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~88% of emissions are generated <500°C but majority of thermal
energy is fueled by refinery fossil byproducts#, which have few
alternative uses
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1. EIA Annual Energy Outlook 2019 2. Based on AEO 2019 Outlook for 2018 energy consumption by combustible fuel (excludes purchased electricity) and EPA emissions intensity of individual fuels; RNG and green
hydrogen are considered net zero, biomass is estimated at 15 kg CO2e/mmBtu 3. Calculated using the NREL MECS survey data for thermal energy use (2014) 4. Primarily composed of refinery process byproducts
that are combusted as fuels (e.g. still gas) Source: EIA; EPA; NREL; BCG analysis
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Thermal emissions are concentrated along
the Gulf Coast and California
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1. EPA GHGRP Inventory FLIGHT Database (2018); captures actual onsite reported emissions for large emitters emitting >25K tonnes of CO2e/year



62% of thermal energy consumption occurs in the distillation
and reactor temperature ranges

200°C 300°C 400°C 500°C

Distillation | ~150-370°C Reactors | ~260-480°C

Fractional distillation is used to separate the various components of crude oil in the
refining process. Distillation towers are heated to specific temperatures to cause
components of different boiling points to separate from each other.

Components that have been separated out in the distillation process may be sentto a
reactor in order to remove or convert certain compounds. One of the most energy-
intensive reactors is the naphtha hydrotreater, which takes in heaw naphtha from
distillation columns and remowves sulphur and nitrogen compounds in the naphtha.

Source: DOE (2022), industry reports and papers, BCG analysis



~88% of thermal
energy
consumption

occurs Iin the low-
and medium-
temperature
ranges

Thermal energy consumption (TBtu) by heat temperature range (°C)!

1. NREL Manufacturing Thermal Energy Use in 2014
Source: DOE (2022), industry reports and papers, BCG analysis

‘ Low-temperaturerange (<130°C)
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Thermal decarbonization in petroleum

refineries will likely require carbon

capture to abate emissions in the near

and medium term

Current petroleum refinery processes
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Petroleum refineries typically use process
heaters and steam boilers that burn natural
gas to create steam heat, which is moved
around the facility through a steam network
system distributing heated steam to
applications

Natural gas is also used in steam methane
reformers to produce hydrogen; NG is used as
a feedstock and combusted to produce heat
for the reaction. Hydrogen is used as a
feedstock in other refinery processes

Refineries combust natural gas representing
~1/3rd of combusted fuels alongside waste
gas (e.g. still gas) representing ~2/3rds of
combusted fuels

Fuel switch from natural gas to an alternative
fuel would address ~33% of the total fuel
combustion emissions in refineries; and this
would need to be paired with alternative
sustainable uses of the waste gas

Refineries are more likely to deploy CCS and
continue combusting waste fuels until a better
and sustainable alternative use of these waste
fuels is developed

Process emissions



Low carbon alternatives are available for NG but must be paired with CCS for
waste gas decarbonization; low carbon fuel supply constraints may require
refineries to deploy CCS at scale to capture all onsite emissions

Typical petroleum refinery processes
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Continued NG use with CCS appears likely in the short and medium term;
hydrogen appears effective in long term when supply constraints alleviate

2022 LCOH for relevant technologies? Projected LCOH for relevant technologies!?
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1. LCOH compares project lifetime costs against lifetime energy produced; costs include capitalexpense of equipment, fuel costs, and maintenance expense assumptionsover the usable life of the energy asset. Electricityand natural
gas pricing is based on nationalweighted average wholesale industrialend user electricity and naturalgas prices for the past 1 year as of June 2022 industrialelectricity modeled to grow at 2% per year. Electric heat pumps, electric
resistive, and naturalgas heating efficiencies modeled at 300%, 99%, 75%, respectively. Includes Inflation Reduction Act incentives 2. Combined with naturalgas combustion; includes $85/tonne 45Q tax credits fromIRA 3. Uses
weighted average US naturalgas price for the past twelve months as of June 2022 (excludes Hawaii); assumes 75% combustion ef ficiency Source: EIA; EPA; Inflation Reduction Act; BCG analysis



CCS and hydrogen are projected to 2
be available in heavy-emissions areas

US Refineries thermal emissions by zip codel
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1. EPA GHGRP Inventory FLIGHT Database (2018); captures actualonsite reported emissions for large emitters emitting >25k tonnesof CO2e per year 2. USGS, NETL NATCAB 3. CSIS (2022)
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Decarbonization pathways

Natural Gas
Continue use and/or replace with clean hydrogen or other low carbon fuels
based on supply availability

Considerations Target FirstMovers

arbon Captu re & Seq uestration Concentration of CO2 in flue Regions with refinery clusters
lement to capture combustion emissions from fossil fuels gas, government subsidies and adequate geology for

] facility hydrocarbon byproducts (process emissions) storage

y

2022 2050

Approximately %5 of thermal energy used in the Refineries sector originates from refining process byproducts; an
alternative use for these fossil byproducts must be identified in order to displace these fuels

Although RNG, biomass and green hydrogen can potentially displace fossil fuel combustion, these fuels are supply
constrained and may have higher impact if prioritized for other sectors that are not required to rely on carbon capture

The recommended thermal decarbonization strategy is deployment of CCS




Thermal decarbonization pathways

Refineries generate process heat by burning
natural gas as well as refinery byproducts such
as still gas. Byproducts form the majority of
combusted fuels, representing ~2/3rds of
total fuel combustion; natural gas
combustion represents ~1/3rd

Refinery byproducts can typically be consumed
as fuel (current case), flared (releases carbon),
or potentially sequestered (CCS). Refineries are
likely to continue using byproducts as
combustible fuels and deploy CCSto abate
related emissions

Natural gas combustion in refineries can be
switched to low carbon fuels, but such fuels are
supply constrained and may be better prioritized
for other sectors (e.g., the refinery demand for
green hydrogen to displace natural gas
combustion would rival the demand for green
hydrogen to replace NG combustion in all other
industrial sectors combined)

As aresult carbon capture is likely the primary
decarbonization pathway for the sector

Thermal energy consumption? Thermal emissions?
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1. Total thermal energy consumption based on EIA2022 Outlook; forecasted energy mix per BCG analysis 2. Thermal emissions calculated based on emissions intensity of individualfuels; RNG and clean hydrogen assumed to be net zero
fuels, biomass assumed to have an emissions intensity of 15 kg CO2e per mmBtu, electricity modeled based on US electric grid emissions intensity 80%and 100% renewables by 2030 and 2050 Source: ElAout look; EIAemissions intensity;

BCG analysis



Disclaimer

This document has been prepared in good faith on the basis of information available at the date of publication without any independent
verification. The drafters do not guarantee or make any representation or warranty as to the accuracy, reliability, completeness, or currency of the
information in this document nor its usefulness in achieving any purpose. Readers are responsible for assessing the relevance and accuracy of the
content of this document. It is unreasonable for any party to rely on this document for any purpose and the drafters will not be liable for any loss,
damage, cost, or expense incurred or arising by reason of any person using or relying on information in this document. To the fullest extent
permitted by law, the drafters shall have no liability whatsoever to any party, and any person using this document hereby waives any rights and
claims it may have at any time against BCG with regard to the document. Receipt and review of this document shall be deemed agreement with
and consideration for the foregoing.

This documentis based on a primary qualitative and quantitative research. It does not provide legal, accounting, or tax advice. Parties responsible
for obtaining independent advice concerning these matters. This advice may affect the guidance in the document. Further, the drafters have made
no undertaking to update the document after the date hereof, notwithstanding that such information may become outdated or inaccurate. The
drafters have used data from various sources and assumptions provided to the drafters from other sources. The drafters have not independently
verified the data and assumptions from these sources used in these analyses. Changes in the underlying data or operating assumptions will clearly
impact the analyses and conclusions.

This documentis not intended to make or influence any recommendation and should not be construed as such by the reader or any other entity.

Apart from any use as permitted under the US Copyright Act 1975, no part may be reproduced in any form.



