available feedstocks, energy
supply, and desired products. Consequently, the carbon intensity of E2M products is affected
by the carbon footprint of the technology supplying electricity to the process, which suggests
renewable electricity is preferred for producing chemicals and fuels with lower lifecycle
greenhouse gas emissions (Bhandari, Trudewind, and Zapp 2014; Khoo, Halim, and

Handoko 2020).
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All the electrochemical processes in this work are assumed to operate at low temperatures
(<80°C). Several of the products reviewed here also can be produced by E2M pathways that
operate at high temperatures. Hydrogen produced from high-temperature steam electrolysis
consumes less electrical energy than low-temperature systems because of favorable
thermodynamics and kinetics at high temperatures (Brisse, Schefold, and Zahid 2008). Carbon
monoxide produced by high-temperature electrolysis of carbon dioxide (CO3) is another
emerging E2M platform that operates at temperatures greater than 80°C (Kiingas 2020). These
pathways show promise in economically competitive hydrogen and carbon monoxide synthesis.
For the sake of consistency, we assume all electrochemical pathways operate at low
temperatures; however, the emergence of high-temperature pathways is an important element
of the emerging E2M sector.

Because electrochemical reactors directly consume electricity along with simple molecules

like CO» and H»O, they have the potential to be suitable pathways for using energy from PV
installations. Electrochemical reactors operate by applying an electrical potential to anode and
cathode electrocatalysts, where reactants are supplied either in gaseous phase or in aqueous
solution. Separate half reactions occur on the anode and cathode, with the net reaction reducing
a reactant to the desired product. Electrocatalysts are separated by an ion exchange membrane,
which allows either anions or cations to migrate from the anode to the cathode side of the
reactor. Electrons flow between the electrodes and combine with ions and reactants to form

the intended product.

The desired reaction determines the reactor architecture and catalytic materials, which in turn
affect the capital cost of the reactor. Electrochemical reactors are operated with several different
architectures, from small-scale experimental H-cell configurations to membrane electrode
assemblies that are designed for sustained operation at high rates (Grim et al. 2019). The design
of an electrochemical reactor depends on the desired reaction and scale of the system.

Historically, many of the products that can be produced from E2M technologies use fossil fuels
and hydrocarbons as heat sources and chemical reactants. Feedstocks for these conventional
processes have exhibited low market prices in recent years (EIA 2020h), which in turn has
decreased the cost to produce chemicals and fuels in processes that use these feedstocks
(Figure 3, page 5).

Low feedstock prices for conventional production pathways have created difficult market
conditions for E2M technologies. In the absence of external market drivers, E2M technologies
must generate products at prices comparable to those of existing production methods. The recent
availability of low-cost natural gas and ethane, both common feedstocks for heat and chemical
synthesis, has made this difficult.
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Spot prices for hydrocarbon gas liquids, natural gas, and crude oil,
January 2002-October 2020
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Figure 3. Historical prices for fossil fuel feedstocks used in formation of fuels and chemicals
Source: EIA 2020h
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3 Potential Electrons to Molecules Products
and Pathways

In this section, we summarize the markets and conventional production methods for several key
products that can be produced with E2M technologies. For each product, we summarize the
direct single-step electrochemical pathways and any other indirect production pathways. Indirect
pathways rely on electrochemical processes to supply an initial feedstock to the process
(generally hydrogen, carbon monoxide, or syngas), coupling this step with catalytic processes

to produce the desired molecule.

The potential E2M products presented here are an inexhaustive list of possible pathways for
synthesis of fuels and chemicals using electricity. Though this report in the Solar Futures Study
series of reports covers many of the key products with the largest market sizes, other products
and opportunities do exist. As 0of 2019, the U.S. chemical industry shipped more than $550
billion worth of products across multiple sectors (American Chemistry Council 2020); however
the total market sizes and prices of the products discussed here is about $160 billion, which
suggests many more market opportunities for E2M exist than those discussed here. Other
opportunities not captured here could include small market size, high-value products that are not
currently targets for E2ZM synthesis.

The barriers to development of a particular E2M pathway are also related to the market size

and performance of systems that are currently used to produce a target molecule. Products with
extremely large existing markets will require a significant investment in E2M systems to meet
the production rates of conventional processes. Existing production systems leverage economies
of scale to offset the significant capital investment required to produce the chemicals or fuels.
Though meeting these large market sizes represents a technical barrier to E2M, the existence

of the large markets also provides more opportunities to exploit specialized markets for a
product.

In each of the product-specific pathways we discuss in this report, we consider the current state
of technology, barriers, and opportunities for the pathway. We conducted our pathway analyses
independently of one another; however, it is important to note that the industrial sector is highly
interconnected. A change in how a product is supplied in one sector could have downstream
implications for other processes and products. For example, the ethylene supply chain is highly
dependent on natural gas processing infrastructure to supply hydrocarbon gas liquid feedstocks.
If ethylene production were to shift to an electrified process, demand for hydrocarbon gas liquids
would be affected. Though we do not try to depict the complexities of this coupled system, such
interactions are of important consideration for E2M deployment.

In addition to the barriers from performance of E2M systems, significant challenges exist with
scaling experimental systems to industrially relevant throughputs. Understanding how materials,
processes, and designs evolve as systems are scaled up is of notable interest in recent work

(W. A. Smith et al. 2019; Endrodi et al. 2019), and further understanding of key challenges

and opportunities will help enable development of E2M systems at scale.

Many sections of indirect electrochemical pathways are mature because they are currently in
operation using natural gas feedstock instead of electrochemical hydrogen. Others (e.g., the
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Sabatier process for producing methane) were developed for commercial operations, but lower-
cost resources are available. Thus, barriers for the indirect electrochemical E2M pathways
typically consist of efforts to intensify processes through improvements in energy efficiency and
reductions in equipment size and cost. Innovation in catalyst performance and reactor design
directly improve single pass conversions and thus result in reduced capital and operating costs.
These efforts are especially relevant for CO; hydrogenation pathways, which typically have
lower levels of technical maturity than conventional routes. Process intensification efforts for
reverse water gas shift (RWGS) systems that produce CO is also of significant importance for
pathways that use syngas from CO». The cost of producing syngas through RWGS is currently
significantly higher than that of dry and steam methane reforming processes because of the high
cost of hydrogen from water electrolysis. Efforts to reduce the RWGS system cost and
electrolytic hydrogen costs will play an important role in the long-term adoption of low-carbon
indirect E2M pathways.

Many different products and pathways exist within the E2M space. Technical maturity of the
E2M technologies depicted here range from commercial to early stage research and development
(R&D), but the products and pathways discussed here are not intended to be an exhaustive list of
either the products or pathways to products possible though E2M. In this analysis, we consider
products that exhibit the largest market sizes and the E2M pathways that are nearest to
commercial deployment. This list provides a high-level perspective of the noteworthy potential
both for PV and E2M systems that exist in this space.

For most pathways, products are synthesized using CO; as a carbon source. We acknowledge the
barriers to securing a reliable and high-concentration source of CO». For our analysis, we assume
direct air capture is used to provide all CO; used in the process. Direct air capture systems
typically use solid sorbents or aqueous basic solutions to remove CO> from air. The energy cost
to capture CO» via direct air capture are included in our electrical production efficiency
estimates. Specifically, we use estimates from Carbon Engineering’s aqueous-based industrial
design that was developed based on their pilot plant facility (Keith et al. 2018). 0.1 megapascal
(MPa) COz is produced using 5.25 gigajoules (GJ) of natural gas per ton CO> and 77 kilowatt-
hours (kWh) of grid electricity per ton CO,. Natural gas is currently used for heating and
fluidization in the calciner. Assuming electric heat is 95% efficient, 5.25 GJ/ton-CO2 at 78%
thermal efficiency is equivalent to 4.31 GJ/ton-CO; of electricity. Electrification of the calciner
is feasible and is currently being researched by Carbon Engineering. The total electrical load to
capture CO» with the electrification of heat is 1,274 kWh/ton-CO..

For some pathways, we assume the product is synthesized in a single-step electrochemical
process, while other pathways include multiple processes and a single E2M step. Though
producing all the possible products via E2M is possible and is actively being researched, we
acknowledge E2M processes at industrially relevant scales might not operate in the same way as
is projected here. The estimates shown in Tables 2—20 should be considered order-of-magnitude
estimates of the electrical energy and PV capacity needed to synthesize a given product via a
particular pathway. Detailed analyses of specific technology pathways and products would be
needed to develop estimates of the exact energy required.

The electrical energy and PV capacity requirements shown in this report are subject to numerous
assumptions about the total demand for a product and the electrical efficiency of producing that
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product from a given E2M pathway. Several different scenarios reflect variation in these
estimates for current, future, and decarbonized industrial systems (Table 1). Further information
regarding assumptions and methodologies used in these scenarios can be found in each E2M
product section (Sections 3.1-3.8) and the appendix.

For each combination of product and pathway we review in the following sections (e.g.,
hydrogen via water electrolysis in Section 3.1), we summarize key market characteristics in a
table at the end of the section. Along with values on the market size and the current market
prices in dollars per kilogram ($/kg) for each product, the estimated electricity required to meet
current market size with E2M production pathways is estimated (see the appendix). When data
permit, a Base and an Optimistic scenario are presented (Table 1), where the Base scenario uses
existing E2M performance parameters and the Optimistic scenario assumes advances in
efficiency and selectivity of the E2M system, which would in turn lower the amount of
electricity needed to produce the same amount of product.

Readers should note that not all E2M products and pathways have results for the Energy
Decarbonization scenario. This scenario was developed to depict deep decarbonization in sectors
beyond the core Solar Futures Study scenarios (Mai et al. 2021), but it does not consider
products beyond those used for energy (e.g., it does not consider fossil use for polymers).
Though E2M-based synthesis of those products could result in additional electrical loads,

robust analysis of these pathways is beyond the scope of the Energy Decarbonization scenario.

It estimates the use of biofuels, synthetic hydrocarbon fuels, hydrogen, methanol, and ammonia
across different sectors of the economy. Though synthetic hydrocarbon fuels are based on
methanol feedstocks, the methanol required to create these fuels is not considered in methanol
demand estimates in this report. Biofuels are included in indirect hydrogen demand estimates.

Table 1. E2M Scenarios Used in this Work

Scenario Description

Base e Uses current market sizes for each product molecule and current production
efficiency for each E2M pathway

e Uses current market price for each product

Optimistic e Estimates potential future market sizes for products based on current market
sizes and annual growth rates from literature

¢ Optimistically increases E2M production efficiencies from those in the
Base scenario (see the appendix)

Energy ¢ Uses estimates for energy and transportation sector decarbonization as
Decarbonization discussed in the Solar Futures Study transportation (Ardani et al. 2021) and
scenarios (Mai et al. 2021) reports.

¢ Does not consider demand for products not directly used in the energy sector
(e.g., ethylene for plastics production or formate used in the organic chemicals
sector)

3.1 Hydrogen

Molecular hydrogen (H>) is an energy carrier that can be produced from renewable energy
through water electrolysis. Hydrogen is currently produced in significant quantities for use
across multiple industries, including as a transportation fuel, long-duration energy storage, and in
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various industrial processes. The U.S. Department of Energy (DOE 2020) developed the
H2@Scale concept to explore the full potential of hydrogen across sectors of the economy
(Figure 4).

Conventional Storage
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Figure 4. DOE H2@Scale concept

Source: “H2@Scale,” DOE, https://www.energy.gov/eere/fuelcells/h2scale

CCUS = carbon capture and storage

Hydrogen can be produced by multiple technologies, which have varying degrees of technical
maturity. Today, most hydrogen is produced by steam methane reforming of natural gas, as it
offers the most economic means of producing hydrogen at large scales. Steam methane
reforming is a catalytic process that converts natural gas and steam to CO; and hydrogen (Ruth
et al. 2020). Centrally produced hydrogen could be integrated into existing downstream
infrastructure for transportation and storage.

Electrolysis of water is an emerging production pathway to generate hydrogen using water

and electricity and thus reduce reliance on natural gas. Water electrolysis is a direct
electrochemical pathway that uses electricity to split water into hydrogen and oxygen (Equation
1). Hydrogen production from electrolysis could represent a significant source of demand for
electricity, driven by the large market sizes and high amount of electricity required per kilogram
of hydrogen (Table 2, page 11):

1
H20_>502+H2 (1)
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Hydrogen can be produced via water electrolysis using renewable energy—and without using
fossil fuels. Of potential hydrogen production technologies, water electrolysis powered by
renewable energy is currently the preferred option from an environmental life cycle perspective
(Bhandari, Trudewind, and Zapp 2014); however, hydrogen produced via water electrolysis
exhibits higher costs than steam methane reforming in the United States because natural gas
costs are low.

Costs for hydrogen from electrolysis are driven by high electrolyzer capital costs and electricity
prices. Research efforts aim to decrease electricity costs by selective operation of water
electrolyzers when renewable energy is low-cost (Ruth et al. 2019b). Capital costs have
decreased in recent years, and they are expected to continue decreasing as market penetration
increases and R&D efforts result in performance gains (Schmidt, Gambhir, et al. 2017; Schmidt,
Hawkes, et al. 2017). Cost decreases are generally expected to be driven by (1) reductions in
material requirements, (2) achievement of manufacturing economies of scale in electrolyzer
manufacturing (Mayyas et al. 2019), and (3) reductions in cost from learning-by-doing as
facilities are constructed at scale (Badgett et al. 2021). Additionally, balance-of-plant costs such
as those related to site engineering, switch gear, rectifiers, and chillers and cooling towers are
significant, and these cost items need design development.

Significant market opportunities exist for hydrogen in both existing and emerging market
applications. Existing applications, including oil refining and ammonia production comprise
about 10 million tonnes per year (t/yr) of on-purpose hydrogen production (Ruth et al. 2020).
Expanding demand to emerging markets such as fuel cell electric vehicles, energy storage, and
synthetic hydrocarbons has the potential to increase potential U.S. demand to over 100 million
t/yr (Ruth et al. 2020).

Several different hydrogen market and technical scenarios were developed as part of the analysis
for this report and the broader the Solar Futures Study to understand the potential applications
and opportunities for hydrogen in the future energy system (Table 2). These scenarios are listed
in Table 2 (page 11), depicting current and future potential for hydrogen market demands and
technology efficiencies. The Base scenario depicts existing market demand for hydrogen
(primarily from petroleum refining and other industrial processes) and the current state of
technology for production efficiency.

For the Optimistic scenario, we use a hydrogen market size of 58 million t/yr. This estimate is
adapted from a recent H2@Scale economic analysis (Ruth et al. 2020) where the hydrogen
demand for the lowest-cost electrolysis scenario is 41 million t/yr (see the appendix). The
baseline involves specific assumptions on the adoption of hydrogen and electric vehicles and
industry. The transportation report in the Solar Futures Study series of reports (Ardani et al.
2021) includes more aggressive assumptions for use of hydrogen in fuel cell vehicles and for
synthetic fuels and ammonia that are produced using hydrogen. Modifications to hydrogen
demand are reported in the appendix (Table A-3).

Potential hydrogen demand from the Solar Future Study’s Energy Decarbonization scenario is
also shown in Table 2, which represents additional demand across other sectors of the economy,
including transportation, industry, and use of hydrogen in renewable energy combustion turbines
in the electric power sector; see the appendix for detailed assumptions regarding hydrogen
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demand in these sectors and the companion Solar Futures Study scenarios report (Mai et al.
2021) for a summary of the Energy Decarbonization scenario methodology.

Included within the hydrogen market size estimate for the Energy Decarbonization scenario is
hydrogen used for the production of synthetic hydrocarbon fuels, biofuels, ammonia, and
methanol. In these use cases, hydrogen is produced from water electrolysis and used as an input
to the production of the fuel or product. This hydrogen is segmented as indirect hydrogen
demand in Table 2, while direct use hydrogen such as that used for transportation is also
quantified. The total of direct and indirect hydrogen demand for the Energy Decarbonization
scenario is shown in the last row of Table 2.

In the Energy Decarbonization scenario, hydrogen also provides dispatchable electricity
generation using fuel cells or renewable energy combustion turbines as described in the
companion Solar Futures Study scenarios report (Mai et al. 2021). Effectively, this option uses
hydrogen as long-duration (seasonal) energy storage; hydrogen is produced when generation
exceeds the load and battery storage charging availability and provides the necessary energy
source when a dispatchable generation option is needed because of seasonal mismatches of
renewable energy generation and demand and the potential to provide energy during occasional
extreme weather events.

Potential demand for hydrogen estimated in the Energy Decarbonization scenario represents a
significant increase from the Base scenario, illustrating the significant potential for hydrogen in
a decarbonized energy system. Hydrogen can provide support across multiple economic sectors,
including industry and transportation, thus offering pathways to decarbonizing end uses that
cannot be easily electrified.

Table 2. E2M Hydrogen Market Metrics and PV Installed Capacity Required for Product Synthesis

Scenario U.S. Market | Current Electrical Electricity PV Capacity
Size Market Production | Demand to | Required to
(million t/yr) | price Efficiency Meet 100% | Meet

($/kg)>® (kWh/kg)®© of Market Additional
(TWhly)© Load (GW)°

Base 10¢ 1.40 51 505 230

Optimistic 58¢ 1.40 41 2,360 1,073

Direct Hydrogen Energy 24 41 960 437

Decarbonization

Indirect Hydrogen 41 41 1,654 752

o n/a

Energy Decarbonization

Total Energy 64 41 2,614 1,189

Decarbonization®

a Assumes gray hydrogen (from steam methane reforming with carbon capture and storage) price

b Recharge News 2020

¢ See the appendix for detailed calculations.

d Connelly, Elgowainy, and Ruth 2019
¢ See the appendix for detailed demand assumptions for this scenario.
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3.2 Ammonia

Ammonia (NH3) is a gaseous molecule composed of nitrogen (N>) and hydrogen. It is used
across multiple industries, from fertilizer production to the production of chemicals, explosives,
and plastics. Ammonia, which can store hydrogen and be transported from point of generation
to the final consumer, also has potential applications as an energy carrier (Lan, Irvine, and Tao
2012). About 16 million t/yr of ammonia is consumed annually in the United States, with 88%
of that being consumed as a fertilizer (USGS 2020). Traditionally, ammonia is produced via the
Haber-Bosch process, using Hz> and N> as chemical reactants in the presence of a metal catalyst
under high pressure and temperature (Equation 2) (S. Chen et al. 2019).

N, + 3H, — 2NH; @
Ammonia can be produced with less greenhouse gas emissions via several alternative processes.
Hydrogen that is used in existing Haber-Bosch production processes can be supplied by water
electrolysis, which is powered by solar energy (X. Liu, Elgowainy, and Wang 2020). Such a
system would require minimal modification to existing ammonia supply chains. Ammonia can
also be produced directly from the electrochemical nitrogen reduction reaction (Zhao et al. 2019)
(Table 3). An electrochemical nitrogen reduction reaction avoids some of the significant heat and
pressure demands of the Haber-Bosch process, which in turn reduces the environmental impacts
of conventional ammonia synthesis (Zhao et al. 2019; Andersen et al. 2019).

Table 3. Ammonia Market Metrics and PV Installed Capacity Required for Direct Electrochemical
Product Synthesis via Nitrogen Reduction Reaction

Scenario U.S. Market | Current Electrical Electricity PV capacity
Size Market Production | Demandto | Required to
(million tlyr) | price ($/kg)? | Efficiency Meet 100% | Meet
(kWh/kg)® of Market Additional
(TWhly)® Load (GW)P
Base 132 0.25 35 433 197
Optimistic 16° 0.25 22 343 156
Energy Decarbonization® n/a

a8 |HS 2021; used with permission provided March 16, 2021
b See the appendix for detailed calculations.
¢ Ammonia included in the Energy Decarbonization scenario is assumed to be produced with electrolytic
hydrogen in the Haber-Bosch process, which is not a direct electrochemical process.

Ammonia production from Haber-Bosch relies on hydrogen, and water electrolysis could supply
that hydrogen. Water electrolysis, being more efficient than direct electrochemical ammonia
production, decreases the electrical energy required for this pathway. Electrical energy for the
separation of N» from air and compression is estimated to be 0.75 kWh/kg NH3 (C. Smith, Hill,
and Torrente-Murciano 2020). The PV installed capacity for ammonia produced through the
Haber-Bosch process is presented in Table 4. PV capacity is used solely for the electrolytic
production of hydrogen and does not include any energy requirements from the Haber-Bosch

process itself.

Ammonia produced in the Energy Decarbonization scenario is used for decarbonization of
domestic and international shipping, in addition to other industrial applications. These additional
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demands result in a significant increase in market size and a corresponding increase in electricity
demand and PV capacity to meet these demands. Ammonia produced in the Energy
Decarbonization scenario is assumed to be produced using electrolytic hydrogen in the Haber-
Bosch process.

Table 4. Ammonia Market Metrics and PV Installed Capacity Required for Product Synthesis via
Haber-Bosch with Electrolytic Hydrogen

Scenario U.S. Market | Current Electrical Electricity PV capacity
Size Market Production | Demandto | Required to
(million tlyr) | price ($/kg)> | Efficiency Meet 100% | Meet
(kWh/kg)P of Market Additional
(TWhly)® Load (GW)P
Base 132 0.25 10 130 59
Optimistic 16° 0.25 10 160 73
Energy Decarbonization® 47 n/a 10 470 214

a8 |HS 2021; used with permission provided March 16, 2021
b See the appendix for detailed calculations.
¢ See the appendix for detailed demand assumptions for this scenario.

3.3 Carbon Monoxide

Carbon monoxide (CO) has numerous industrial applications. The most common are formation
of acetic acid via methanol catalytic carbonylation and formic acid production via methyl
formate hydrolysis (Kiingas 2020). Carbon monoxide can be used in its pure form or as syngas,
which is a mixture of CO and Ho.

Carbon monoxide is conventionally produced by coal gasification, steam reforming of natural
gas, or partial oxidation of hydrocarbons (Bierhals 2001). These processes generally produce gas
mixtures containing CO, and thus require downstream purification depending on the end use.

In the U.S. market size estimates presented in Table 5 (page 14), we consider CO that is used as
an input to the production of acetic acid via methanol carbonylation. Though other sources and
production of CO exist, they are generally site-specific production with small market sizes and
production data are not readily available. Given the varied and small applications for CO, it was
not included in the Energy Decarbonization scenario.

Carbon monoxide can also be produced by electrochemical carbon dioxide reduction (CO2R).
CO2R reactors are constructed and operated much like water electrolyzers; however, a CO»
reduction reaction takes place on the cathode instead of the hydrogen evolution reaction. We
assume the oxygen evolution reaction takes place on the anode, providing protons or hydroxide
ions to complete the reaction. Water and electrons reduce CO; into CO as shown in Equation 3,
which assumes an alkaline CO2R reactor.

CO, + H,0 + 2e™ - CO + 20H~ 3)
In addition to evaluating direct CO2R to CO, recent research has investigated the potential for
two-stage electrochemical reactors, where CO; is reduced to CO, which is again reduced to other
C-based molecules (Jouny, Luc, and Jiao 2018a; Luc et al. 2019). Using a two-stage system
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allows for the reduction of CO> and CO to operate at higher current densities and selectivities,
thus improving the performance of transforming CO; into Cx+ products (Jouny, Hutchings, and

Jiao 2019).

Table 5. E2M CO Market Metrics and PV Installed Capacity Required for Direct Electrochemical
Product Synthesis

Scenario U.S. Market | Current Electrical Electricity PV Capacity
Size Market Production | Demand to | Required to
(million tlyr) | price ($/kg)> | Efficiency Meet 100% | Meet
(kWh/kg)® of Market Additional
(TWhly)®P Load (GW)
Base 1.8¢ 0.18 8 14 6
Optimistic 2.1b 0.18 5 11 5
Energy Decarbonization n/a

a Grim et al. 2019

®Includes energy requirements for direct air capture of COz; see the appendix for detailed calculations

and assumptions.

¢Market size estimate assumes CO is used in the methanol carbonylation reaction to form acetic acid, using
the CO in the reaction.

Carbon monoxide can also be produced indirectly through the RWGS. This reaction typically
takes place over iron and copper-based catalysts in a packed bed reactor (Pastor-Pérez et al.
2017; Saeidi, Amin, and Rahimpour 2014). The RWGS reaction is equilibrium-limited and
endothermic and thus requires higher operating temperatures. RWGS is generally in competition
with forward water gas-shift reaction (Equation 4) and CO> methanation (Equation 5). Increasing
the ratio of H2/CO» feed has been shown to increase the CO, conversion to CO (Loiland et al.
2016; Daza and Kuhn 2016). Thus, catalyst performance depends on catalyst composition, feed
H»/CO, ratio, space velocity, and operating temperature. Carbon monoxide selectivity typically
reaches 99% (Pastor-Pérez et al. 2017; Saeidi, Amin, and Rahimpour 2014; Loiland et al. 2016;
Daza and Kuhn 2016; Abney et al. 2016), while single pass CO> conversions range from 1% to
60% for various catalyst compositions and operating conditions. For many CO-based product
pathways, downstream reactors typically operate at lower temperatures (100°C—450°C), as in the
case of methanol and Fisher-Tropsch products. Thus, it is ideal to select catalysts designed to
operate at lower temperatures.

CO, + H, - CO + H,0 AH%ugsx =+ 41 kJ mol! @

CO, + 4H, — CH, + 2H,0 AH sk = -165 kJ mol’! (5)
Hydrogen used in RWGS reactions could be produced through water electrolysis powered by
PV. Water in the RWGS product stream is typically removed through a condenser, and
additional separation might be required for unconverted CO,, depending on the product. The
CO product stream may also be mixed with additional hydrogen to produce syngas for different
product pathways. The amount of hydrogen required to meet CO market demand is evaluated
assuming sufficient COz is available, CO selectivity is 100%, and the stoichiometric molar H> to
CO ratio is 1 (Whitlow 2003; C. M. Liu et al. 2020). Typically, the H to CO; ratios required to
promote the RWGS reaction or to produce a specific syngas composition range from 1 to 4
(Pastor-Pérez et al. 2017; Samimi, Hamedi, and Rahimpour 2019; Dzuryk and Rezaei 2020;
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Knighton et al. 2020; C. M. Liu et al. 2020). The Base scenario electric production efficiency for
the indirect chemical pathway is significantly lower than the current state of art for the direct
electrochemical pathway. With higher selectivity for CO, the electrochemical production
efficiency becomes lower (i.e., less energy is consumed per kilogram of product) than that of the
chemical pathway (Table 6).

Table 6. E2M CO Market Metrics and PV Installed Capacity Required for Indirect E2M
Product Synthesis

Scenario U.S. Market | Current Electrical Electricity PV Capacity
Size Market Production | Demand to | Required to
(million tlyr) | price ($/kg)> | Efficiency Meet 100% | Meet
(kWh/kg)® of Market Additional
(TWhly)®P Load (GW)
Base 1.8° 0.18 6 10 5
Energy Decarbonization n/a

a Grim et al. 2019
®Includes energy requirements for direct air capture of COz; see the appendix for detailed calculations
and assumptions.

In addition to considering advancements in RWGS catalyst performance, recent research has
focused on intensifying the RWGS process because of its low equilibrium constant and poorer
CO; conversions at high space velocities. Packed bed membrane reactors have been investigated
as the removal of produced water shifts the equilibrium to the right and removes the need for
downstream water separation units (Samimi, Hamedi, and Rahimpour 2019; Dzuryk and Rezaei
2020). Also, NASA has investigated Precision Combustion Inc’s RWGS reactor prototype based
on patented Microlith technology to address issues such as reactor size and heat transfer
associated with conventional RWGS reactors (Vilekar et al. 2012; Abney et al. 2016). There is
also interest in reverse water gas-shift chemical looping, which is a high-temperature redox cycle
comprised of the reduction of a metal oxide by hydrogen and the subsequent oxidation by CO» to
yield CO. The main advantage of this technology is the reduced gas separation that is due to a
higher CO-to-COx ratio and elimination of unwanted side reactions such as methanation.

3.4 Ethylene

Ethylene (C2H4) is a chemical precursor to plastic products and is predominantly used to create
polyethylene plastic. Conventionally, ethylene is produced by catalytic cracking of ethane, a
hydrocarbon gas liquid. Recent increases in production of hydrocarbon gas liquids from shale
gas formations has spurred renewed interest in expanding ethylene generation capacity in the
United States (DOE 2018). United States ethylene capacity continues to grow significantly, with
numerous capacity additions totaling about 13 million t planned for 2021-2022 (Lewandowski
2016). Ethylene demand has proven resistant to the effects of the COVID-19 pandemic, largely
because of increased demand for plastic packaging (ICIS 2020).

Ethylene can be produced electrochemically through CO2R, through either reduction of CO or
direct reduction of CO; (Equation 6). Research on electrochemical ethylene production is
primarily focused on direct CO2R, and driven by experimental research, notable advances have
been made in the performance of these systems (Garcia de Arquer et al. 2020; Nitopi et al. 2019).
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Electrochemical production of ethylene represents a significant long-term opportunity for
utilization of low-cost solar energy.

2C0O, + 8H,0 + 12e™ - C,H, + 120H™ ®)
Electrochemical production of ethylene requires significantly more electricity on a per-molecule
basis than CO. Twelve electrons are required to produce one ethylene molecule, and CO requires
two electrons. As a result of the large market size and low production efficiency, the estimated
installed solar capacity required to produce all the ethylene currently consumed in the United
States nears 1 TW for the Base scenario (Table 7).

Ethylene, which is primarily used to produce plastics such as polyethylene, is not widely used as
an energy source. For this reason, E2M ethylene production was not included in the Energy
Decarbonization scenario. As shown in Tables 7-10, E2M ethylene synthesis could represent a
significant demand for electricity from PV because of its large market size.

Table 7. E2M Ethylene Market Metrics and PV Installed Capacity Required for Direct
Electrochemical Product Synthesis

Scenario U.S. Market | Current Electrical Electricity PV Capacity
Size Market Production Demand to Required to
(million tlyr) | price ($/kg)® | Efficiency Meet 100% of | Meet
(kWh/kg)® Market Additional
(TWhly)© Load (GW)°
Base 272 0.71 79 2,157 981
Optimistic 37¢ 0.71 21 777 353
Energy Decarbonization n/a

a8 |HS 2021; used with permission provided March 16, 2021

b Grim et al. 2019

¢Includes energy requirements for direct air capture of COz; see the appendix for detailed calculations
and assumptions.

Ethylene can be produced indirectly from CO» or syngas feedstocks through Fischer-Tropsch
synthesis, methanol-to-olefins (MTO) pathways, or ethanol dehydration. Industry has not yet
adopted Fisher-Tropsch synthesis for light olefins because of the wide product distribution and
low selectivity of light olefins. MTO technology is commercialized and licensed by Honeywell
UOP/Hydro with other competitors in Sinopec and Dalian Institute of Chemical Physics
(Hongxing, Zaiku, and Guoliang 2013). Methanol feedstock is produced either from syngas or
the direct conversion of CO; to methanol, which is discussed in Section 3.6 (page 20). A MTO
process model published by the Idaho National Laboratory (Knighton et al. 2020) is used to
estimate the syngas needed to meet annual ethylene demand. The UOP/Hydro and Sinopec MTO
processes also have the flexibility to produce ethylene to propylene product ratios of 0.5-1.5
(Hongxing, Zaiku, and Guoliang 2013; J. Q. Chen et al. 2005; Gogate 2019). An ethylene to
propylene ratio of 1.5 was selected for this analysis. Ethanol dehydration technology is currently
implemented at an industrial scale by British Petroleum (BP), Braskem (Brazil), Chematur, and
Axens (Mohsenzadeh, Zamani, and Taherzadeh 2017). Intratec released an in-depth analysis of
BP’s ethanol dehydration technology that considers the process in greater technical detail than
that considered in this report (Intratec 2013).
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Here, we assume ethanol feedstock is produced via the ethanol fermentation pathway described
in Section 3.5 (page 18). Ethanol conversion of 0.97—0.99 and a selectivity of 0.97 were selected
based on the Syndol catalyst developed by American Halcon Scientific Design Inc. (Zhang and
Yu 2013). The electrical efficiency of the MTO pathway is slightly better than that of the direct
electrochemical Base scenario but significantly worse than that of the Optimistic scenario, which
suggests direct electrochemical reactors could become the more efficient alternative if systems
were developed that meet the Optimistic scenario assumptions. The ethanol dehydration pathway
is significantly more efficient than the MTO pathway because less hydrogen is required to
generate the feedstocks for ethanol fermentation than with methanol synthesis. Ethanol
dehydration is competitive on an electrical production efficiency basis with the Optimistic direct
electrochemical scenario.

Table 8. E2M Ethylene Market Metrics and PV Installed Capacity Required for Product Synthesis
via Methanol Produced from Syngas

Scenario U.S. Market | Current | Electrical Electricity PV Capacity
Size Market | Production Demand to Required to
(million t/yr) | price Efficiency Meet 100% of | Meet
($/kg)P (kWh/kg)® Market Additional
(TWhly)c Load (GW)°
Base 272 0.71 61 1,642 747
Optimistic 37¢ 0.71 53 1,969 895
Energy Decarbonization n/a

a|HS 2021; used with permission provided March 16, 2021

Grim et al. 2019

¢Includes energy requirements for direct air capture of COz; see the appendix for detailed calculations
and assumptions.

Table 9. E2M Ethylene Market Metrics and PV Installed Capacity Required for Product Synthesis
via Methanol Produced from CO;

Scenario U.S. Market | Current | Electrical Electricity PV Capacity
Size Market | Production Demand to Required to
(million t/yr) | price Efficiency Meet 100% of | Meet
($/kg)P (kWh/kg)® Market Additional
(TWhly)© Load (GW)°
Base 272 0.71 61 1,649 750
Optimistic 37c 0.71 53 1,978 899
Energy Decarbonization n/a

a |HS 2021; used with permission provided March 16, 2021

b Grim et al. 2019

¢Includes energy requirements for direct air capture of COz; see the appendix for detailed calculations
and assumptions.
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Table 10. E2M Ethylene Market Metrics and PV Installed Capacity Required for Product Synthesis

via Ethanol Dehydration using Bioethanol

Scenario U.S. Market | Current Electrical Electricity PV Capacity
Size Market Production | Demandto | Required to
(million tlyr) | price ($/kg)> | Efficiency Meet 100% | Meet
(kWh/kg)®© of Market Additional
(TWhly)© Load (GW)©
Base 272 0.71 36 959 436
Optimistic 37¢ 0.71 35 1,287 585
Energy Decarbonization n/a

a8 |HS 2021; used with permission provided March 16, 2021

b Grim et al. 2019

¢Includes energy requirements for direct air capture of COz; see the appendix for detailed calculations
and assumptions.

3.5 Ethanol

Ethanol (C2HsOH) is a liquid fuel produced from various cellulosic and noncellulosic biomass
feedstocks. It is conventionally produced through biobased feedstock fermentation, where
starches are fermented into sugars and subsequently become alcohols. Ethanol production in the
United States relies on corn as a primary feedstock, while other countries rely on sugar cane and
sugar beets (EIA 2020f). Use of lignocellulosic feedstocks such as agricultural residues, energy
crops or forest feedstocks has been a research target for decades, commercial penetration has
been limited due to process complexity, costs, and yields.

As with ethylene, ethanol can be produced by CO2R via a 12-electron transfer reaction
(Equation 7). CO2R to both ethylene and ethanol require the formation of molecules with two
carbons (a C-C double bond in the case of ethylene). So, CO2R to these products can suffer from
lower selectivity, with product formation often competing with other reactions on the cathode.
These competing reactions lower the selectivity of CO; to ethanol, which recent experimental
work establishes at about 25% (Grim et al. 2019).

2C0, +9H,0 + 12e™ = C,H;OH + 120H™ @
Given the low selectivity of CO2R to ethanol, the electrical energy required to produce one
kilogram is among the highest of the potential products considered here (Table 11). Considering
the large market size of ethanol, over 1 TW of installed solar capacity would be required to offset
ethanol production from conventional production methods for the base case. Ethanol production
is not explicitly considered in the Energy Decarbonization scenario, but it could be a component
of the biofuels included in that scenario. We report hydrogen requirements for biofuels in the
appendix, but ethanol is not included as part of the Energy Decarbonization scenario.

18




The Potential for Electrons to Molecules Using Solar Energy — R03-018

Table 11. E2M Ethanol Market Metrics and PV Installed Capacity Required for Direct

Electrochemical Product Synthesis

Scenario U.S. Market | Current Electrical Electricity PV Capacity
Size Market Production | Demand to | Required to
(million tlyr) | price ($/kg)> | Efficiency Meet 100% | Meet
(kWh/kg)® of Market Additional
(TWhly)© Load (GW)*
Base 472 0.52 62 2,916 1,326
Optimistic 70° 0.52 13 880 400
Energy Decarbonization n/a

aU.S. DOE 2017
b Grim et al. 2019
¢Includes energy requirements for direct air capture of COz; see the appendix for detailed calculations
and assumptions

Ethanol can be produced indirectly by the fermentation of syngas to ethanol or the direct
chemical conversion of syngas to ethanol (Tables 12 and 13 respectively, page 20). Syngas is
assumed to be produced with H; from water electrolysis and CO obtained through RWGS. The
fermentation route is currently at commercial scale via a joint venture between LanzaTech and
Shougang Group (LanzaTech 2018b). The hydration of ethylene to form ethanol is another major
commercial pathway for ethanol production. However, producing ethanol from ethylene via
MTO is complex and likely uneconomical.

We estimate the hydrogen demand for the fermentation route using data modeled after the
LanzaTech commercial facility and technology. We assume the selectivity of ethanol and gas
utilization to be 95% (LanzaTech 2018a). Feed gas composition is based on LanzaTech’s
publicly reported feed gas molar ratio of 5:1:1 for H>:CO:COz in ethanol fermentation
(LanzaTech 2021; Lee et al. 2020; Huang et al. 2020). Half the mols of carbon in ethanol are
assumed to be from CO and half are assumed to be from CO, (Huang et al. 2020). The catalytic
conversion of syngas to ethanol has not yet been commercialized because of low yield and poor
selectivity (Spivey and Egbebi 2007; Choi and Liu 2009; Dieterich et al. 2020). The electrical
production efficiency of ethanol via syngas is based on a syngas to mixed alcohols (primarily
ethanol) route (Knighton et al. 2020) with a reported CO selectivity to ethanol of 0.63. The
methanol byproduct from this process can potentially reduce hydrogen and electricity demand
numbers reported for direct methanol synthesis. We assume PV capacity is used to support the
creation of syngas or CO via RWGS and any additional hydrogen demands through water
electrolysis. The syngas production step was used to assign an approximate TRL of 6, although it
should be noted that the ethanol fermentation step is currently used in operating commercial
plants and this step itself is likely at a higher TRL. If CO is supplied via a more mature pathway,
then the overall TRL of the ethanol fermentation pathway is likely to be higher. Ethanol
production through fermentation exhibits higher selectivities and carbon utilization, resulting in
electrical production efficiency numbers comparable to the Optimistic direct scenario.
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Table 12. E2M Ethanol Market Metrics and PV Installed Capacity Required for Product Synthesis
via Fermentation

Scenario U.S. Market | Current Electrical Electricity PV Capacity
Size Market Production | Demandto | Required to
(million tlyr) | price ($/kg)> | Efficiency Meet 100% | Meet
(kWh/kg)®© of Market Additional
(TWhly)© Load (GW)©
Base 472 0.52 20 958 436
Optimistic 70¢ 0.52 18 1,257 572
Energy Decarbonization n/a

aU.S. DOE 2017
b Grim et al. 2019
¢Includes energy requirements for direct air capture of COz; see the appendix for detailed calculations
and assumptions.

Table 13. E2M Ethanol Market Metrics and PV Installed Capacity Required for Product Synthesis
via Mixed Alcohols

Scenario U.S. Market | Current Electrical Electricity PV Capacity
Size Market Production | Demand to | Required to
(million tlyr) | price ($/kg)® | Efficiency Meet 100% | Meet
(kWh/kg)® of Market Additional
(TWhly)© Load (GW)°
Base 472 0.52 27 1,259 573
Optimistic 70° 0.52 20 1,395 635
Energy Decarbonization n/a

aU.S. DOE 2017
b Grim et al. 2019
¢Includes energy requirements for direct air capture of COz; see the appendix for detailed calculations
and assumptions.

3.6 Methanol

Methanol (CH30H) is produced at several facilities in the United States. Planned additions to
existing capacity is expected to increase natural gas consumption for methanol production (EIA
2020g). Methanol can be used as a precursor to other chemical products, used an additive to
gasoline, or directly used as a vehicle fuel (as is done in China) (EIA 2020b). Conventional
methanol pathways rely on natural gas both as a chemical reactant and as a source of high-grade
heat for the synthesis process (Marlin, Sarron, and Sigurbjérnsson 2018). Steam reforming and
the water gas shift reaction are first used to create syngas from natural gas (Equations 8 and 9
respectively).

CO + HZO - COZ + H2 (9)
Methanol is synthesized from the reaction of syngas and hydrogen in the presence of a catalyst,

which is typically a mixture of copper, zinc-oxide, alumina, and magnesia (Equation 10)
(NETL 2020).
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CO + 2H, — CH;0H (10)
Electrochemical synthesis of methanol from CO2R (Equation 11) tends to suffer from low
selectivity. Increased selectivity and current density of CO2R to methanol have both been
achieved using molecular catalysts (Wu et al. 2019).

CO, + 5H,0 + 6e™ —» CH30H + 60H™ (11)
Methanol produced via CO2R represents an opportunity for the storage of electricity and
atmospheric CO2 in a molecule that could be used across multiple industries (Table 14). As the
conventional production process for methanol relies on CO and H», multiple pathways exist to
integrate electrochemical technologies with existing processes for methanol synthesis. Rather
than reducing CO; directly to methanol via a single-step process, CO and H> could be generated
from CO2R and water electrolysis respectively (W. A. Smith et al. 2019). The resulting syngas
could be used in existing downstream infrastructure and provides an opportunity to reduce the
energy and heat demands of conventional production pathways.

Table 14. E2M Methanol Market Metrics and PV Installed Capacity Required for Direct
Electrochemical Product Synthesis

Scenario U.S. Market | Current Electrical Electricity PV Capacity
Size Market Production | Demandto | Required to
(million tlyr) | price ($/kg)> | Efficiency Meet 100% | Meet
(kWh/kg)°© of Market Additional
(TWhly)© Load (GW)*
Base 52 0.35 10 54 25
Optimistic 6° 0.35 9 60 27
Energy Decarbonization® n/a

a8 |HS 2021; used with permission provided March 16, 2021

b Grim et al. 2019

¢ Includes energy requirements for direct air capture of CO2; see the appendix for detailed calculations
and assumptions.

4 Methanol included in the Energy Decarbonization scenario is assumed to be produced via a chemical
route—not a direct electrochemical process.

Methanol can be produced chemically from syngas (Equation 12) or the catalytic hydrogenation
of CO,. Methanol is conventionally produced using syngas as a reactant in a series of adiabatic
or quasi-isothermal gas-phase fixed-bed reactors.

CO + 2H, —» CH;OH (12)

This technology is mature, as several industrial-scale processes have been demonstrated (Toyo
2020; Air Liquide 2021). There has also been recent interest in direct CO»-to-methanol systems
as evidenced by various pilot plants, demonstration facilities, and planned commercial facilities
(Shulenberger et al. 2007; Saito 1998; E.C. Heydorn, B.W. Diamond, and R.D. Lilly 2003; CEN
2008). Most notably, Carbon Recycling International is developing an industrial-scale methanol
facility in Anyang, Henan Province, China, with an annual capacity of 110,000 t of low-carbon
methanol (Carbon Recycling International 2020).
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An unconventional route that has not yet been commercialized is the liquid phase synthesis of
methanol in slurry bubble column reactors (E.C. Heydorn, B.W. Diamond, and R.D. Lilly 2003).
The commercial single pass conversion of syngas to methanol typically ranges from 30% to 80%
(Dieterich et al. 2020; L. Chen et al. 2011) with methanol selectivities (except water) greater than
99% (Dieterich et al. 2020). No indirect Optimistic scenario has been defined as improvements
to methanol synthesis are usually related to improving the unit production cost and process
energy efficiency. We assume PV capacity is used to support the creation of syngas via RWGS
and any additional hydrogen demands through water electrolysis. The chemical production
efficiency is lower than the current electrochemical efficiency.

Methanol production and associated energy requirements are included in the Energy
Decarbonization scenario as a drop in fuel that is generated from chemical pathways using
electrolytic hydrogen. These applications significantly increase the market size for methanol
from current levels, more than doubling demand.

Table 15. E2M Methanol Market Metrics and PV Installed Capacity Required for Product Synthesis
via Chemical Routes

Scenario U.S. Market | Current Electrical Electricity PV
Size Market Production | Demand to | Capacity
(million t/yr) | price Efficiency Meet 100% | Required to
($/kg)® (kWh/kg)® of Market Meet
(TWhly)® Additional
Load (GW)°
Syngas route 52 0.35 12 60 27
CO:z2 conversion route 52 0.35 12 60 27
Energy decarbonization? 12 n/a 12 146 66

a|HS 2021; used with permission provided March 16, 2021

b Grim et al. 2019

¢ Includes only energy requirements for hydrogen production and direct air capture of CO2; see the appendix for
detailed calculations and assumptions.

d See the appendix for detailed demand assumptions for this scenario.

3.7 Formic Acid

Formic acid (HCOOH) is a common chemical intermediate and is conventionally produced from
hydrolysis of methyl formate (Equations 13 and 14) (Rumayor, Dominguez-Ramos, and
Irabien 2018).

CH5O0H + CO - HCOOCH,4 13

HCOOCH; + H,0 < CH,0H + HCOOH (14)

Formic acid has wide applications across many industries, including leather tanning, agriculture,
and use as a deicer (BASF 2020). The first formic acid production plant in the United States
began operating in 2015, and formate demand is expected to experience steady growth as new
applications and uses emerge (Chemical Engineering News 2015; BASF 2012). Formic acid and
its deprotonated form formate (HCOO-) can be produced from CO2R (Equations 15 and 16).
Both formate and formic acid can be used to form products in various processes, including
biomass conversion and biological synthesis pathways (Y. Chen et al. 2020).
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CO, + 2H,0 + 2¢~ - HCOOH + 20H™ (15)

COZ + HZO + 2e~ - HCOO™ + OH™ (16)

Formate and formic acid can be produced with high selectivity and current density in existing
COzR reactors, which makes them potential near-term products for hybridized solar and E2M
systems (Fan et al. 2020; Y. Chen et al. 2020). Formic acid exhibits the highest minimum
electricity price of the products we considered (Table 16), which suggests current CO2R
technology could be an economically competitive opportunity for synthesis using electricity
from PV. Though current market sizes for formate/formic acid are smaller than those for other
E2M products considered here, the small amount of electricity required to synthesize this
molecule and the cross-sector applications make it a possible near-term product for E2M
synthesis. Remaining R&D challenges for this pathway include scaling up E2M systems to
industrially relevant levels and developing durable reactors that can operate at steady
performance over long lifetimes.

Formic acid is not considered in the Energy Decarbonization scenario because of its small
market size and lack of existing applications in the energy sector.

Table 16. E2M Formic Acid Market Metrics and PV Installed Capacity Required for Direct
Electrochemical Product Synthesis

Scenario U.S. Market | Current | Electrical Electricity PV Capacity
Size Market | Production Demand to Required to
(million t/yr) | price Efficiency Meet 100% of | Meet
($/kg)P (kWh/kg)® Market Additional
(TWhly)® Load (GW)c
Base 0.062 0.66 9 0.5 0.2
Optimistic 0.07¢ 0.66 3 0.2 0.1
Energy Decarbonization n/a

a Market size estimate based on a literature search of existing formic acid production facilities in the United States
and annual imports of formic acid.

b Grim et al. 2019

¢ Includes energy requirements for direct air capture of CO2; see the appendix for detailed calculations

and assumptions.

Two chemical pathways to produce formic acid using hydrogen are the conventional route
(Equation 14) described by the equations above and the direct hydrogenation of CO; to formic
acid through homogeneous catalysis (Equation 17). The conventional route has been generally
adopted by industry in the form of the Kemira-Leonard and BASF processes (Pérez-Fortes and
Tzimas 2016). The direct hydrogenation of CO» process currently has a European Union
technology readiness level (TRL) of 3, 4, or 5 (Pérez-Fortes and Tzimas 2016). The direct
hydrogenation pathway consists of two steps: the formation of a FA-amine adduct (Equation 17)
under a ruthenium- and phosphino-based catalyst in a batch reactor followed by the dissociation
of formic acid from the adduct (Equation 18) in a reactive distillation unit.
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C,H3oN — HCOOH — C;gH3oN + HCOOH

(18)

PV capacity could be used to support the creation of syngas via RWGS and any additional
hydrogen demands through water electrolysis. Only formic acid produced via the conventional
pathway achieves a production efficiency comparable to the direct Optimistic scenario.

Table 17. E2M Formic Acid Market Metrics and PV Installed Capacity Required for
Product Synthesis via Direct Hydrogenation

Scenario U.S. Market | Current Electrical Electricity PV Capacity
Size Market Production | Demand to | Required to
(million tlyr) | price ($/kg)® | Efficiency Meet 100% | Meet
(kWh/kg)°© of Market Additional
(TWhly)© Load (GW)°
Base 0.062 0.66 5 0.3 0.1
Optimistic 0.07¢ 0.66 5 0.3 0.2
Energy Decarbonization n/a

a Market size estimate based on a literature search of existing formic acid production facilities in the United States
and annual imports of formic acid.

b Grim et al. 2019

¢ Includes energy requirements for direct air capture of CO2; see the appendix for detailed calculations

and assumptions.

Table 18. E2M Formic Acid Market Metrics and PV Installed Capacity Required for
Product Synthesis via Kemira-Leonard Process

Scenario U.S. Market | Current Electrical Electricity PV Capacity
Size Market Production | Demand to | Required to
(million tlyr) | price ($/kg)> | Efficiency Meet 100% | Meet
(kWh/kg)® of Market Additional
(TWhly)© Load (GW)*
Base 0.062 0.66 4 0.2 0.1
Energy Decarbonization n/a

a Market size estimate based on a literature search of existing formic acid production facilities in the United States
and annual imports of formic acid.

b Grim et al. 2019

¢ Includes energy requirements for direct air capture of CO2; see the appendix for detailed calculations

and assumptions.

3.8 Methane

Of the potential E2M products considered here, methane, or natural gas (CH4) is currently
consumed in the largest quantity in the U.S. Natural gas is used across multiple sectors, including
for residential heating, in industry, and as a vehicle fuel (Figure 5) (EIA 20201i). It is consumed in
different ways depending on the end use. Industrial natural gas can be used as a source of high-
grade heat for steelmaking and as a chemical feedstock for hydrogen or methanol production.
The large market and varied end uses for natural gas create significant opportunities for the
development of alternative production processes.
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Figure 5. Natural gas consumed in the United States by sector, assuming 1,037 Btu/ft® of
natural gas

Electrochemical synthesis of natural gas using CO; and electricity is a possibility for the
development of supply chains that do not rely on fossil fuels; however, the current state of the
technology exhibits low efficiencies and current densities (Grim et al. 2019). Also, given the low
prices for natural gas produced from domestic shale gas formations (Figure 3), electrochemical
synthesis of methane is likely a long-term opportunity. Considering the low efficiencies for
direct electrochemical methane production and the large market size, installed PV capacity
estimates exceed 10 TW and 4 TW for the Base and Optimistic scenarios, respectively (Table 19,
page 26).

E2M-based synthesis of methane is not included in the Energy Decarbonization scenario
estimates. Though methane has wide-ranging applications across the energy sector, assumptions
in the Energy Decarbonization scenario replace existing methane consumption with
electrification, efficiency, and alternative fuels, including hydrogen, ammonia, biofuels, and
synthetic hydrocarbons. The high-level analysis conducted using the Energy Decarbonization
scenario does not consider the numerous opportunities for generation and integration of
renewable methane, including leveraging existing natural gas infrastructure, biogas,
biomethanation, and E2M-based methane.

Methane produced biologically from CO» and H> is an emerging opportunity for the creation
of hydrocarbon fuels from electricity. Renewable methane can be generated using hydrogen

generated from water electrolysis, CO», and specifically engineered microorganisms (NREL

2019; 2017).
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Table 19. E2M Methane Market Metrics and PV Installed Capacity Required for Direct

Electrochemical Product Synthesis

Scenario U.S. Market | Current Electrical Electricity PV Capacity
Size Market Production | Demand to Required to
(million tlyr) | price ($/kg)> | Efficiency Meet 100% | Meet

(kWh/kg)® of Market Additional
(TWhly)® Load (GW)*

Base 5792 0.15 41 24,011 10,920

Optimistic 604¢ 0.15 17 10,350 4,707

Energy Decarbonization n/a

2 EIA 2020i

b Grim et al. 2019
¢Includes energy requirements for direct air capture of COz; see the appendix for detailed calculations
and assumptions.

Methane can be formed thermochemically by the conversion of hydrogen and carbon dioxide in
the presence of a catalyst (typically nickel-based). Adiabatic fixed-bed methanation is the most
adopted method of thermochemical methanation and commercially available (Gotz, Koch, and
Graf 2014; Gahleitner 2013). For example, the Audi e-gas plant in Wertle, Germany, uses
hydrogen produced from alkaline electrolysis and CO> from a biogas plant to produce synthetic
natural gas over a fixed-bed reactor (Held and Scholwin 2015). Several reactions that typically
take place in a catalytic methanation reactor are in Equations 19-22:

CO, + 4H, - CH, + 2H,0 (19)

CO + 3H, —» CH, + H,0 (20)
COZ +H2 —>CO+H20 21)
2C0 - C(s) + CO, 22)

Methane selectivities for Ni-based catalysts are typically near 100% (Go6tz, Koch, and Graf
2014). Also, the synthetic natural gas produced must have similar volumetric energy densities
as natural gas found in current distribution networks. In the United States, natural gas typically
has 2% more heat content than pure methane because of presence of Cz+ fuels such as ethane
and propane (Held and Scholwin 2015). Thus, for thermochemical methanation, achieving high
conversions of CO; to methane (99%+) is needed to achieve natural gas specifications. We
assume a stoichiometric H> to CO» ratio of 4:1 for the hydrogen demand estimation. The
chemical route has electrical production efficiencies in between the electrochemical Base

and Optimistic scenarios (Table 20).
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Table 20. E2M Methane Market Metrics and PV Installed Capacity Required for Product Synthesis
via the Sabatier Reaction

Scenario U.S. Market | Current Electrical Electricity PV Capacity
Size Market Production | Demand to | Required to
(million tlyr) | price ($/kg)> | Efficiency Meet 100% | Meet
(kWh/kg)® of Market Additional
(TWhly)© Load (GW)*
Base 5792 0.15 29 16,717 7,603
Energy Decarbonization n/a

a2 EIA 2020i
b Grim et al. 2019

¢Includes energy requirements for direct air capture of COz; see the appendix for detailed calculations

and assumptions.
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4 Electricity Prices and Direct Electrons to
Molecules Pathways

Based on electrical efficiencies estimated for the Base and Optimistic scenarios, we estimate
the maximum possible electricity price for different E2M products (Figure 6). These values
represent the maximum possible electricity price that an E2M system could pay to produce the
product at current market prices, assuming an electrolyzer capital cost of $400/kW and no other
operational costs (see the appendix for detailed calculations). Higher maximum electricity prices
are preferred, as they indicate that E2M production can be profitable even at higher electricity
prices. Upper and lower bounds of maximum electricity prices represent the different in price
ceilings between the base and optimistic case. Significant variability exists between the
maximum prices, which depend on efficiency and market price for the product. The product
pathways shown represent direct electrochemical pathways, although indirect pathways will be
discussed in sections following as well.

Methane
Formate
Methanol I
Ethanol ]
Ethylene .
Carbon Monoxide

Ammonia

Hydrogen

-$0.05 $0.00 $0.05 $0.10 $0.15 $0.20 $0.25 $0.30
Minimum required electricity price ($/kWh)

Figure 6. Ranges of electricity prices for selected E2M products for direct E2M pathways

Ranges are defined by the difference between required prices for the base and optimistic case.
See the appendix for detailed calculations.

The electricity price ranges shown in Figure 6 are independent of the capacity factor of the E2M
system and represent only the relationship between E2M efficiency and product market price.
These prices assume any amount of electricity can be purchased at a given price, but in
wholesale power markets, this is not the case. Wholesale electricity prices can become negative
at certain times of the year, but these low-price periods might only exist for several hours. This
limits the energy available at the given price, and subsequently the amount of product from an
E2M system. Though we do not examine such considerations in detail here, they are important
considerations for future E2M research.

Analysis results shown in Figure 6 should not be considered representative of a detailed
technoeconomic analysis for any of the E2M pathways; however, they do help identify general
opportunities to increase the economic competitiveness of E2M systems. In this case, the ranges
of electricity prices depend on the electrical energy required per kilogram of product synthesized.
The electrical efficiency of the process is driven by the thermodynamics of the reduction reaction
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taking place, which operates above the thermodynamic minimum because of inefficiencies in the
system. Reductions in E2M system overpotentials could help decrease the electrical energy
required per kilogram of product, and in turn increase the maximum electricity prices for these
processes.

Maximum electricity prices increase in our Optimistic scenario, driven by advances in E2M
efficiency that decrease the amount of electricity required per kilogram of product synthesized.
This simplistic evaluation provides a high-level indication of how profitability might vary among
the products we consider.

Of the pathways considered, formate exhibits the highest maximum electricity price, which
indicates the single-step E2M process we consider could be a near-term opportunity for
electrochemical synthesis. Formate could also serve as a potential precursor to new pathways such
as direct formate fuel cells or as transport of syngas for chemical synthesis. Favorability for
formate is driven by the low amount of electricity required per kilogram of product—an order of
magnitude less than many other products (Table 16, page 23). Additionally, formic acid maintains
all the initial mass of the input carbon dioxide. Carbon monoxide exhibits a similarly low energy
requirement, but the current market price for CO is less than half that of formate, making the
maximum electricity price slightly lower. Maximum electricity prices further illustrate the
variation in economics among E2M processes. Though efficiency of the E2M plays a direct role,
the current market prices for the products also determine the maximum electricity price.

Hydrogen exhibits a maximum electricity price range putting it within near-term opportunities.
Hydrogen, with large scale commercial systems in operation around the world, also has the
highest TRL of the direct electrochemical pathways we review (FuelCellsWorks 2020). More
importantly, hydrogen from water electrolysis serves as an important intermediate in many of the
indirect E2M processes described here. Enabling cost competitive hydrogen from electrolysis is
an important step toward decarbonization of industry via E2M.

Except for methane, minimum electricity prices for all products are greater than zero. The
slightly negative value for methane suggests a system would have to be paid to consume
electricity to produce methane from CO;R. This low economic favorability is driven by the

low market prices for methane in the United States. Internationally, other more near-term
opportunities may exist in regions with higher market prices for natural gas. Though a direct
electrochemical path to methane might not be a near-term opportunity without policy support in
the United States, several other pathways, such as biomethanation, are emerging as potential
routes to produce renewable natural gas (NREL 2017).

A similar situation exists for ammonia, with the direct electrochemical synthesis pathway
exhibiting a low electricity price ceiling. This suggests indirect E2M pathways for ammonia
synthesis are more likely in the near term than the direct E2M one shown in Figure 6. The high
electricity price ceiling shown for hydrogen suggests Haber-Bosch synthesis using electrolytic
hydrogen could be a near-term opportunity for moving toward indirect E2M ammonia
production (Section 3.2, page 12).
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5 Social and Environmental Equity Implications for
Electrons to Molecules

Notable implications for environmental and social justice are associated with a shift to E2M-based
supply chains. For example, widespread deployment of E2M technologies could have implications
beyond the markets and supply chains for the products from these processes. And the significant
amount of capital and infrastructure related to the products discussed here could impact local
communities in terms of economic prosperity and public health. An exhaustive analysis of the
social and environmental equity implications of E2M is beyond the scope of the work we report
here, but we outline several key elements of this important area of research in this section.

Systems for production of organic chemicals are generally located where feedstocks for these
processes are readily available. For example, ethylene production in the United States is highly
concentrated on the Gulf Coast, where it is colocated with natural gas processing infrastructure.
Because conventional ethylene synthesis relies on hydrocarbon gas liquids like ethane as a
feedstock, it is advantageous to produce ethylene where hydrocarbon gas liquids (produced from
oil and natural gas wells) are located. If ethylene is produced via CO2R, feedstock requirements
shift to sources of carbon dioxide and will likely drive a shift in where CO2R systems are located.
This topic is the subject of recent work (Badgett, Feise, and Star 2021), which finds that a shift in
the spatial location and scale of chemical processes is likely if production shifts to electrochemical
synthesis technologies. And this shift could yield both costs and benefits to local communities
where existing production systems are located. If existing supply chains are eliminated in favor of
E2M, the localized health impacts from existing systems are reduced; however, if these systems
are relocated, the community also loses a significant source of revenue and employment. Further
research is needed to understand the specific tradeoffs of E2M system deployment and how such
deployment might avoid negatively impacting communities.

At the global level, utilizing waste CO» that would otherwise be emitted to the atmosphere and
shifting production technologies to fully or partially electrified processes could reduce the carbon
footprint of supply chains for the products discussed here. This shift could provide benefits on a
global scale by reducing global greenhouse gas emissions. At a regional scale, E2M systems have
significant potential to increase demand for renewable electricity that could be supplied to the
system. Increased demand could drive higher deployment of wind, solar, and other renewable
generation, and in turn produce downstream jobs and economic benefits from system
manufacturing, installation, and operation.
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6 R&D Challenges and Opportunities for Electrons
to Molecules and PV

As penetration of PV and other sources of variable renewable power increases, the marginal
economic value of energy generated from these sources is likely to change. High levels of PV
penetration could reduce the marginal value of energy generated by lowering the value of the
added capacity and energy (Mills and Wiser 2012). In other words, as total energy generated
from variable renewable sources increases, the value of this energy could decrease if it is not
always needed for the power sector. Such a situation could also result in low to negative
wholesale electricity prices when supply exceeds demand, often during off-peak hours.

E2M systems capable of frequently cycling on and off during times of low electricity prices
represent an emerging opportunity for increased deployment of these systems. E2M has been
conventionally viewed as operating at high capacity factors with minimal system downtime;
however, the increased prevalence of variable renewable generation creates opportunities for
these systems to operate as dispatchable loads, using electricity when it is cheapest. The exact
impact of variable operation on E2M systems is an emerging area of research that will likely
gain momentum as low-cost dispatch-constrained electricity (LDE) from solar and other
resources increases.

Figure 7 shows wholesale hourly location marginal prices (LMPs) of electricity for several
locations across the United States, with hourly prices sorted from low to high. Though most
hours fall in the range of $0—-$50/MWh, notable numbers of hours exist where prices are below
or above this range. An E2M system that selectively operates during low LMPs and cycles off
for at times when LMPs are high could strategically reduce the average annual cost of supplying
electricity to the system.
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Figure 7. Price-duration curves for wholesale electricity at several locations
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From the perspective of a flexible E2M load, LDE from power plants with low fuel costs (e.g.,
wind and solar) represents an opportunity to deploy E2M technologies that transform electrical
energy into other products. For example, hydrogen could selectively be generated using
electrolysis when LMPs are low, thus lowering the price of hydrogen produced by these systems.
This selective operation at reduced capacity factors results in lower-cost electricity but increases
the capital recovery costs; thus, there is a tradeoff between the two cost factors. An analysis of
hydrogen produced from LDE is shown in Figure 8 for several electricity price schemes and
electrolyzer capital costs (Ruth et al. 2019b). Wholesale electricity prices are preferrable, as they
have the lowest markup of the retail alternatives shown.
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Figure 8. Cost of hydrogen produced via electrolysis at different capacity factors, using hourly
electricity price data

Source: Ruth et al. 2019

Regardless of the type of electricity purchased by the electrolyzer, system capital costs play an
important role in minimizing the costs of hydrogen produced, as indicated by different capital
costs modeled in the second row of Figure 8. The capital cost also affects the shape of the cost
curve and thus impacts the optimized costs of hydrogen produced. At low capacity factors (right
side of the figure), capital cost recovery dominates; whereas, at high capacity factors (left side of
the figure) average annual electricity costs increase, driving hydrogen production costs up for the
system at higher operating hours. High capital cost systems experience minimized hydrogen
costs at high capacity factors, and systems with low capital costs can minimize costs across a
broader range of capacity factors. Figure 8 suggests hydrogen can be produced at or below the
DOE target of $2/kg (Vickers, Peterson, and Randolph 2020) when the electrolyzer uses low-
cost wholesale electricity and achieves low capital costs (Ruth et al. 2019a).
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Assuming E2M systems can operate as flexible loads across different time intervals, their
operation is likely to be limited by the time and amount of total energy available. The capacity
factor of an E2M system is constrained by the amount of LDE available, which has downstream
effects on the economics of the E2M system. Operation at a low capacity factor increases the
cost per kilogram of product produced, because the capital cost of the system is distributed over
the smaller production rate. Reducing E2M capital costs is a key opportunity for enabling
economic E2M operation at low capacity factors. In this work, we primarily discuss E2M
potential in terms of energy (TWh) and not installed capacity (TW), but the influence of capacity
factors on system costs is acknowledged.

Although we do not discuss curtailed energy in detail, it is another opportunity for E2M systems.
Curtailed energy is often available at low costs, but its availability is variable and total curtailed
energy available may or may not be sufficient for E2M operation. Regional Energy Deployment
System modeling completed as part of the Solar Futures Study suggests over 400 TWh of
curtailed energy could be produced across the United States by 2050 in the Decarbonization
scenario. And at increased electrification in the Decarbonization + Electrification scenario, total
annual curtailed energy could exceed 800 TWh (Mai et al. 2021). Though this amount of energy
is certainly not negligible, energy consumption estimates reported here show that curtailed
energy alone is insufficient to meet total energy demand from E2M-based supply chains for the
subset of products considered here.

Though these factors can help E2M systems realize reductions in costs, such actions can also
spur deployment of PV and other renewable generation. Recent work has investigated the
potential for hydrogen production via water electrolysis to support the increased deployment of
renewable power generation (Ruth et al. 2019b; 2020). Given its low system costs ($100/kW),
electrolysis can serve as a flexible load that encourages capacity expansion of PV (Ruth et al.
2020). Adding electrolysis as a flexible load encourages deployment of variable renewable
generation and the reduction of baseload generation, including coal and natural gas. In the Solar
Futures Study, increased renewable generation and capacity modeled in the Decarbonization and
Decarbonization + Electrification scenarios could result in similar opportunities for E2M systems
(Figure 9) (Mai et al. 2021).

Electrolysis can support increased deployment of renewable electricity sources by serving as a
flexible load that can use electricity generated from renewables that is available at low wholesale
prices when grid electricity demand is low. The total amount of energy that can be dedicated to
E2M systems depends on both the amount of renewable deployment on the grid and the grid
generation mix, in addition to assumptions regarding cross-sectoral electrification. The additional
renewable capacity shown in the Figure 9 scenarios (page 34) results in notable opportunities for
E2M to both support a decarbonized grid and create pathways to decarbonization in other sectors.
The increased deployment of wind and PV capacity shown in these scenarios is significant, and
further potential for deployment exists if E2ZM technologies are deployed in conjunction with
renewables.

To reduce the total cost of hydrogen produced from electrolysis that uses electricity from PV,
recent work has explored the possibility of directly coupling wind, PV, and E2M systems (Jia et
al. 2016; Clarke et al. 2009; Zhou and Liu 2013). Such a configuration allows for maximizing
the solar-to-hydrogen efficiency and in turn lowering costs. Coupled systems minimize logistical
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constraints between systems and afford an opportunity to reduce some of the power electronics
and balance-of-plant infrastructure required for the systems. This emerging field of research is
likely to evolve as deployment of PV and E2M systems increases. And one can envision an
electrolyzer coupled with a PV facility as a base electric supply that could ramp up when low-
cost electricity is available. Such an approach could maximize the system duty cycle and
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Figure 9. Modeled electricity generation for select electrolysis scenarios
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7 Conclusions

E2M can make products that are used across the transportation, industrial, and electric power
sectors. E2M pathways for these products generally use electricity to drive an electrochemical
reaction, transforming feedstock molecules into products. These production systems can be
coupled with other processes, both upstream and downstream of the electrochemical reactor, to
produce more-complex products. Current E2M technologies exhibit varying degrees of maturity,
and recent R&D has focused on advances in efficiency and durability.

Realizing the potential for electrification across industry and transportation would likely
significantly increase the demand for electricity beyond current levels. E2ZM and PV could serve
as building blocks for economy-wide decarbonization by providing low-carbon molecules that can
be used in various sectors, from transportation to industry. In this report, we provide an overview
of emerging processes that rely on E2M either directly or indirectly. We also provide a high-

level quantification of the potential energy demands that supply chains dependent on E2M

might experience. Here we summarize the four main potential opportunities for E2M and solar
PV identified in this report. These opportunities could help increase deployment of economically
competitive E2M and PV systems at industrially relevant scales.

Reducing E2M system capital costs while realizing increases in system efficiency,
lifetime, and durability while identifying opportunities for directly coupling E2M and PV

PV and E2M systems have both experienced notable gains in performance from R&D
investments in recent years, yielding decreases in installed costs. PV currently represents a low-
cost option for electricity supplied to the electric power sector, in turn making it a favorable
source of electricity for reaction-driven E2M processes. Capital costs for electrochemical energy
storage systems are expected to decrease, thus facilitating increases in their deployment.
Realizing decreases in capital costs without sacrificing system performance, durability, or
lifetime is crucial to making the fuels and chemicals they produce cost-competitive with existing
processes, and for enabling variable operation of these systems with LDE at low capacity factors.

Solar PV has the potential to play a central role in the development of energy systems that
produce both electricity and molecular products, where coupling PV and E2M systems
represents a synergistic opportunity for both technologies. For example, the benefit of a PV
installation could be maximized by adding a flexible load capable of using low-cost electricity.
Excess energy could be used by E2M systems in the formation of fuels or chemicals, or the
systems could be used to store electricity. Physically coupling these systems could provide
opportunities to decrease the power electronics cost for a hybridized system.

Deploying E2M systems that can operate as dispatchable loads, actively cycling on and
off to use energy from low-cost dispatch-constrained electricity such as wind and solar

Power generation technologies such as wind, solar PV, and nuclear exhibit low operating costs
because of their low to zero fuel costs. These sources of LDE are incentivized to always produce
as much power as possible. Conventional power generation for the grid is operated to follow load
as much as possible; however, LDE generators do not have financial incentive to do so because
of their lack of fuel costs. LDE penetration and other factors can result in many hours of the year
with low-cost electricity; however, the total amount of such electricity varies by location and
generation mix (Ruth et al. 2019b).
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For E2M systems to capitalize on the increased availability of LDE from sources of energy like
PV, E2M must be able to operate as a dispatchable load, ramping up and down, or turning on and
off at time intervals ranging from hours to minutes. This represents a challenge for system design
and operation, as E2M has conventionally been viewed as operating at high capacity factors with
minimal downtime. Reducing any detrimental effects that high levels of cycling have on system
performance and durability is an emerging area of research that is important for enabling
widespread deployment of E2M.

Identification of products and pathways for direct and indirect E2M systems

This report has demonstrated that multiple pathways exist to electrify supply chains for the
products considered here and provided a cursory analysis into the feasibility of direct and
indirect E2M pathways, quantifying their differences with electrical efficiencies for each
pathway. Prioritization of near-term E2M products and pathways is a key opportunity that can
help facilitate E2M deployment. Future work would be well suited to conduct economic, life
cycle, and market assessments of various E2M pathways to provide a holistic perspective on
opportunities. Such work could help facilitate the development of E2M systems, furthering
economy-wide decarbonization efforts.

Enabling E2M access to wholesale power markets, compensating E2M systems for any
grid services they provide while increasing demand for electricity generated from PV

Many E2M conversion pathways are at low technology readiness levels, and recent research on
these pathways has focused on advances in their efficiency, reliability, and scalability.
Additionally, techno-economic analyses of these technologies have identified electricity prices
as a key driver of production costs (Colella et al. 2014; De Luna et al. 2019; Jouny, Luc, and Jiao
2018b), underscoring the need for supplying low-cost, renewable electricity to these processes.

Providing access to wholesale power markets reduces the cost of electricity supplied to the E2M
system and enables the system to selectively operate during times of low location marginal prices
(LMPs). Increased deployment of PV is likely to result in more LDE and in turn enable E2M to
utilize some of this energy. Key market metrics for PV and E2M are summarized by product
molecule in Table 21 (page 37). The electrical production efficiency for the Base scenario was
determined assuming current state of technology for selectivity and whole-cell potential, while
the Optimistic scenario assumed unity selectivity and standard reduction potentials with a small
system overpotential (see the appendix). Table 21 suggests that producing one or several of the
potential products using PV and E2M represents a significant opportunity for increased demand
for electricity from PV, regardless of the scenario considered (i.e., Base or Optimistic scenario).

For reference, as of 2019, the United States generated about 103 TWh from just over 60 GW of
installed PV capacity (EIA 2020e; 2020c). These estimates demonstrate the significant size of
potential markets for PV supporting E2M systems, and the many different product pathways
emerging to meet the markets. As deployment of PV and E2M systems progress, realizing the
opportunities for coupling these two systems is likely to increase deployment of both systems.
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Table 21. Summary of PV Generation and Capacity Required for E2M Synthesis of
Key Chemicals and Fuels

Product Electricity PV Electricity | PV Electricity PV
Demand to Capacity Demand Capacity Demand to | Capacity
Meet 100% of | Required to Meet Required to | Meet 100% | Required to
Market to Meet 100% of Meet of Market Meet
(TWhly) Additional | Market Additional (TWhly) Additional

Load (GW) | (TWhly) Load (GW) Load (GW)

Scenario Base Optimistic Energy Decarbonization

Hydrogen 505 230 2,367 1,077 9602 4372

Ammonia 433 197 343 156 470 214

Carbon n/a

Monoxide 14 6 " 5

Ethylene 2,157 981 777 353 n/a

Ethanol 2,916 1,326 880 400 n/a

Methanol 54 25 60 27 146 66

Formate 0.5 0.2 0.2 0.1 n/a

Methane 24,011 10,920 10,350 4,707 n/a

a Direct hydrogen values shown, indirect hydrogen energy demand is captured in ammonia and methanol rows
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Appendix. Assumptions and Methodologies for
E2M Energy Demands

The electrical efficiency (in kWh/kg) of a given E2M product p is estimated by Equation Al:
mpr I/pF
Nelecp = m + EDAC,p (A1)

where:

mp (kg) = mass of product p

Zy ( ) = electrons per molecule of product p

product

V, (V) = whole cell potential for electrochemical cell producing product p

F ( Axs ) = Faraday constant (96,485)

mole~

MM, (%) = molar mass of product p

8, (%) =selectivity (Faraday efficiency) of electrochemical cell producing product p

kWh
EDAC,p (kg product
product p (Equation A9).

) = energy required for direct air capture of CO; per kilogram of

Performance parameters used for each product for base and optimistic cases are given in
Table A-1.

Table A-1. Performance Parameters for E2M Systems in Base and Future Cases

Base Case Optimistic Case
Product Selectivity Whole Cell Potential Selectivity? Whole Cell Potential®
Hydrogen 1.00 1.90° 1.00 1.53
Ammonia 0.90¢ 3.30d 1.00 2.30
Carbon monoxide 0.95¢ 3.00° 1.00 1.64
Ethylene 0.60f 3.90f 1.00 1.47
Ethanol 0.269 2.219 1.00 1.45
Methanol 0.98¢ 1.669 1.00 1.51
Formate 0.93h 5.80" 1.00 1.78
Methane 0.769 2.88¢9 1.00 1.36

@ Unity selectivity is assumed for all reactions in optimistic case.

48




The Potential for Electrons to Molecules Using Solar Energy — R03-018

b Whole cell potential in the optimistic case is equal to the standard reduction potential for the product,
assuming oxygen evolution reaction as the other half-cell reaction. A 300-millivolt (mV) cell overpotential
is added to the standard reduction potential.

¢ NREL 2020b, 9 Zhao et al. 2019, © Ma et al. 2016, f Garcia de Arquer et al. 2020, 9 Grim et al. 2019,

Y. Chen et al.2020
The electrical efficiency (in kWh/kgp) for given E2M products produced via the conventional
pathway is determined by electrical energy used to produce H» for the conventional pathway.
Every pathway uses hydrogen either through direct hydrogenation of CO2, RWGS to produce
CO, or syngas hydrogen requirements. Thus, the electrical efficiency for a given product p is
estimated by Equation A2:

Netec,p = Nelec,H2 RHZ,p (A2)

where:

Nelec,H2 (m) = electrical efficiency of H»
’ kgh2
Ruzp (—k,fgm) = kg Ha required to produce kg of product p.
p

The equation of Rz, depends on the reaction pathway (syngas or direct CO») and the
performance parameters available (carbon efficiencies, selectivities, overall conversions,
separation recoveries). Generally, performance parameters or published stream tables are used to
estimate the mols of CO or CO; required for a mol of product. The total hydrogen demand for a
mol of product is then calculated by summing the hydrogen used to produce CO via RWGS and
any additional hydrogen used in either the syngas to X or CO> to X feedstock. The performance
parameters used for each product are combined into a carbon-hydrogen efficiency (mols
Cproduct/mols Ho reactant). In the case of ammonia, mols of nitrogen in the product are used instead
as there is no carbon. These efficiencies are given in Table A-2.

Table A-2. Performance Parameters for Conventional E2M Systems in Base and Future Cases

Base Case Optimistic Case
Product C:H; Efficiency | C:H; Efficiency
Ammonia 0.652 0.65
Carbon monoxide 10 1
Ethylene via CO2 0.14c.def 0.16
Ethylene via syngas (MTO) 0.14f9 0.16
Ethylene via EtOH 0.24n 0.24
Ethanol via fermentation 0.25" 0.29
Ethanol via mixed alcohols 0.21f 0.26
Methanol via syngas 0.31% 0.31
Methanol via CO2 0.319i 0.31
Formic Acid via Kemira Leonard 0.97% 0.97

49




The Potential for Electrons to Molecules Using Solar Energy — R03-018

Base Case Optimistic Case
Product C:H; Efficiency | C:H. Efficiency
Formic Acid via CO2 hydrogenation 0.39 0.39
Methane 0.25'm 0.25

a Zapp et al. 2000

b See conversion, selectivity and H2:CO stoichiometric ratio cited in the carbon monoxide section
¢ Shulenberger et al. 2007

d Jadhav et al. 2014

© Dieterich et al. 2020

f Knighton et al. 2020

9J. Q. Chen et al. 2005

h LanzaTech 2021; 2018b; Huang et al. 2020; Lee et al. 2020
"Dieterich et al. 2020

I Pérez-Fortes and Tzimas 2016

k Chua et al. 2019

' Gotz et al. 2016

™ Junaedi et al. 2011

nZhang and Yu 2013

The amount of energy from PV needed to meet the existing market size for a product p is estimated by
Equation A3:

Eenergy,p = Netec,pYp (A3)

where:
kg .. .
Yp (7) = existing market size for product p.
The total installed PV capacity for a product p is estimated with Equation A4:
E

E energy,p
capacity,p —
Crh (A4)

where:
h (%) = hours per year (8,760)
Cr(%) = 25.1% solar capacity factor (EIA 2020d).
Minimum Electricity Price Calculation

The minimum electricity price for each product is estimated by considering the efficiency at
which the product can be created by an electrochemical process and the current market price for
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the product. We assume a simple system capital cost Cg of $400/kW, amortized into a series of
annual payments using Equation AS5:

L L
a+im-1 (A5)
where:
i (%) = effective interest rate (10%)
n (y) = facility lifetime (30 yr).

The total capital cost of a system to produce is the capital cost C, ($400/kW) multiplied by the

energy required Egnergy p» divided by 8,760 hours per year h and an assumed capacity factor Cr

of 80% (Equation A6):

_ CcEenergy,p (CRF)
Ccapital - th (A6)

The cost of capital is converted from $/y to $/kg by dividing by the existing market size for a
given product using Equation A7:

Ccapital

Pcapex - T (A7)

The minimum electricity price E,, is a function of the current market price P, ker and the cos
of capital F,qpex (Equation A8), divided by the electrical efficiency estimated in Equation Al:

Pmarket - Pcapex

E, =

77elec,p (A8)

Energy Requirements for Direct Air Capture of Carbon Dioxide

The energy requirement for direct air capture of COz to be used in CO2R and conventional
pathways is included, with energy consumption ratios based on work by Keith et al. (2018).
A carbon efficiency is applied to the conventional pathways based on carbon losses in the
system. The energy requirement for direct air capture per kilogram of product p is a function
of the stoichiometric ratios of the product and CO; (Equation A9).

MMCOZZc,p
Epacp = MM, Npac (A9)
p

where:

kg\ _
MM, (ﬁ) = molar mass of product p

t
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MMco, (2

mol) = molar mass of carbon dioxide

carbons
Zcp \=————) = carbon atoms per molecule p
¢ molecule

Npac (I(ZLCZ) = energy requirement per kilogram €O, for direct air capture = 1.274
2
(Keith et al. 2018).

Table A-3 shows carbon efficiencies for conventional thermochemical processes used in indirect
E2M pathways. Carbon efficiencies vary between the Base and Optimistic scenarios.

Table A-3. Carbon Efficiencies for Conventional E2M Systems in Base and Future Cases

Base Case | Optimistic Case
Product Cproduct/Cco2 Cproduct/Cco2
Carbon monoxide 1 1
Ethylene via CO2 (MTO) 0.42 0.48
Ethylene via syngas (MTO) 0.42 0.49
Ethylene via EtOH 0.83 0.96
Ethanol via fermentation 0.88 1
Ethanol via mixed alcohols 0.45 0.79
Methanol via syngas 0.94 0.94
Methanol via CO2 0.94 0.94
Formic Acid via Kemira Leonard 0.97 0.97
Formic Acid via CO2 hydrogenation 0.97 0.97
Methane 1 1

Current Market Sizes and Future Projections

The increases in market size for the optimistic case are projections based on the expected growth
rate for each product over a 10-year period (Table A-4, page 53).

Table A-4. Current and Projected Market Sizes for E2M Products

Product Base Market Size | Growth Rate | Optimistic Market Size
(million t/yr) (%) (million t/yr)
Hydrogen 10 n/a? 58
Ammonia 13 2.6%?® 16
Carbon monoxide 2 2.0%° 2
Ethylene 27 3.6%?P 37
Ethanol 47 4.9% 70
Methanol 5 2.0%° 6
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Product Base Market Size | Growth Rate | Optimistic Market Size
(million t/yr) (%) (million t/yr)

Formate 0.06 2.0%° 0.07

Methane 579 0.4%¢ 604

@ The optimistic hydrogen market size is a function of adoption of growth in demand within transportation
sector and other industrial applications.

b |HS 2021; used with permission provided March 16, 2021

¢ For products with market growth rates unavailable, a 2% market growth is assumed.
4 Grand View Research 2020

¢ EIA 2020a

Table A-5 shows assumptions for hydrogen market size in the optimistic case, which are adapted
from a technical and economic analysis of hydrogen potential in the United States as part of the
Department of Energy H2@Scale initiative (Ruth et al. 2020). Market sizes for different sectors
are adopted from the lowest cost electrolysis scenario in Ruth et al. (2020), and total hydrogen
potential is estimated to be 41 million t/yr. Though potential hydrogen demand is largely
consistent, it varies for several sectors for this work; most of the variation stems from different
assumptions about the evolution of the transportation sector. This work assumes slightly lower
rates of adoption of light-duty fuel cell electric vehicles and greater adoption of electric vehicles
in the light-duty sector. Additionally, higher rates of adoption of fuel cell electric vehicles in the
medium- and heavy-duty sectors is assumed, which results in a doubling of hydrogen demand in
this sector. Increased demand for ammonia, synthetic hydrocarbons, and hydrogen for the rail
sector are also driven by assumptions about electrification in the transportation sector. These
demands result from higher rates of electrification in the air, shipping, and other heavy-duty
transportation sectors.

Table A-5. Market Size Analysis for Hydrogen in Optimistic Scenario

Product H2@Scale Lowest Cost E2M Optimistic
Electrolysis Scenario Case
(Ruth et al. 2020) (million t/yr)
(million t/yr)
Oil refining 7 7
Metals refining 4 4
Ammonia production 4 7
Biofuels production 9 7
Synthetic hydrocarbons 0 12
Light-duty fuel cell electric vehicles 12 10
Medium- and heavy-duty fuel cell electric vehicles 5 10
Rail 0 1
Total 4 58
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Table A-6 shows assumptions for hydrogen market size in the Solar Futures Study Energy
Decarbonization scenario. Market sizes for different sectors are based on the energy
consumption within each subsector to estimate the mass of hydrogen required on a higher
heating value basis of 142 megajoules (MJ)/kg. Hydrogen demands for each economic sector
range from direct to indirect. Direct use cases stem from hydrogen used as a transportation fuel
in heavy- or medium-duty fuel cell electric vehicles to hydrogen used in the power sector in
renewable energy combustion turbines. Hydrogen is also used indirectly across industry and
transportation as an intermediate for production of other low-carbon fuels, such as ammonia,
biofuels, and synthetic hydrocarbons.

Total annual hydrogen demand in the Energy Decarbonization scenario, which exceeds 60
million t/yr, is driven largely by direct and indirect applications in the transportation sector,
but uses in industry and the power sector also result in notable demand.

Table A-6. Market Size Analysis for Hydrogen Demands Identified in the Energy
Decarbonization Scenario

Direct Hydrogen Indirect Hydrogen Total Direct and
Demand, Solar Demand, Solar Indirect Annual
Sector Futures E_ner.gy Futures E.ner_gy Hyd.rogen Derr.land,
Decarbonization Decarbonization Higher Heating
Scenario Scenario Value Basis
(quadsly) (quadsly) (million t/yr)
Agriculture 0.00 0.03 0.2
Construction 0.00 0.20 1.5
Glass industry 0.00 0.15 1.1
Oil refining 0.00 0.00 0.002
Metals refining 0.00 0.54 4.0°
Ammonia production 0.00 0.94 7.0¢
Industry demand subtotal 0 1.9 13.8
Air transportation 0.41 1.00 10.5
Bus transportation 0.04 0.02 04
Domestic shipping 0.00 0.03 0.2
Freight rail 0.09 0.40 3.6
Heavy-duty trucks 0.66 0.25 6.8
International shipping 0.00 0.60 4.4
Light-duty vehicles 0.00 0.00 0.0
Lubricants 0.00 0.19 1.4
Medium-duty trucks 0.17 0.00 1.2
Military 0.00 0.83 6.1
Motorcycles 0.00 0.00 0.00
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Direct Hydrogen Indirect Hydrogen Total Direct and
Demand, Solar Demand, Solar Indirect Annual
Sector Futures Energy Futures Energy Hydrogen Demand,
Decarbonization Decarbonization Higher Heating
Scenario Scenario Value Basis
(quadsly) (quadsly) (million t/yr)
Passenger rail 0.01 0.02 0.2
Recreational boats 0.00 0.28 2.1
Transportation demand subtotal 1.37 3.62 37.08
RE-CTd demand 1.80 0.00 134
Power sector demand subtotal 1.80 0.00 13.40
Total 3.18 5.47 64.25

@ Hydrogen demand in oil refining is assumed to equal zero because of low hydrocarbon fuel demand in the

transportation sector.

b Demand from Ruth et al. 2020 is assumed.

¢ Demand from Ruth et al. 2020 is assumed. The value includes only ammonia used as fertilizer. Other
ammonia demands in the transportation sector are included in the respective transportation subsectors.

4 RE-CT = renewable energy-combustion turbine

Technology readiness levels (TRLs) for direct and indirect E2M processes are shown in Table A-
7. The pathway TRLs shown are approximate, as the current state of technology for many of
these pathways is rapidly evolving and TRL is a subjective metric for the maturity of the
technology. For indirect pathways that couple mature processes with E2M systems, the lowest
TRL for a given component process is chosen to represent the TRL for the entire pathway.

Table A-7. Approximate TRL for E2M pathways

Product TRL | Pathway Type Reference
Hydrogen 8 Direct electrochemical a
Ammonia 4 Direct electrochemical b
Carbon monoxide 6 Direct electrochemical ¢
Ethylene 3 Direct electrochemical ¢
Ethanol 3 Direct electrochemical ¢
Methanol 2 Direct electrochemical ¢
Formate 4 Direct electrochemical ¢
Methane 3 Direct electrochemical ¢
Ammonia via Haber Bosch 9 Indirect electrochemical nia
CO via reverse water gas shift 6 Indirect electrochemical d
Ethanol via syngas fermentation 6 Indirect electrochemical d
Ethanol via mixed alcohols 5 Indirect electrochemical e
Ethylene via MTO (CO2 to MeOH) 7 | Indirect electrochemical df
Ethylene via MTO (syngas to MeOH) | 6 Indirect electrochemical d
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Product TRL | Pathway Type Reference
Ethylene via ethanol dehydration 6 Indirect electrochemical 9
Methanol via syngas 6 Indirect electrochemical d
Methanol via carbon dioxide 7 Indirect electrochemical df
Formic acid via hydrogenation 6 Indirect electrochemical d
Formic acid via Kemira-Leonard 6 Indirect electrochemical d
Methane via Sabatier Reaction 8 Indirect electrochemical d

a Multiple large-scale water electrolysis systems are currently in operation (FuelCellsWorks 2020;
Freist 2019; FuelCellsWorks 2019).

b The TRL is approximated based on current density, selectivity, and efficiency of E2M ammonia
production relative to other electrochemical pathways (Zhao et al. 2019; Soloveichik 2019).

¢ The TRL is approximated based on findings from Grim et al. (2019), where TRLs for pathways are
roughly categorized for TRL 1-3 for Ca2+ products and TRL 4-6 for C1 products. The TRLs are
further distinguished within these ranges based on current energy efficiency of the pathway and the
development of commercial applications of the pathway, if any.

d Jarvis and Samsatli 2018

¢ Knighton et al. 2020
fPérez-Fortes and Tzimas 2016
9 Intratec 2013

Block Flow Diagrams for Indirect E2M Pathways

Figures A-1 through A-10 show the block flow diagrams for the various indirect E2M pathways
analyzed for this report.

H,0 (g) Syngas

H,O Gas
Condenser Separator

o,

0, Electrolyzer

H,0 (1)

Figure A-1. Block flow diagram for syngas production via RWGS and water electrolysis
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st Demethanizer

Crude MTO Water CO, Removal P
- : eethanizer
MeOH Reactor Removal and Drying Purified
Ethylene
. Purified
Depropanizer Propylene

C,* Products

Figure A-2. Block flow diagram for ethylene synthesis via methanol to olefins

Offgas
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Water ——|
Scrubber

s Bi : Ethanol
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Water
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Media —| :
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Figure A-3. Block flow diagram for ethanol production via fermentation
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Syngas Recycle
Off-gas

MAS Crude
Syngas MAS Condensation Alcohol EEE Methanol
Reactor Recovery

Knockout Distillation

Ethanol

Ethanol
Recovery
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Figure A-4. Block flow diagram for ethanol production via mixed alcohols synthesis

Ethanol Dehydration
Vaporizer Reactor

Ethanol Quench

Ethylene Ethylene Caustic Wash
Purification

Figure A-5. Block flow diagram for ethanol production via ethanol dehydration (Intratec 2013)
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Figure A-6. Block flow diagram for methanol production via direct hydrogenation
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Figure

Separation

Crude MeOH

A-7. Block flow diagram for methanol synthesis via syngas (Air Liquide 2021)
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Gas Recycle Methanol Recycle

Formic Acid Methanol Reactive
o, — Decanter L
Reactor Recovery Distillation

I

Formic Acid

o Amine / Catalyst Recycle Amine Recycle
2
H,0 (1)
Figure A-8. Block flow diagram for formic acid production via direct hydrogenation
Water MF Recycle
Methyl
co Metl1anq| Distillation g EIOl Methyl Formate
MeOH Makeup —— R@E{7 il 1E o)) Col Hvdrolvsis
Catalyst E— olumn ydroly
l MeOH Recycle
MeOH Recycle Formic Acid MF/MeOH MF Recycle

Recovery Separation

Pressure Swing

o
Distillation Formic Acid

Figure A-9. Block flow diagram for formic acid production via Kemira-Leonard process

60




The Potential for Electrons to Molecules Using Solar Energy — R03-018
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Figure A-10. Block flow diagram for methane production via Sabatier and water electrolysis
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