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Report Overview and Objectives

B.C. is a major producer and supplier of natural gas and the Government of B.C. is trying to decarbonize
natural gas use and usher in the clean endrggsition. Renewable and losarbon gases can be used to
decarbonise many sectors that are difficult to electrify, create new economic opportunities, and serve as

tools to enable the transition towards a resilient, affordable, and -Emission energy sysm. BC

Bioenergy Network (BCBN), the Government of B.C. and FortisBC commissioned this report to estimate

the technical supply potential and production costs of renewable anddamson gases in B.C., Canada

and the United States. This study uses the he&irmation available to inform the supply outlook for
renewable and lowcarbon gases in B.C. The analysis, conclusions and recommendations in this report are
GK2asS 2F (KS NBLERNI FdziK2NBRZ yR R2 y2i ySOSaal N

Background and Obijective

The Province of British Columbia (B.C.) has set ambitious greenhouse gas emission reduction targets,
including becoming a netero jurisdiction by 2050. The CleanRGadmap to 203({the Roadmap)

includes plans to establish a greenhouse gas (GHG) emissjfer natural gas utilitieslt would require

natural gas utilities to reduce the carbon emissions related to their gas sales to approximately 6 Mt of

CQe per year by 2030. It is anticipated that this cap will, in part, drive the production and acquisition of
renewable gases as aykeeasure to displace fossil natural gas. The Roadmap also expands on an earlier
commitment to a minimum of 15% (enerdpased) renewable content retailed annually through the

natural gas distribution system by 2030. The GHG Reduction Standard propasecieanB&oadmap

will likely require an even higher percentage of renewable gas by 2030.

Additional regulatory action has been taken to ksthrt the production and use of clean and renewable
IFrasSa Ay . ®/ dQa y I GdzNF  Broviice Bf B.E.(aiNdndedzieAGRegnhcuge HasS Y ¢ |
Reduction Regulation (GGRR) in part to widen the scope of fuels gas utilities may use to reduce GHG
emissions. The GGRR incentivises the production and utility purchase afatben natural gas

substitutes, mtudlng hydrogen, renewable natural gas (RNG), syntheS|s gas (syngas), and lignin. The cost

2F GKSasS Of Sy NBa2dz2NOSa gAftt 0S NBO2OSNBR FTNRY G

The purpose of the report was to quantify the supply potential of renewable anecéyongases that
could be used to lower overall GHG emissions from B.C. gas use. The study did not consider alternative
options, such as switching natural gas heating to wood pellets, heat pumps, or increased energy efficiency.

This report examines four pathwa to transition from fossil natural gas:

1. The production of hydrogen or methane from either renewable electricity or wood (pipeline
injection).

2. The production of hydrogen from natural gas combined with carbon capture and sequestration
or as a byproduct ofcarbon black production, or the use of waste hydrogen (pipeline injection).

3. The production of syngas from wood to displace natural gas used in lime kilns at pulp mills.
4. The production of lignin from black liquor to displace natural gas used in limeakingp mills.

Technologies/Pathways

The report describes various technologies and resources used to produce the above typesafdomw
gas. Each technology relies on a supply chain, e.g., feedstock production or collectimeaprent, and

1 The report was written based on the 2018 renewable gas commitment rather than the emission cap announced
in the Roadmap.
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gas procssing. Gases injected into the pipeline system also require gas conditioning and compression.

¢KS NBadzZ GAy3a O2YoAylLdAzy 2F LINPOSaasSa Aa OFffSR
resource they rely on. Three main resources have been comrslder a total of twelve pathways:

9 Organic wasteProduction of methane by fermenting of organics. These include agricultural waste,
municipal organics, human waste collected at wastewater treatment plants, and gas generated in
landfills.

1 Woody biomassProduction of wood gas, also called syngas, thhoilngrmochemical means, such as
gasification. Syngas may then be used as a gas at the point of production or upgraded to pure hydrogen
or methane for pipeline injection.

1 Non-biomass resourcesProduction of hydrogen via electrolysis or using fossil natyaal including
blue and turquoise hydrogen produced from fossil natural gas and green hydrogen produced from
03INBSYys StSOGNAROAGED® ¢KS fI1GGSNI Aa O2YY2yte GSNY
(renewable) electricity.

For each of theséhree groups, four specific pathways are describeddle6. Lignin extracted from

black liquor in kraft pulp mills is another wot@dsed resource. itan be used as a fuel in lime kilns but is
technically more challenging and more expensive than using syngas from wood gasification. The value of
lignin as a feedstock for neenergy application can also be expected to rise above the value as an energy
saurce.

Tablel Pathways for low carbon gas considered in this report

Organic Residue* Woody Biomass Non-Biomass Resources

(Anaerobic treatment) (Thermochemical pathways) (Electrolysis and SMR)
Syngas Green hydrogen

Agricultural RNG
Digestion and gasonditioning
using agricultural waste.

Municipal RNG

Wood gasification to produce § Electrolytic production of
gas used in lime kilns of kraft| hydrogen from water and clear
pulp mills. electricity.

Blue hydrogen

Digestion okourceseparated AL (P Syngas Steam methane reforming of
Syngas processed with water

organics (green bin) and shift reaction. fossil methane with C{rapture
industrial food waste. and storage.
RNG from wastewater e S S e Turquoise hydrogen
treatment plants YteNRrtearaQ 2

Digestion of water treatment Syngas UIEEEEE \.Nlth water producing carbon black and
shift and methanation step.

sludge to produce RNG. hydrogen.
Lignin as a replacement for
Landfill gas natural gas in the pulp industry Waste hydrogen
Gas cptured at landfills and Lignin extracted from black Hydrogen produced as a by
conditioned to produce RNG.| liquor to produce a dry lignin | product in industriaprocesses.

fuel.
* |n reality, some of these feedstock types can be combined at any given plant; a strict separation is not possible but
is used in the report to derive estimates for the potential of each waste type
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Scenarios and Cost Curves

Potential by2030 and 2050

The potential for producing renewable and laarbon gases differs between the pathways, mainly due
to the underlying resources available in B.C. The report compares and combines existing analyses to
develop a comprehensive overviewreSources available by 2030 and 2050.

The resource potential represents the theoretical availability of various biomass feedstock types,
electricity, and fossil natural gas to produce renewable anddavibon gases. The technical potential
constrains the esource potential as it estimates the capacity for each pathway after accounting for
geographic limitations, transport constraints, conversion efficiency and various system assumptions. This
also includes technological readiness and realistically achievaiplementation rates. The resulting
potentials in the Maximum and Minimum scenarios for each pathway are further lowered as they consider
timelines, harvesting practices and different outcomes with respect to resource availability and the speed
of deployment. They represent the upper and lower bounds of renewable andclnlvon gas supply
potential that can likely be achieved in B.C. by 2030 and by 2050, as shéwnis4. Some economic
constraints, such as competing uses, price, or market developments, have not been considered in the
estimation of these bounds.

The 2030 scenarios assume lower gas production levels than for 2050 as there are dentlopotes,
learning curves and buildut rates for new or emerging technologies. More mature and |leaest
projects will likely be developed first. Most renewable and-mavbon gas production by 2030 lies with
anaerobically produced RNG pathways (arownhgetajoules) and blue and turquoise hydrogen. The
scenarios suggest that the 2018 CleanBC target of 15% renewable content in the natural gas system by
2030 cannot be met using provincial renewable resources alone. By 2050, blue and turquoise hydrogen
makeup most of the potential but woodbased pathways also represent a large share of the technical
potential.

Anaerobic digestion gas )
B Potential by 2030:
combined 25 to 50 PJ/yr.
1 Potential by 2050:
combined 100 to 440 PJ/yr.
Green & waste hydrogen | |
Wood-fuelled gas I
Blue & turquoise hydrogen | .
! 1 1 L 1 I 1 1 L 1 I
0 100 200 300

Potential, in P)/year

Figurel Minimum and Maximum Renewable and Le®arbon Gas Production Scenarios for B.C.
for 2030 and for 2050
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Figure4 shows:

1. By 2050, between 104 (Minimum) and 444 (Maximum) petajoules of renewable archlton
can be produced with iprovince resources, i.6. S0 6 SSy KIfF FyR (G6A0S . &/ ¢
use. Renewable gases alone could amount to produce between 42 and 195 petajoules annually,
roughly a quarter to all of the natural gas currently retailed in B.C.

2. By 2030, between 25 (Minimum) and @@aximum) petajoules can be produced withgrovince
resources; of the Maximum, only about 19 petajoules would be renewable gases.

3. Between 2030 and 2050, supply expands significantly in the Maximum scenario because the
industry is built up quickly, and diional resources become available, such as nevgiaeh wind
power, wood residue currently used for producing power or pellets, and the establishment of
large-scale blue and turquoise hydrogen production.

4. Blue and turquoise hydrogen offer the highest taafal potential. Renewable gases account for
almost half of the gases produced by 2050. B.C. could replace almost all its current fossil natural
gas use with renewable gas, mainly from woody feedstock.

5. Among renewable sources (as defined under the GGRIR)-based pathways have the highest
potential for renewable gas production under optimistic assumptions with respect to resource
availability.

6. Traditional RNG from anaerobic digestion or biogas has lower potential (~10 petajoules by 2050).
Other pathwayswill be crucial to achieve substantial decarbonization of the natural gas system.

7. Even with Site C being developed and the addition of 1,300 MW of negvidnwind power, the
availability of surplus electricity constrains the potential for producing giegirogen in B.C. to
about 27 petajoules by 2050 (40 petajoules when includingyoff production with wind power).

Cost curves

Each lowcarbon gas has costs associated that are specific to the resource, technology, production process
and variousother parameters. The relation between potential and cost is illustrated in a cost curve
(Figure3 below). The (horizontal}-axis indicates the potentian petajoules of gas produced per year and

the (vertical) yaxis indicates the production cost for each pathway, in 2021 Canadian dollars. The lowest
cost pathway is shown on the left, with the cost of respective pathways increasing to the right. f@osts a
determined by assumptions of initial capital expenditure, operational costs, including electricity and gas
costs, and the cost of woody feedstock, where applicable.

The cumulative production potential increases as options with higher production castsoasidered,
resulting in a stepped graph. Eventually, costs surpass the $31 per gigajoule pritéotimétural gas

utility acquisitions under the GGRR. The economic potential under the current regulatory framework is
limited to the area outlined by a dashed black line.

Figure2 andFigure3 shows thaggreen hydrogen is expected to remain more costly than the $31 threshold
(in 2021). By 2050, gasesrnqwaste) woody biomass is projected to be available at a cost comparable
to that of blue hydrogen. Production costs are estimated as sector averages; the body of the report
provides more detailed cost curves for each pathway. The Maximum scenario refsrasempper bound

that would require very strong policies to achieve. It is unlikely that this scenario will come to pass but
rather, that renewable and lowarbon gas production in B.C. will falldatween the Minimum (104
petajoules) and Maximum (444 tagoules) scenarios by 2050. The scenarios are further elaborated in the
body of the report.

2The threshold is indexed with inflation, so increases over time in nominal, but remains constant in 2021 dollars.
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MAXIMUM BY 2030
Green hydrogen

$50 - $50

40 P at production costs below $31/GJ (large off-grid)
20% of B.C.'s current (2021) consumption ~ Green hydrogen
$45 1 (small on-grid) $45
v =
g $40 - Waste water treatment gas . $40
S Lz‘) (large on-grid)
E $35 - Syngas to RNG... - Lz $35
‘&’: current GGRR limit gb g
E $30 -----—--------------------------------—%-:3- $30
2 Syngas to hydrogen S &
] i
'§ 525 1 (waste wood) $25
- $20 A Syngas in lime kilns $20
c
$15 o $15
_g Blue hydrogen
>
$10 ﬁ $10
b7
Turquoise hydrogen S
$5 i q Y g ;r $S
$0 : $0

0 5 10 15 20 25 30 35 40 45
Maximum Technical Potential, in PJ/year

Figure2 Production Cost and Technical Potential in the Maximum Scenario by 2030.
Market prices may be higher than costs.

MAXIMUM BY 2050 Green hydrogen

S50 - ~q] opp $50
400 PJ at production costs below $31/G) (large off-grid) \

Twice B.C.'s current (2021) consumption Green hydrogen

#45 1 (small on-grid) "\ $45
“ 40 | Waste water treatment gas BN Green hydrogen T\ 540
S Municipal RNG ~_ ~.(large on-grid) |
=1 \
?_:‘ $35 - Agricultural RNG =~ . $35
‘g; current GGRR limit Landfill gas —. ‘
g $30 4 Syngas to hydrogen __ $30
g $25 | Syngas to hydrogen (round wood) o
= (waste wood) Syngas to RNG
E \ Syngas to RNG -

- . —_ (round wood)
$20 { Syngasin \|\|ml’-' kilns (waste wood) $20

515 - e Blue hydrogen $15
~ Waste

$10 4| hydrogen $10

$5 ! Turquoise $5
| hydrogen

S0 $0
0 40 85 130 175 220 265 310 355 400

Maximum Technical Potential, in P)/year

Note: For better readability, the scale of thexis (potential in PJ/year) is different for each graph

Figure3 Production Cost and Technical Potential in the Maximum Scenario by 2050.
Market prices may be higher than costs.

Pages



ENVINT, CBER & Associates B.C Renewable and Lo®arbon Gas Supply Potential Study

Key Considerations

Cost Limits

In 2017, the Government of B.C. established the GGRR to require all naturalligias tti purchase
renewable natural gas up to a limit of 5% of their 2015 natural gas sales volumes, at a maximum price of
$30per gigajoule In 2021, the regulation was further amended to:

f SELI YR G(KS @2fdzYS fAYA(G natdralgepdalese ¥ G KS dziAf Al éC
1 expand the range of resources that qualify under the initiative (i.e., to add green hydrogen, lignin,

and syngas) and
1 enable the maximum price to escalate each year with inflation (e.g., to $31 in 2021).

For a natural gas publigtility to exceed these limits, and still recover the costs from their ratepayers,
prior BC Utilities Commission approval would have to be obtained. The achievable economic potential
would increase if natural gas utilities were enabled to pay higher pfarelew-carbon gas. This would
likely occur if the current renewable gas target were replaced with a carbon intensity target. Alternatively,
the price limit could be defined as an average price, allowing for a mix of low anddggbas production.

Imports

Existing regulations allow gas utilities to acquire RNG from outside of B.C. Technically, there is enough
LRGSYGAalrt Ay GKS NBad 2F /FylFRF G2 YSSG GKS wnon
retailed fossil natural gas by 2050here is a tradeff between potentially lower costs for ratepayers

when using ouof-province resources and soes@onomic benefits when developing projects inside B.C.

Purchasing lovecarbon and renewable gases outside of B.C. at low costs can hedsstagigher gas

costs while offering the option to sell any surplus gas later if sufficient gas can be sourced inside B.C. This
could lower the cost for B.C. ratepayers but may at the same time reduce the impetus to develop projects
inside B.C.

On the otler hand, B.C. public natural gas utilities are unlikely to secure as much of this gas as they wish
to due to competition. In the U.S., several jurisdictions have implemented renewable gas policies and have
created lucrative markets for RNG certificates.eQec has also enacted a RNG mandate. To take
advantage of lowcost renewable gas supply from outside of the province, utilities will need to move
quickly as competition for lovgost and lowcarbon and renewable gas is likely to intensify.

GHG Reduction @nEmissions

The technical potential established in this report is based on petajoules of renewable agddoon gas
rather than tonnes of C£ displaced. A policy based on carbon abatement or carbon intensity of pipeline
gas would have to look at a défent metric to measure compliance.

Natural gas has a reported burner tip carbon intensity of 50 grams @& megajoul€.Another 612

grams need to be added for upstream emissions in B.C., according to current knowledge. The carbon
intensities of renewable and lowcarbon gases discussed in this report range from about 3 grams-(wind
powered green hydrogen) to around 22 grams (blue hydrogen). Agricultural RNG can have negative
carbon intensities due to avoided methane emissions.

The carbon intensity cavary significantly from one pathway to another, or even between projects within
the same pathways. Some scientific sources claim that the additional energy needed to produce blue and
turquoise hydrogen and the sequestration or conversion of carbon diaxig result in higher carbon

3B.C. Best Practts Methodology for Quantifying Greenhouse Gas Emissions, 2020. B.C. Ministry of Environment
and Climate Change Strategy, Victoria, B.C., April 2021
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intensity than fossil natural gas itself, especially when taking into account fugitive emissions related to
hydraulic fracturing. The CleanBoadmap to 203@hcludes measures to regulate and reduce upstream
emissions from natwd gas production.

Building the Renewable and Lé®arbon Gas Industry in B.C.

The cost of building a renewable and loarbon gas production sector to replace fossil gas use in B.C.
could range between $5 billion and $20 billion for the 208imum and Maximum scenario,
respectively. This is the same order of magnitude as recent foreign investments in the Kitimat liquified
natural gas terminal and will take place over more than two decades. The critical next step is for
governments, indigenaicommunities, utilities, and other industry participants to work collectively on
policies and investments that will unlock and enable this potential. The report discusses several policy
instruments to attract the required investment. These include R&Ddardonstration support, policies
favouring gas production inside B.C., the monetisation of social and environmeriahedits, and low
interest financing and joint ventures between gas utilities and industry.

Conclusions

The Province of B.C. is rich natural resources, including a resilient electrical system built almost
exclusively on hydropower, vast lands covered by forest, and a prosperous agricultural sector. This
suggests that renewable and levarbon gases can play the prominent role that Clearfas assigned
them.

1. The potential supply of renewable and l&w Nb 2y Il aS&8 O2Y0OAYSR A& adzF¥
15% target by 2030rhe anticipated builebut rate of renewable gas production by 2030 will likely
require either renewable gasports from neighbouring jurisdictions and/or the use of loarbon
gas, such as blue or turquoise hydrogen, to reach the 15% target.

2. Provincially sourced renewable gases can displace 195 of the 200 PJ of natural gas by 2050 assuming,
among other thingsthat the available agricultural, solid waste and forest residual feedstocks are
used for this purpose.

3. Blue and turquoise hydrogen offer the highest technical potential, pending advancements in
innovation and scalingp.

4. Among renewable sources, i.e. exdihg blue and turquoise hydrogen, woddised pathways have
the highest potential for renewable gas production under optimistic assumptions with respect to
resource availability. These pathways still require research and demonstration to achieve the
technial readiness required for a large rollit.

5. Mature technologies such as anaerobic digestion can contribute most in the early stages of
O2y @SNIAYy3 . &/ ®oQa AL a &aSOG2NI G2 NBySglofS 3ALaod
decarbonization oftte natural gas system.

6. Based on the foreseeable cost of green electricity the production cost of green hydrogen is
anticipated to be greater than $31 per gigajoule in the 2030 and 2050 scenarios. Green hydrogen
production requires the installation of sidigiant infrastructure such as wind turbines and related
electrical transmission. The maximum potential to produce green hydrogen at a cost below $31 per
gigajoule is 27 petajoules per year by 2050, even with the development of Site C hydroelectric dam
andnew windpower generation.

7. Investment of up to $20 billion may be required to facilitate the transition from natural gas to
renewable and lowcarbon gases by 2050. This investment is comparable to other investments in
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10.

energy in B.C., such as LNG Cana&dabillion terminal for the liquefaction, storage, and loading
of LNG in the port of Kitimat, B.C.

The price limit of $31 per gigajoule set by the GGRR will likely capture most of the technical potential
in B.C. Yet, offering this gas price may notud&aent to build this industryB.C. will need a stronger
regulatory framework conducive to significant investment in renewable and-cladvon gas
production. Like in the renewable electricity sector, efforts will need to focus on providing stable
invesiment climates, moderating risks, and providing adequate returns.

LYLRNIAY3I wbD FNRY 2dziaARS .o/ & OFy KSR3IS 3l
competitive and protect ratepayers but may diminish the overall investment in the renewable and
low-carbon gas sector within B.C.

bFrdA2ylt FTYR AYUSNYyFrdA2yltf O2YLISGAGA2Y F2NJ wbD
/| FNb2y CdzSt {GFyRFENR o[/ C{U0 YIFIN]SG LINROGARS&A KA
import RNG here is also a risthat some renewable and lowarbon production will be exported

from the province.
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$orCs$ Canadian dolla all costs in this report are given in CAD

AAC Annual allowable cut, the maximum volume of timber available for harvesting each
from a specified area of land, usually expressed as cubic metres ofpesgetar

AD Anaerobic digester, a plant for producing biogas

Adt Air dry tonne(seasoned wood, counted as having 20% maoisture)

ATR Auto-Thermal Reforming A method of converting natural gas into hydrogen or syngi
where the heat needed to reform the hydrogen engrated internally.

BCBN BC Bioenergy Network

BCTMP Bleached Chemi Thermo Mechanical Pulp

BCUC BC Utilities Commission

Biogas A methanerich gas created by the anerobic digestion process that is not compatible

with the existing natural gasystem without upgrading due to its high £x0ntent
and/or other contaminants.

BPA Biomethane Purchasing Agreement

BTU British Thermal Unit, 1 BTU = 1.055 kJ

CAPEX Capital costs (of a project)

CCUCG Carbon capture, utilizatioor storage are processes used to prevent the €@n

reaching the atmosphere by either storing it in a geological formation or mineral or
using it in a product.

CFB Circulating fluidized bed, a reactor type used for gaifim

CH Methane

CHP Combined heat and power

Cl Carbon intensity of a fuel usually measured on adifele rather than consumption
(tailpipe) basis

CLD Construction,land clearingand demolition waste

CcoO Carbon monoxide

CQ Carbon dioxide

CQe Carbon dioxide equivalent, a measure for GHG warming potential of a gas

EU European Union

FICFB Fast Internally Circulating Gasifier

FN First Nation

FPI FPInnovations, the research arm of the Canadian forest industry

FT or FT FischefTropsch, a gas-liquid technology
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g Gram

GHG Greenhouse Gas

GGRR Greenhouse Gas Reduction Regulation
GIS Geographic Information System

GJ Gigajoule

1 GJ = 0.278 megawdiburs (MWh) or 0.981MBtu
1 GJis equal to the energy content ofl@&s of gasoline (at 20°C)

H. Hydrogen

HO Water

H.S Hydrogen sulfide

ha Hectare, an area of 100 x 100 m; 1 ha = 2.4 acre

HHV Higher Heating ValueThe heat set free from the complete combustion of a material
including condensation healeased by any water in the flue gas.

HTG Hydrothermal gasification, a technology which uses water at supercritical or similar
temperatures and pressures to form a syngas.

HTL Hydrothermal liquefaction, a technology which produces a biocrude, and in some ¢
someby-productsyngas

IEA International Energy Agency

IFS Industrial Forestry Service Ltd, a forestry consulting firm

IPP Independent Power Producer,rn-utility generator that is not a public utility but

owns facilities to generate electric power for sale to utilities and/or end users.

kg Kilogram, 1 kg =2.2 |b

km Kilometer

kw Kilowatt

kWh Kilowatt-hour

I Litre

LCFS Lowcarbon fuelstandard

LFG Landfill gas captured from the natural breakdown of biodegradable materials in a
landfill.

LHV Lower heating value, same as net calorific value

MC Moisture content or the percentage of the water in the biomass fuel. The moisture

content can be measured on the dry basis which is the percentage of moisture rele
to the dry mass or wet basis which considers the total mass including moisture anc
dry matter. The wet basis is used unless otherwise stated.

MECCS B.C Ministry of Environment and Climate Change Strategy
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MJ Megajoule or 1/1000 of a gigajoule

MSW Municipal solid waste

MW Megawatt

MWe Megawatt of electrical output

MWh Megawatthour

NGV Natural gas vehicle (a vehicle running on natural gas)

NRCan Natural Resources Canada

O&M Operation and maintenance

) Oxygen

odt Qvendry tonne, same as bone dvry tonne,,the solidAmatter conter)t ofpiom,aqiq‘rre,d
U2 aAYLXeé a aGRNER u2yySe¢ Ay UKS OUSEU

OPEX Operational cost (of aroject)

0SB Oriented strand board, an engineered panel product made from stands of wood us
a plywood alternative

PJ Petajoule; 1 PJ = 1 million GJ

PPA Power purchase agreement

PSA Pressure swing adsorptiora gas upgrading system that uses the differential capacit;

CQto be absorbed by a media to separate methane from CO2. It has the advanta§
separating oxygen and nitrogen from a gas biogas source

psi Pounds per square inch; 1 psi = 6.9 kPa

PV Photovoltaic

R&D Research and development

RFS Renewable Fuel Standard

RIN Renewable Identification Number, a U.S. system for subsidizing renewable fuels

RNG Renewable natural ggsipgraded to pipeline quality from biogas, landfill gas or syng

ROI Return oninvestment the amount of net revenue provided by a capital investment,
usually on an annualized basis

SMR Steam Methane Reforming is a method of hydrogen or syngas production where n
gas or other fuel is reacted with steam to form a mixturdnpdirogen and carbon
oxides

SPF Spruce Pine Fir, standard coniferous lumber produced primarily in the interior

SSO SourceSeparated OrganiecgOrganic material such as food waste, garden waste, lea

and other organic material collectestparately from other municipal solid wasiaften
using green bins placed on the curbside

t Metric tonne; 1 tonne = 1,000 kg = 2,204 Ib
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TFL Tree farm licence, a license (arbased tenure) to harvest timber and manage a fores
recreation anccultural heritage values. TFLs exist within TSA boundaries.

TRL Technology Readiness Level, a method to estimate technical maturity for commerc
application

TSA Timber supply area, a geographic area defined by the government for the purpose

organization and management; tenures of various types are auctioned off from witt
each TSA to allocate harvesting rights

TSL Timber sale licence

TWh Terawatthour, 1 TWh 4 million MWh
UBC University of British Columbia

us United States

WWTP Wastewater treatment plant

Yr. Year
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In 2018 the Government of the Province of British ColumidB.C.)released the CleanBC Plan,
demonstrating leadership in climate change mitigation through ambitious greenhousergesion
abatement targetd. ThisPlan set a target for 2030 of displacing a minimum of 15% natural gas with
renewablegas.This was reiterated in the 2021 Clean BC Roadmap to 2030, which also refers to the intent
of government to set an overall emissionap on natural gas use in BQurrently (2021)about 200
petajoules of natural gas are retailed each yedir.is the objective of this study tapdate previous
estimates of the renewable and legarbon gas supply potential and develop a growthategy for
increasing production in.B. to 2030 and 20500ther questions addressed thisreport are the costand

carbon intensityof each gas anih what B.C. regions are resources most prevalent.

1.1 Previous Work and Political Context

The CleanBC Plamd Roadmap are continuation and consolidation of various clean enamgentives,
legislationandregulations that date back more than a decadlbe provinciafenewablegas target aims

to decarbonkethe natural gas gridnd buildsorC2 NI A & . / Q& @2f dzy G NB NBYySgl of &
has been operating for over ten years

The Greenhouse Gas Reduction Regulat@GRR) allows regulated utilities to acquire and/or produce
renewable gases up to 15% total gas supply throughput and up to a cost of $31. Jer leiter gauge
how the target is likely to be methe report quantifiedocally available resourseandthe relative costs

of gases antignindisplacing natural gas, and determmehether additional measures are necessary to
enable atransition towards lowcarbon gasThis study looks athe four possible energy types eligible
under theGGRRsee Sectiorl.5) and integrates the results.

Previousreportsand studies have dealt with the provincial bioeconacamygl form the basis of the current
work:

1. In 2010, the B.C. government commissioned a reparthe provincial bioeconomy. This report
suggested that the market potential for new bioproducts could reach $200 billion, exceeding the
market for bioenergy ($170 billio).The report strongly suggested that a comprehensive vision
F2NJ . @/ dQa 06A2S02y2Y8 0S RS@OSt2LISR: F2ft26SR
forest biomass, which currently prevents new industry entrants from easily accessing feedstock.
Other recommendations involved technology, infrastructure and marketing roadmaps.

2. In 2016, the B.C. Government produced a report on the future of the fré@stlustry, which
suggestedthat the sector maximize its value through the development of new biopragjuct
biochemicals, and bioenergya biorefining approach that could lead to new employment and
improved performance across the sectfof similar report examining the B.C. pulp and paper

4./ @ D2@ bSgax al tSty./ LYy -GI2ZNINSYR d8G2 yOX YAdYd £ S5 . @S Y cd &M
https://news.gov.bc.ca/releases/2018PREMOOB® 338 [Accessed Sep 26, 2021].

5See amendment of May 25, 2021 (Order of the Lieutenant Governor no. 306).

6 Province of B.CMLA BisEconany Committee Repqr2010.

7 B.C. Ministry of Forests, Lands, Natural Resource Operations and Rural Devel&imegtpast, bright future:

I O2YLISGAGAOGSYySaa I IAgudt)2018.2 NI . / Qa F2NBad aSOod2NJ
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industry recommended an alliance between all B.C. pulp and paperamtiegpto examine new
bioproduct opportunities®

3.LY HamMpX LYRAZAONRFE C2NBaildNE { S&idRlahSng Prodess LI NB R
on the potential for bigbased electricity in B.C. This report found that fibre supply would decline
until 2026 due to the mountain pine beetle epidemic, after which it would stabilize. The report
suggested that while 21 million m3 of biomass was surplus to the industry shortly after the peak
of the epidemic in 2015, this surplus would decline to 7.9 millionm#025 and remain at that
level for the foreseeable future. The report also found that most of this wood is in the form of
standing timber, and that harvesting this wood would be uneconomic, costing over $150 per dry
tonne delivered Finally, this repdrhighlighted the fact that while mill closures have left surplus
wood behind, these closures have reduced the amount of easily accessed processing residues that
have supported pellet production in the past.

4. The Resource Supply Potential for RenewableifddGas iB.C(Hallbar Consulting, 2017)
TheB.CHydrogen Study (Zen Clean Energy, 2019)

6. A prefeasibility study for syngas and biomethane productiorBaE.pulp mills (Tom Browne,
2019)

7. The confidential studyRevitalization of theB.C.Bioenergy Sector: Assessment of biomass
feedstocks irB.C(ENVINT, 2019)

8. Renewable Natural Gas (Biomethane) Feedstock Potential in Canada (Torchlight Bioresources,
2020).

9. An analysis conducted by Guidehouse Consulting and FortisBC demonstrated thlpthégsin
existing gas system to distribute renewable and low carbon gases can achieve an 80% GHG
reduction by 2050 and be a more affordable and resilient pathwaiB fGrto reduce emissions.

1.2 Purpose ofthis Study

The purpose of this study is to evaluate and quantify the supply potential of renewable gases that could

be used for decarbonization in B.C. The provipassesses provincial energy system supported by gas

and electri@l delivery infrastructure. Thelectrical systenmeliesalmost exclusively on hydropowerhe

3Fra aeadsSYy A& adzalid ASR o6& . ®/ ®Qa& | odzyRFyd vy (dzNI €
Province has prosperousagricultural sector. All of thisuggests thatenewable and lowcarbon gases

canmeet or even exceed the limithat CleanBQas assigned to it. This repadentifiesdiverse sources

of supplywithin and outof B.C, their potential volumes angroduction coss. The data is based on

previous work inside and outsidd Canada anan calculations conducted by the authors of this study.

Key objectiveshat this report addresses include:

1 Establishind.C-wide supply potential and carbon intensity for all renewalne &ow carbon gas types

8 B.C. Ministry of Forests, Lands, Natural Resource Operations and Rural DevelditisntColumbia Pulp and
Paper Sector Sustainability: Sector Challenges and Future Opportuseigember, 2016.
https://www?2.gov.bc.ca/assets/gov/farmingaturalresourcesand-industry/forestry/competitiveforest-
industry/pulp_and paper _sept 2016.pdf

9 Industrial Foestry Service Ltd)Voodbased biomass in British Columbia and its potential for new electricity
generation July, 2015https://www.bchydro.com/content/dam/BCHydro/customer
portal/documents/corporate/regulatonyplanningdocuments/integrateeresourceplans/currentplan/wood-
basedbiomassreport-201803industriatforestry-service.pdf
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9 Developingcost curvesfor provincally produced gases and coanalyss for imported renewable
natural gasRNG,

9 Updating information from previous reportsvith new assumptions reflecting the changing resource
availability

1 Identifyingunigue usecases and endses such as evaluating the potential for required infrastructure
in BC and using industrial consumers as hgges for renewable and lowarbon gas production.

 Informingstrategiesto increase production capacity and deployment to achigv&€ S LINE Ay OSQa
reductiontargets.

¢ KAa & dzR 2 digplacerdedtdzaatufalkigasips@nptiondelivered through the B.C. pipeline
system withrenewable and lowcarbon gasesThe use ofttese gases for transportation is not specifically
considered, although the latter can be achieved using gas from pipelines. The goals and metrics used,
however, refer to theapproximately200 petajoules of natural gas currently beidgliveredthroughout

B.C. for a variety of purposes, mairflgr industrial use and space and water heating. Leaving aside
strategies such as fuel switching (with the exception of using lignin and syngas in the forest products
industry) and energy efficiency, the focus isd@tarbonizing the gas coming to energy users through the
natural gas grid.

1.3 Structure of this Study
This reporthasthree main sections:

1. An analysis of pathways foenewable and lowcarbon gagproduction or fossil gas displacement
(Chaptes 2, 3, and 4);

2. Supply portblios or scenarios for the development of these pathways (Chapter 5);

3. Ahighleveldeployment strategy (Chapter 6).

The pathways themselves are grouped by prodwcy.( hydrogen versus sgas), by resourcee(g.,
forestry versus agricultural feedstock), and by technolagyg.(biochemical versus thermochemical)

1 RNG from anaerobic digestion of agricultural and municipal waste streams (Chapter 2)
1 Renewablagyases from forest resoaes (Chapter 3);
1 Hydrogen fromnon-biomassresourceqgChapter 4)

Each of these chapters provides the technical supply potential and production costwe fpathways
discussedApart from hydrogen derived from natural gas, all pathways rasource constrained and
pathways based on woody biomassmpete for the same resource. Market prices and the impact of
competition for the resource, the final product, tire market value ofenewable and lowcarbon gagor

sale to the U.Sare not takeninto considerationto determine the technical potentialThe technical
potential should be taken as an upper bound of what would theoretically be possible if each resource
werefully used. This is unlikely to occur, however, and a lower minimum resouteat@ has also been
defined, based on less optimistic assumptions. Within these scenarios, the commercial potential is defined
as the amount of gas that can be produced at no more thdhgk8 gigajoule.

1.4 Key Metrics Used

The cost analyses always refer@anadian dollars, unless stated otherwise in the text or tables. Cost
projections are made in 2021 dollarse., inflation is assumed to occur but is not reflected in these
numbersas KS O2aid LINRP2SOGA2ya NBFESOG | OKFy3aS SAGK N
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potentials are based on the higher heating value (HHV) of the gases, given gas billing and transactions are
generally based on HHV in B.C.

The cost ofenewableand low-carbon gases purchased by B.C. utilif@sthe purposes of the GGRR

currently (in 2021)limited to $3L per gigajouleindexed with inflation As thisreport uses 2021 dollars,

any future increases of the carbon purchasing price kitaihot dfect the results and estimate§his price

is an upper limit for gas costs utilities may offer while still recovering their costs from the ratepayer base.

It is possible, however, to contract for gas deliveries at higher prices if the BCUC approvel of suc
contracts The BCUC may doi§these purchases are deemed to be in the public interest. The price limit

is nevertheless used as the current limit in this report as it reflects the desire of the regulator to limit

overall costs to ratepayers, and the@@k 2 NEQ AYUOGSNILINBGIF A2y Aa GKSNBF2!
renewable and lowcarbon gasege.g., from demonstration projects) would be offered higher pricing

under the current regulatory regime.

1.5 Definitions

In this report renewable gasefers to,in line withthe GGRR, hydrogergnewablenatural gas (RNG),
synthesis gamadefrom biomasg(syngas), and lignifused to displace natural gag)he report uses the
term Renewable Natural GERNGas an umbrella term for all gases made froenewable resources,
including through anaerobic digestion, landfill gas,syngasconversionto RNG Gasproduced from
natural gas, suchsblue and turquoise hydrogetis referred tor & @1 ANH 2.y 3T 4 Q

Biogas is gas produced from organics generated at fafras) municipal organis (green bin and
industrial or commercial organic wasteg)nd by processing sludge fromastewater treatment plants.
Gases emitted and collected in landfills is called langé#. RNGrefers to methane produced from
renewable resourcesThis include both anaerobic processes using organic waste and thermochemical
processes that gasify solid biomasgptoduceRNG.

The report uses colour coding for hydrogéilours are attribuéd only to signify the pathway that the

gas is created byHydrogen itself is a colourless ghgdrogen produced from fossil fusthrough steam

methane reforming (SMR) is called blue if the associated carbon is not emitted to the atmosphere but
4SIdzZSAaGSNBR Ay 3S2ft23A0Ff F2NXIFGA2ya 2N 20KSNBAA
contained in the fossil natural gas is stigpof and converted intpl &2f ARY @Q@OWRBB WYY 0 f
KERNRISYQ A& LINERdAzOS RrerewsBleeledtt®ENE Sy Q St SOGNAOAGET A

Resource potentials determined in Chapterd 2are technical potentials, i.e. they are not limited by
regulation or cost. They aremaller than the theoretical potential (100% of the resource) as they are
limited by the available resourcand resource recgery constraintsin the case of foresbased woody
feedstock, recovery factongsedassume that it i®nly possible to recovea portion of the theoretically
determined resource such as roadside residu&or RNG from anaerobic digestion, the potential
determined in Chapter 2 considers that only sites near gas pipelines will be developed and that only a
portion of the feedstock produced is available for digest&te potential for blue hydrogen is limitdxy
suitable geological formatiamwhere carbon dioxide stripped frommatural gas can be securely
sequestered.

The scenarios in Chapter 5 assume further restrictions, including-buildturves and technology
readiness. They represent technically feasdiécomes whose realisation will depend on policies in B.C.
and the interplay between markets in the province and in other jurisdictions. The achievable (as opposed
to technical or theoretical) potential does likely liebatween the Minimum and Maximum enarios
developed.
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2.1 Description of Pathway

Inside airtight tanks, naturally occurring microorganisms convextist or liquidorganic material into

biogas and digestate. Biogas consists of methane (typically¢E®4%0), carbon dioxide (typically 3%%

45%), small amounts of water, hydrogen sulphide and other trace gases, such as nitrogen and oxygen.
Biogas is upgraded to renewable natural gas (RNG) by removing carbon dioxide and other impurities. It is
then injectedinto the local gas grid, or if there is no local grid, compressed and transported to a site where

it can either be injected into the gas grid or used.

Digestate is the material removed from biogas plants after mganisms have finished converting sto
2F GKS FSSRal201Q4a4 RNE YIFIGOGSNIAyi(d2 oAz23lad LG O2y
potassium of the input feedstock, and is considered a good fertilizer.

Biogas plants are most often categorised by the type of feedstock tgeptd These categories are:

1 Agricultural: biogas plants that digest livestock manure and othefaom inputs, such as crop
residues and energy crops. These plants may also digest some commercial and residential source
separated organics (SS0O

Municipat biogas plants that digest residential and/or commercial SSOs

Wastewater: biogas plants that digest sludge from wastewater treatment plants. These plants
may also digest some commercial and residential SSOs.

RNG can also be produced from landfill gas (LFG). LFG, a mix of methane (typic&@bf#5 carbon

dioxide (typically 4% 55%) and many impurities, is a-pyoduct from decomposition of organic material
buried in landfills. LFG (often classified as@etgf biogas) is captured through a system of perforated
pipes drilled into landfills. As with biogas, LFG can be upgraded to RNG by removing carbon dioxide and
impurities. These impurities, including high levels of nitrogen and oxygen, make LFG maegainall

than biogas to upgrade.

2.2 Technology Update

Biogas plants typically consist of four process stages, while LFG projects consist of only two process stages
(i.e., the second and third process stage below). These are:

1 Feedstoclpre-treatment.

1 Digester tanks or LFG capture
9 Biogas or LFG upgrading

9 Digestate management.

A multitude of mechanical feedstock pteeatment technologies are commercially available. These
technologies cut/shred feedstock into smaller pieces, or sepdeddstock from nororganic material,

such as plastic. Other feedstock greatment technologies are rarely used, except in specific
circumstance (e.g., thermal hydrolysis for specified risk material or highly contaminated feedstock). This
is because prreating feedstock is often too costly, and/or biogas production from the feedstock is
insufficient to justify the cost. There are no gireatment technologies near to commercialization (TRL
7/8) that could significantly increase biogas production froedfgock, or reduce prreatment costs.
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Digester tanks are gdgyht, insulated tanks, placed below or above ground. While digester tanks differ in
material (i.e., concrete or steel), shape and agitation (mixing of feedstock), they are all generadly simil
No digester tank design is considered universally preferential or superior.

LFG is extracted from landfills using a series of wells and a blower/vacuum system. As with digester tanks,
no LFG capture technology is widely considered to be better thiagr®, nor are there any technologies
near to commercialization (TRL 7/8) that could significantly increase LFG capture or reduce capture costs.

Upgrading biogas/LFG to RNG removes carbon dioxide and other impurities (such as hydrogen sulphide
and water)to increase methane content from approximately 5%5% to > 95% or more. Several
technologies are available for upgrading biogas/LFG to RNG, including membrane, water wash, chemical
scrubbing, pressure swing adsorption and cryogenic upgraders. Whilesharmd performance of these
technologies differ, the overall outcome (cqmr gigajouleof produced RNG) is relatively similar. For this
reason, all biogas/LFG upgrading technologies are considered similar in performance, and there are no
technologies nar to commercialization (TRL 7/8) that could significantly increase RNG production or
reduce production costs.

In cases where nutrients in digestate are greater than needed in the immediate vicinity of biogas plants,
nutrient recoverytechnologies are often used. Nutrient recovery technologies extract nutrients from
digestate into a more concentrated form, reducing transportation costs. Dozens of nutrient recovery
technologies are available, all designed to extract different types ogmstn, phosphorus and/or
potassium) and amounts of nutrients. Because different technologies are designed for different
needs/purposes, no nutrient management technologies are deemed to be superior to others.
Furthermore, there are no nutrient recovery teoblogies near commercialization (TRL 7/8) that could
significantly reduce nutrient extraction costs.

Feedstock prareatment, digester, upgrading and nutrient recovery technologies have been commercially
available for many years. During this time, smadrémental improvements have been made to many of
these technologies (such as lowering costs, improving performance and increasing durability). These
improvements have resulted in very small increases in RNG production and/or lower production costs.
Thereare no biogas technologies near commercialization (TRL 7/8) that could significantly increase the
production of RNG (per unit of available feedstock), or significantly lower the cost of producing RNG ($

per gigajoulg.

One precommercial technology thatould significantly increase the production of RNG isiexpower

to RNG This twostep process starts with the electrolytical production of hydrogen. The hydrogen is
then combined with carbon dioxide from the exhaust stack of a biogas/LFG upgradefedinto a
reactor tank with specialty microorganisms to convert hydrogen and carbon dioxide into RNG. However,
because the use of electricity to produce hydrogen is considered bétewse ofelectricity toproduce

RNG through esitu powertoRN@ 4y Qi O2y aARSNBR Ay (KAa aiddzRe

10 Exsitu powerto-RNG is different from isitu power to RNG (which is TRL 5) becausstaxpowerto-RNG

requires a separate reactor with specialty microorganisms in-gitinpower to RNG feeds hyatjen and carbon

dioxide into the same digester tank used for producing biogas from organic feedstock, where a wide range of hon
specialty micreorganisms exist.
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2.3 Feedstock Availability
For the purpose of this chapter, the following potential sources of feedstock were assessed:

9 Agricultural: livestock manure, including daamydbeef mws, swine and poultry

9 Sourceseparated organic$SSOs): residential and commercial SSOs from food processors,
INRPOSNE ai2NBax SGO0O®dr IyR K2YSa o0GeLAOrffe O
1 Wastewater treatment plant: sludge from processing wastewater

9 Landfilled organics: organic material pldde landfills.

B.CQ fedstock availability was estimated using the same assumptions that were used in tThR(E
Production Potential Study(there called theshort-term achievablepotential).!? To estimate feedstock
availability for 2021, 2030 and 2050, estimated availability in28& RNG Production Potential Study

was extrapolated using predicted agricultural and population growth rates. The annual predicted
agricultural growth rates used were 0% for beef, 1% for dairy, broilers and turkeys, and 2% for layers and
hogs. Population growth rates for B.C., Canada and the U.S. weapelstted using population data from

the past20years.LFG potential was also based on the 2BING Production Potential Study. This study
used LFG model estimates from Golder Associates (2008&hould be noted that while this approach is
likely the nmost reasonablegstimating RNG potential into the future becosikess and less certain as
feedstock availability and LFG productame calculated using predicted and historical growth rates.

2.4 AnerobicRNGproduction potential in B.C.

RNGproduction potential in B.C. for 2021 is estimated to be @&ajoulesper year (Table?). This
potential assumes thatll wastewater treatment plants WWTP$ and landfills flaring LFG or using
biogas/LFG to produce heat or heat and electricity switch to RNG production.

Due to is high dry matter and energy density, food waste (unlike livestock manure and WWTP sludge)
can be transported up to 150 km or more to a biogas plant. This means that food waste can be digested
in agricultural, municipal or WWTP biogas plants, regardleséefe it is produced. In the RNG potential
estimates shown ifiable?, it is assumed thanostfood waste is digested in municipal biogas plamtss
assumption was used because in theory, municipal biogas plants should be closer to food waste than
agricultural and WWTP biogas plants.

However, food waste could just as easily go to agricultural or WWTP biogas plants. Therefore, while the
following agricultural, municipal and WWTP production estimates for B.C. assume an RNG division of
approximately 40% from agricultural, 50% from municipal and 10% from WWTP biogas plants, in reality
this division could be 70% from agricultural, 10% from municipal20% from WWTP biogas plants (or

any other combination therein). RNG from LFG is different, as these estimates are based on estimated
methane production from food waste already in B.C. landfiltie potential for 2050 assumes that organic
waste is stillandfilled over the coming decade; landfill gas production will decrease eventually (after
2050) if organics are more and more diverted and used for anaerobic digestion.

11 Hallbar ConsultingResource Supply Potential for Renewable Natural Gas in B.C. Pubtin, 26s1.

12The only changes were that plant operating capacity was increased from 80% to 90%, while residential and

commercial SSO availability was increased from 60% and 80% to 70% and 85% respectively. These changes were
made to reflect growing maturitg ¥ . ®/ ®Qa o6A23Fa AYRddzZZGNE FyR 3ANBIF G§SNI LI I
13 Golder Associates, Report on Inventory of Greenhouse Gas Generation from Landfills in British Columbia (2008).
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In a 2012 B.C. RNG studyj KS2 NS G A O f
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to be 5.4petajoules pewear. This ionly 0.6petajouledower than the 6.(petajoulesestimated inTable2

(when LFG iexcluded)Realistic RNG potential was estimated to be 1¢3338petajoules per yearOne
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possible reasothat this study estimated much loev RNG potentiathan shown inTable2 is because it
assumed a maximum RNG sale price of $1pe28jigajoulelf a higher pricdhadbeen assumed, realistic
RNG potential may have been much closethimtheoretical potential.

RNG production potential in B.C. for 2030 is estimated to bpétajoules pewear. This is approximately
oned KANR 2F C2NIA&.
and 2030 is entirely due to industry (agriculilfeedstock) and population (SSOs and WWTP sludge)

growth estimates, and LFG production models.
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RNG production potential in B.C. for 2050 is estimated to befett#]oules pelear. As in 2030, the 27%
ANRGGK AY
and population (SSOs and WWTP sludge) growth estimates, and LFG production models.

Table2 B.C. RNG Potential, ifetajoules(PJ)per Year

Agricultural Municipal WWTP LFG Total
2021 2.4 31 048 29 8.9
2030 2.5 3.5 0.55 3.1 9.5
2050 2.8 4.6 0.69 3.1 112

2.5 AnerobicRNG Production Potential in All of Canada

RNG production is constrained by feedstock availability. As such, the challenge with estimating RNG
potential is that provincialhaggregated feedstock data (e.g., tonnes of manure or SSOs) can provide false
perceptions. To estimate RNG potential with any level of confidence, detailed regional and mdaicpal
spatial feedstock data is required. Theta must be overlayed with information known to impact biogas

plant development.

. ®/ dQa wbD 032i8 énirelyduetto il Bty da§risylturefeedstock) Y R H

For example, liquid manure (i.e., dairy and hog) cannot be transported far before transportation costs are
greater than revenue from RNG production. Liquid manutkasefore unlikely to be available for biogas

plants greater than 1@ 15 km away. Other feedstock, such as SSOs, may have competing uses (e.g.,
animal feed). Therefore, it may not be available for RNG production. Biogas plants also require power (a

roughballpark estimate is-2 kWhper cubic metreof RNG). As such, even a 100,0@fajoules peryear
biogas plant requires ~3090600 kW of electricity. If thre€JK I & S

very challenging to build a biogas plant.

LI26SNI AayQi

I @ At I

Furthermore, biogas plants typically inject RNG into the gas pipeline. Biogas plants also produce digestate
which must be managed (ideally spreading on nearby fields). While RNG can be compressed and
transported for grid injection elsewhere, and while nutrienttmaction technology can be used to
transport nutrients to fields further away, the unavailability of a local gas grid and the requirement for
nutrient extraction technology adds cost and can severely impact biogas plant economics.

Finally, while biogaglants are environmentally beneficial, they can still face community resistance if built
too near communities (due tooncerns with traffic, noise, odour, safety, eté&)nding locations for biogas

14 CH Four Biogas, InBiomethane Potential in FortisBC Service Areas 1 dbdcgmber 2012.
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plants that are sufficiently near feedstock (much of whicomes from residential and commercial
sources), yet far enough away from homes and businesses to avoid public opposition can be challenging.

The B.C. RNG production estimates above have been calculated using regional and rHendippétial
feedstock data overlayed with information known to impact biogas plant development (including localised
feedstock availability and competition, infrastiture and digestate management requirements). As such,
they represent a realistic estimate of RNG production potential based not only on feedstock availability,
but also on constraints known to impact biogas plant development.

I Iy I IRést@ck sectors are relatively evenly distributed across the codbtmyd. ®/ ©@ YR [/ F yI RF
capita commercial and residential SSOs and WWTP sludge production and capture rates are comparable
Population densities in all but the smallest provincesl derritories are similarThereforethe above B.C.

RNG production estimates have been extrapolateth a moderate level of confidencé&r the rest of

Canada based on population size.

In 2021 RNG potential in Canada (including B.C.) is estimatédble3. Of Canadian RNG potential, 39%

is estimated to be in Ontario, with 23%, 14% and 12% estimated to be in Quebec, B.C. and Alberta,
respectively. All other Canadian provinces and territorie®antfor the remaining 13% of RNG potential.

As with RNG production potential in B.€isiimportant to note that estimated RNG production between
three of the sources (agricultural, municipal and WWTPS)ine3 is somewhat arbitrary. Because food
waste is the greatest producer of RNG and can be transported up to 150 km or more to a biogas plant, the
division of RNG between agricultural, municipal 8WUVTP biogas plants could be very different from

that presented below.

Table3 RNG Potential in Canada, Petajoules perYear

Agricultural Municipal WWTP LFG Total
2021 17.4 22.9 3.6 21.3 65.2
2030 18.2 25.2 4.0 22.3 69.7
2050 20.0 33.2 4.9 22.5 80.7

In 2030,RNG potential in Canada is estimated to be @@fajoules peyear. Of Canadian RNG potential,

39% is estimated to be in Ontario, with 22%, 14% and 13% estimated to be in Quebec, B.C. and Alberta
respectively. Allther Canadian provinces and territories account for the remaining 13% of RNG potential.
The 7% growth in Canadian RNG potential between 2021 and 2030 is entirely due to industry (agriculture
feedstock) and population (SSOs and WWTP sludge) growth estjraateEFG production modéefs.

In 2050,RNG potential in Canada is estimated to be §@fajoules petyear. Of RNG potential, 40% is
estimated to be in Ontario, with 20%, 14% and 15% estimated to be in Quebec, B.C. and Alberta
respectively. Albther Canadian provinces and territories account for the remaining 12% of RNG potential.
As with 2030, the 24% growth in Canadian RNG potential between 2021 and 2050 is entirely due to
industry (agriculture feedstock) and population (SSOs and WWTP slgayeth estimates, and LFG
production models®

15While Quebec and Ontario have more dairy cows gapita, B.C. has a higher number of poultry, Manitoba a

higher number of hogs, and Alberta a higher number of beef cattle per capita. The concentration of grains and
2AfaSSRa Ay G(GKS LINIANRS LINRP@AYOSa exhdedifromNBisstidyl yi & ON
16 B.C. agricultural growth estimates and LFG production models were used to estimate national increases in

agricultural feedstock and LFG availability, while provincial population growth estimates were used to estimate

increasesri national residential and commercial SSOs.
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Other studies have alsattempted to estimate Canadian RNG potentfabr example, ecording tothe

2010 Alberta Innovates Technology Futures sttidyanadian RNG potential from manure, SSOs, WWTPs
and LFG is 163etajoules per yea(68.8petajoules per yeafrom manure, 5.6etajoules per yeafrom
municipal SSOs, 7p2tajoules per yeairom WWTRand 83.8oetajoules per yeairom LFG). This estimate

Aa FT2N) 0SOKyAOFftfte FSIFLaiaotS wbD LROESYGALFETX |FyR
location, etc. If these RNG estimates were assessed through a more realistic lens, takingdotda acc
actual rather than theoretical feedstock availability, estimated RNG potential would likely be 50% lower
at 82.5petajoules per year

In 2013 the Canadian Biogas Association (CBA) released a bioga$® shadyestimated Canada RNG
potential to ke 92petajoules per yearWhile this estimate is significantly higher than thepgiajoules

per yearestimated above, it includes crop residu@gich are not included in the present estimatdf

crop residues are removed, and only 50% of livestock manure is considered to be available (a realistic
assumption identified in the CBA study), RNG potential falls topgdjoules per year

While RNG pathway potentials in the 2013 CBA study diftgrificantly from those estimated in this
study(for example, the 2013 CBA study estimates 6.8 angetdjoules per yeafrom WWTPs and
landfills, respectively), the reason for this is due to assumed feedstock end use. Most feedstocks can be
used in muliple RNG pathways. For example, SSOs can be digested in agricultural, municipal or WWTP
biogas plants, or can be landfilled to produce LFG. Therefore, assumptions on where feedstock is used
significantly impacts how much RNG is estimated from each pathway.

In a more recent studyJorchlight Bioresourcesstimatedthe Canadian RNG potential from livestock
manure, biosolids, WWTP, urban organics and LFG to be péfafoules per yeat’ However, as the
study notes, this is theoretical not realistic potaitiTechnicaRNG potential, which would require an

| & & dzY LJG A 2 OTinK:k (2 F2 yLO280 SW G A I T S SphodubtdrOks estinfated to W&+ A £ |

44.6¢ 78.1petajoules per yearl able4 compares the results of the aboveentioned studiesDiscounting
the Alberta study, the results are very similar in each.

Table4 Canadian RNG PotentialGompared, in Petajoules per Year

Alberta Torchlight Range of All
Innovates Bioresources Studies

65.2 82.5* 62.5 61.4** 61.4¢82.5

This Study

Current RNG
Potential

* Deemedto be 50% lower thathis theoretical potential identified in th Albertastudy.
** Average taken from 44.6 78.1petajoules per yearange estimatedy Torchlight

17 Salim Abboud et alRotential Production of Methane from Canadian Was#€4,0.

18 Canadian Biogas Associati@anadian Biogas Study: Benefits to the Economy, Environment and Energy
Technical Documen2013

19 Crop residues have been excluded for several reasons. To reduce soil erosion andfop lmidanic matter,

crop residues are often incorporated into the soil or, as with straw, used elsewhere (e.g., animal bedding or in
mushroom production). For thesreasons crop residues are often unavailable. Crop residues often have low
spatial energy density and high fiber content. This means they can be costly to collect and transport, and require
expensive prdreatment. Finally, crop residue availability iglhiy variable, depending upon weather, crop

rotation and seasonal variation, while they are also only available once or at certain times of the year. This makes
them challenging to use because biogas plants require-gamard feedstock availability and Igrerm storage is
expensive.

20TorchLight Bioresources InRenewable Natural Gas (Biomethane) Feedstock Potential in Ca2@la
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2.6 AnerobicRNG Production Potential in the United States

B.C. RNG production estimates in this study were used to estimate RNG potential in Canada. This was
done with a moderate level of confidence due to similarities in livestock distribution (and therefore
manure production), SSOs production and capture ratda/TP sludge production rates, and population
densities across Canadian provinces.

Using the above B.C. RNG potestitd estimate U.S. RN@roduction potential is much less
straightforward. Unlike in Canada, U.S. populations and livestock densitiegreatly For example,
Callifornia has 254 people, 4.4 dairy and 12.8 beef cows pg&nikmie Wisconsin and Oregon have 44 and
109 people, 9.1 and 0.5 dairy cows and 24.6 and 5.0 beef cows peedpectively??223This means that
unlike Canada, avaibility of agricultural and SSO feedstocks for RNG production will vary greatly between
U.S. statesThose with high populations and/or animals per#will be able to collect andse a lot more
feedstock than others (i.e., those with Igg@pulations and few animals per Kn

Unlike in Canada, per capita SSOs capture rates in U.S. states are vastly different. Wisconsin and California,
for example, have 0.6 and 1.9 composting facilities per 1,000 ile Idaho and Texas have 0.02 and

0.05 per 1,000 ki respectively?* This means that some U.S. states (those with more compost facilities

per square kilometre will be able to collect much more SSO feedstock than others (those with less
compost facilitiegper square kilometrg Despite ths, and due to lack of available data elsewhere, the
above B.C. RNG production estimates for 2021, 2030 and 2050 have been extrapolated, based on
population size, to estimate RNG potential in the U.S. However, as just noted, this has been done with a
low level of confidence.

Current RNG potential in the U.S. is estimaitedable5. The 5% growth in U.S. RNG potential between
2021 and 2030 is entirely due to industry (agriculture feedstock) and population (SSOs and WWTP sludge)
growth estimates, and LFG production mod@Ehe 12% growth in U.S. RNG potential between 2021 and
2050 is also entirely due to industry (agriculture feedstock) and population (SSOs and WWTP sludge)
growth estimates, and LFG production modéls.

Table5 RNG Potential in the U.S., Petajoules perYear

Agricultural Municipal WWTP LFG Total
2021 150 197 31 184 561
2030 14 213 34 189 590
2050 156 259 38 176 630

Other studies have alssitempted to estimate U.S. RNG potential. For examplgp11 the American Gas
Foundatior#® estimated U.S. RNG potentiahof including food waste) under nosaggressive and
aggressive scenarios. Under the raggressive scenario,anure, WWTPs and LFG were estimated to

21lowa State UniversityMilk Cows in the United States

22 Beef2LiveRanking of States with The Most Catieptember 26, 2021.

23U.S. Census Bureatistorical Population Density Data (192020) April 26, 2021.

24BioCycleThe State of Organics Recycjifiztober 2017.

25B.C. agricultural growth estimates and LFG préidnanodels were used for estimating national increases in
agricultural feedstock and LFG availability, while population growth estimates were used to estimate increases in
national residential and commercial SSOs.

26 American Gas Foundatiofhe Potentiafor Renewable Gas: Biogas Derived from Biomass Feedstocks and
Upgraded to Pipeline Qualitgeptember 2011.
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have RNGpotential of 156.1, 4.2 and 19petajoules per yearrespectively. These estimates are very
similar to those presented above irableb.

In 2013, the National Renewable Energy Labordtaygtimated U.S. RNG of 11(étajoules per year

from manure, 6petajoules per yeairom commercial SSO, 1B&tajoules per yeairom WWTP, and 142
petajoules per yeafrom LFG. While thdistribution of RNG potential is different fromather estimates

(likely due to the assumption that more commercial SSO will be sent to WWTPs then municipal biogas
plants), total estimated RNG pat#al isagainsimilar.

In 2019, the American Gas Foundation published an update to their 2011 %titdstimated U.S. RNG
potential under noraggressive and aggressive scenarios in 2040. Thaggmessive scenario, which is
857.5petajoules per yealis onethird greater than the RNG estimate for 208@dehere.

Table6 USRNG Potential Compared, in Petajoules per Year

American Gas Foundatior American Gas Range
This (2011) Foundation (2019) 9
NREL of
Study Aggressive sl Aggressive eI Studies
99 Aggressive 99 Aggressive
Current RNG 352.4 917.9 (no 352.4¢
Potential 561 (Nofood food waste) 455.2 461*
waste)
Future RNG| 630 1,503.7 857.5 630¢
Potential (2050) (2040) (2040) 857.5*

* Using American Ga3 2 dzy’ R | (i Aaggyessive sgeRayios.

2.7 AnerobicRNG Production Cost Curves for B.C.
2.7.1 Key Considerations

Estimating RNG production costs can be very challerigirigree reasonsFirst, unlike renewable energy
technologies that either require no biomass (e.g., wind, solar and hydro) or purchase homogenous
feedstock (e.g., wood pellets), biogas plants accept a wide array of feedstock with varying quality (i.e.,
level of contaminabn) and characteristics (size, dry matter, viscosity, etc.). As such, biogas plants can
require very different feedstock reception, handling, storage and processing equipment.

Second, unlike renewable energy technologies that have an established eoetpyt per unit of
technology or feedstock (e.kilowatts persquaremetre of solar panel ogigajoulegpertonne pellets),

biogas production of feedstock varies great®me feedstocks produce ten times or more biogas per
tonne than others. As such, biogas plants that are similar in size and scope can produce very different
amounts of RNG.

Finally, unlike renewable energy technologies that produce nprbguct (e.g., wnd, solar and hydro) or

very little byproduct (e.g., ash from biomass plants), biogas plants produce digestate. Digestates a low
nutrient concentration liquid (or solid if produced by a drgtch biogas plant). If digestate cannot be used
locally (e.g.spread on nearby fields), nutrient extraction technology or transportation (trucking) is often
required. Both of these can add significant costs.

2’ National Research Energy LaboratdEyergy Analysis: Biogas Potential in the United St@etber 2013.
28 American Gas FoundatioRgnewable&Sources of Natural Gas: Supply and Emissions Reduction Assessment
December 2019.
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No publicdataisavailable fowb D LINR RdzOG A2y O2aia Ay . &/ & 006A23l &

their production costs public). For this reason, estimated B.C. RNG production costs are based ori the 201
RNG Production Potential Stut{The 207 RNG Production Potential Study estimatkdtotal feedstock
availability in B.C. and used realistic amptions to determine what percentage of this feedstock could

be available to biogas plants, and how much biogas this feedstock could produce.

It then looked at the size of municipalities and farmesar available feedstock to determine how much
feedstock would go to what type of biogas plant (municipal or agricultural), and how much RNG these
plants would produce. All SS@ere assumed to go tanunicipal or agriculturabiogas plants, while
WWTPswvere asumed to only digest sludge.

Once the type (municipal or agricultural) and sigggdjoules of RNGper yea) of biogas plant was
established, production costs (®r gigajoul® were estimated using an industry casirve. This cost

curve, created using da from hundreds of biogas plants in Europe, provides an estimated cost of RNG
production based on biogas plant size. As biogas plants increase in size (digest more feedstock), they are
anticipated to benefit from economies of scale, and ttest of RNG mduction decreasesTo fully
understand all of the assumptions and methodology used to estimate RNG productiontbeseader

is referred tothe 2017 RNG Production Potential Stutly

Tip fee (or avoided cost) for SSOs is assumed to lpe®@nne® because to meedll, or at least a high
percentage gfestimated RNG potentiahll available feedstock must be usetherefore, while biogas

plants are currently able to receive a tip fee of around -82(@er tonne, it is expected that a significant
increase in food waste aeandwill drive down the feebiogas plants ar@aid to take it. For 2030 and

2050, there are expectations that RNG equipment costs will come down by 5% and 10% respectively as a
result of a more mature biogas sector.

2.7.2 B.C. Production Costs in 2021

EstimatedB.C. RN@roduction costsn 2021 areshownin Figure4. The reason there is no RNG potential

T 2 NJ pglyigajouldrom agricultural and municipal biogas plants is due to digestate managemest cost
assumed in populated areas (i.e., Lower Mainland and Vancouver Island). The difference in RNG potential
0 S ¢SS yer gijpulmandthe technicalpotential is because soe biogas plants are assumerlbe

unable to secure SSOs. If SSOs were available , RNG productforctigse plants would decrease
significantly, whilgechnicalRNG potential would increase.

RNGpotential from WWTPs and landfills is mutdwer in @st than agricultural and municipal RNG
because digester tanks, LFG capture equipment, a&te. not included in the RIS production cost
estimates (this equipment is assumed to exist as WWTPs and landfills require this equipment even if they
do not produceRNG). Therefore, the only cost included for RNG produabioiVTP and landfills is the

cost of biogas/LFG upgrading. If the cost of digester tanks, LFG capture equipment, etc. were included,
WWTP and landfill RNG production costs would be significantly higher.

29Hallbar ConsultindResource Supply Potential for Renewable Natural Gas in B.C. Public Z8idsion,
30 Tip fee typically accounts for <15% of biogas plant revenue, boda@ dzY LJGA 2y 2F | bPnkid2yyS
significantly impact RNG production costs.
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Figure4 B.C. RN®roduction Costs (2021)

2.7.3 B.C. Production Costs in 2030
EstimatedB.C. RNG production costs in 2030 are shimwigureb.

9 Agricultural RNGotential remains low, due to the assumption that most S8@isbe used in
Ydzy AOA LI £ o0A23Fa LAFydad ! a Ay penggaokdugitfi SNE A &
RAIS&AGIGS YIylFI3SYSyld 0O02aiazs ¢KAE S peKgdajdelea TTSNBY
and technical potential is due to lack of SSOs.

1 Municipal RNGotential iszero under$18per gigajoulebut increases to 3.petajoules peryear
T 2 NJ1 pr ggajouleTechnicaRNG potential is 3.petajoules per yearAs in 2021, there is no
wb D LI { Sy Gperlgigajodile@uddo digestate management costs.

WWTP RN@otential issmall even thoughsome will be available for less than $16 per gigajoule.

Landfill RNGootential is an important lowcost resource, with 2.2 petajoules available at $16 or
less, and 2.petajoules per yeafF 2 NJ1 p§r gigajoule As in 2021, production costs for WWTP
andlandfill RNG only includes the cost of biogas/LFG upgrading.
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Figureb B.C. RNG Production Costs (2030)

2.7.4 B.C. Production Costs in 2050
EstimatedB.C. RNG production costs in 2050 slvewnin Figure6.

9 Agricultural RNQootential increases to a maximum of Zo2tajoulest 2 NJpeKpgigajoule As

before, there is no RNG potential under $iér gigajoule due to digestate management costs,
GKAES GKS RAFFSNBYOS Apgrgigdiobeandechfioblipdtdntial iscdGel 6 S Sy
to lack of SSOs.

Municipal RNQootential issignificant, a&4.5 petajoulest 2 NJ1 pier gigajoule There is no RNG
potential forless than $14 per gigajoutkie to digestate management costs.

WWTP RN@otential isonly slightly higher than in previous years

Landfill RNGpotential is only slightly higher than in 2030, at 3.0 petajoulesler $3 per
gigajoule As before, production costs for WWTP and lan®MNG only includes the cost of
biogas/LFG upgrading.

Figure7 combines the above data into a single graph that shows estimated RNG production costs for 2030,
forthe varioussulD I 1 SA2NA S&a RSTFAYSR 1 020Sd | 62 dziijowe. ThES (i I 2 2 dzf
represents the majority of the technical potenti&@nly a relatively small amount can be added by paying

more for the RNG. Also, only a snaaltitionalamount becomes available by 2050, adding up to the total

potential of 11 petajoules showin Table2 above.
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Figure6 B.C. RNG Production Costs (2050)

Anaerobic RNG Potential in B.C. by 2030
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Figure7 B.C. RNG Cost Curve BRNG from Anaerobic Digesters (in 2030)
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2.8 AnerobicRNG Production Cost Curves in Canada
2.8.1 Key Considerations

The B.C. RNG production potential estimates above were used to estimate Canadian RNG potential. This

gl & LlraaroftsS o0SOlIaAGCHZNE I IRMEBANBAIDERGR0Og SOSyfte RA
capita SSO and WWTP sludge production rates are the same, and population densities in all but the
smallest provinces and territories are similar.

Using the B.C. RNG production cost estirpatie calculate Canadian RNG production costs is more
challenging. Typically, as biogas plants digest more feedstock or landfills capture more LFG (i.e., are
larger), production costper gigajouleof RNG decrease. This is because larger plants can b&pafit
economies of scale. Because Ontario and Quebec have significantly more feedstock than B.C., while
Manitoba, Saskatchewan and the Atlantic provinces have significantly less feedstock, estimating Canadian
RNG production costs using B.C. cost estimatmg aver or underestimate actual production costs.

Furthermore, the B.C. RNG production cost estimates wal®ulded by overlaying spatial feedstock data
with local natural gas infrastructure. Gas infrastructure plays a key role inpRddi@ction as it connects
biogas plants and landfills with demand centres and-asdrs. The distribution of feedstock relative to
the natural gas infrastructure in B.C. is not necessarily the sarimetlas rest of Canada. While RNG can

be compressed anttansported for grid injection elsewhere, doing so can increase RNG production costs
by $3¢ $6 per gigajouleor more.

Finally, different Canadian provinces have different policies and regulationsffieat RNG production.
Obstructive policies, whethententional or not, can delay project development and result in the need for
additional equipmentboth of whichaffect RNG production costs. While this impact is less significant to
production costs than project size and gas infrastructure availabilitgn still be impactful.

2.7.5 Canadian RNG Production Costs in 2021, 2030 and 2050

Despite the challenges of unknown project size, gas infrastructure availability and provincial regulations,
the following are Canadian RNG production cost estimate2@ail, 2030 and 2050. While these cost
curves may not be as accurate as those for B.C., they still provide a good indication of Canadian RNG
production costgFigures).3t

hT / FYFRAFLY wbD LRGSYGALFrt AY HAHMIpeHggaouldsfrgnR HAapn X
WWTPs and LFG. This is because estimated production costs for WWTP and LFG RNG only include the cost
2F O0OA23F AK[ CD dzLJANI RAY3A®d LY HANHMI HANoO/perbigajRulen npns vy
Kb mer gigajould- Y R Bép gigajou, respectively. From 2021 to 2050 the cost of RNG decreases

due to both expectations that equipment costs will decrease (as the biogas/LFG market grows) and
economies of scale will increase as a result to greater feedstock availability.

BM5A3SaGHGS YFIYylF3SYSyd O2ada F2NJ F ANAROMzZ GdzNI € o0A23Fa LI |
and Vancouver Island. Agricultural biogas plants in bkroareas of Canada were assumed to have no digestate
management costs.
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0 Canadian RNG Production Cost Curve (2021)
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Figure8 Canadian RNG Production Costs (2021, 2030 and 2050), in $/GJ
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Other studies have alsattempted to estimate the cost of Canadian RNG production. For exatinge,
Torchlight Bioresources stuthestimated RNG production cog@nging from$6 per gigajouleo almost
$55 per gigajoule RNG from &@.1 petajoules peryear biogas plant digesting hog manure and 886
estimated to cost $53.90er gigajoule while RNG from LFG was estimated to cost $f0gigajoule
(best case) and $15.6%er gigajoule(most likely). While the estimated cost of $53.8€r gigajoulefor
agricultural RNG seems extremely high, the cost of $1peBQgigajoulefor LFG RNG is similar to that
estimated above (70% of Canadian RNG from&FGS & G A Y I (i S Rer giggjou@2 a & Xbmc

A study by GuidehoudeS & G A Y § SR OdzZNNByYy i 9 dzNP LIS | y-ewbp@bcubiNP R dzO (i A
metre (~$26- $36per gigajoulé = A GK wbD O2adad AYy-equdpercubkanéteY | G SR
(~$19- $23per gigajoulg. While current RNG costs estimated by Guidehouse are slightly higher than the
estimates above, this is likely for two reasons. First, the Guidehouse stadgideredthe cost of biogas

tanks and LFG capture eguipnt at WWTPs and landfills. Second, land availability in Europe is limited.
Therefore, many European biogas plants require nutrient extraction techigslog

2.9 AnerobicRNG Production Cost Curves in U.S.

Using B.C. or Canadian RNG production &&t i A YI 41S&a G2 SadAYlIdS !'o{d wb
possible. Canadian and U.S. agricultural sectors (both scale and density), population densities, policy
A0NHzOG dzNBa FyR LISNI OFLIAGE O2YYSNDAFET | yRMEBAARSY ()
the U.S. currently has no standard market price for RNG. Instead, price is largely driven by the value of
environmental commodities associated with the RNG from patrticipating in the federal Renewable Fuel
Standard and/or LCFS programs (see below)thi®reason, the following RNG cost estimates were taken

from previous studies by the American Gas Foundation.

¢tKS T YSNAOIY DI & C2aximBtediRNG graddction prives undeil alz@@yressive
scenario state by state. RNG from animal manure was estimated to cost anywhere frong C$3.05.3
per gigajoulen Delaware and Alaska respectively, with an average cost of Q$drdgigajoule RNGrom
WWTPs was estimated to cost anywhere from C$x4($40.8per gigajoulein lllinois and Louisiana
respectively, with an average cost of C$2%8 gigajoule RNG from LFG was estimated to cost anywhere
from C$7.0; C$18.8er gigajoulen New York ath Utah respectively, with an average cost of C$9er
gigajoule

Ly GKS ! YSNROIY DI a3 RNSqrgdRdtidncastyfaddes were aghin astintziRd® this

time between C$24.4 C$43.%er gigajouldor biogasfrom animal manure, C$25@C$37.6er gigajoule

from food waste, CD$9.8C%$34.7per gigajouldrom WWTPs, and C$XBC$25.4er gigajouldrom LFG.

These ranges are somewhat comparable to the RNG production cost estimates above for both B.C. and Canada.

Table7 Estimated RNG Production Costs (American Gas Foundation), in GHgegoule

Agricultural Food Waste WWTP Landfill
Year Low High Low High Low High Low High
2011 $8.1 $105.3 N/A N/A $14.1 $40.8 $7.0 $18.8
2019 $24.4 $43.2 $25.8 $37.6 $9.8 $34.7 $9.6 $25.4

32 TorchLight Bioresources InRenewable Natural Gas (Biomethane) Feedstock Potential in G2
33 GuidehouseGas Decarbonization Pathways 2€2060: Gas for Climaté\pril 20D.
34 American Gas Foundatiofhe Potential for Renewable Gas: Biogas Derived from Biomass Feedstocks and

Upgraded to Pipeline Qualitgeptember 2011.

35 American Gas FoundatioRenewable Sources of Natural Gas: Supply and Emissions Redasgeament
December 2019.

Final report

Page33



ENVINT, CBER & Associates B.C Renewable and Lo®arbon Gas Supply Potential Study

2.10 Competitionfor AnerobicRNG

The above work was carried out to estimate technical RNG production potential in B.C., Canada and the

U.S. today, in 2030 and 2050. Work was also carried out to estimate how much this RNG would cost to
produce. However, there can be a very large difference between costs (expenses incurred producing RNG)
YR LINAOSA O6GKS FY2dzyd wbhD A& a42tfR F2NLO® ¢KAA Aad
on environmental benefits generated throughdieral and provincial/state programs.

For example, B.®@as a Low Carbon Fuel Standard (LCFS), while Chasitiee proposed Canadian Clean

Fuel StandardThe U.Shasthe federal Renewable Fuel Standard, and the California and Oregon LCFSs,
with many more under development. Most of these prografassign RNG a Carbon Intensity (Cl) score.
The lower (more negative) the CI score, there RNG is sold for. This is becawssmaller amount of
highly negative Cl RNG is needed to reduce a pro@iogerall fuel supply Cl score.

Furthermore, because most LCFS programs use a lifecycle accounting framework methodology where
upstream emissions are included, two similar biogasts can have very different Cl scores. For example,
Farm A and Farm B both digest 200,000 tonpexsyear of manure and consume similar energy inputs.

As a result of these biogas plants, both farms prevent 10,000 togmergsear of carbon dioxide equalent

being emitted into the atmosphere from manure storage (baseline emissions).

However, because Farm A has a longer retention time and superior agitation, it produces 100,000
gigajoules pewear of RNG, while Farm B only produces 75@l@8joules peyear. The outcome is that

CFNXY . Q&4 wbD KIF& F Y2NB yS3rGaAgdS /L &a02NB FyR 6A
because the 10,000 tonngser year of carbon dioxide equivalent not emitted from manure storage is

divided by thenumber of megajoules of RNG produced). The price that Farm B receives for its RNG could

be 30t% higher compared to the price Farm A receives.

If Farm A were to add food waste feedstock to the biogas plant, RNG production would increase
significantly, wHe the tonnesper year of carbon dioxide not emitted from manure storage would stay

the same. This means that the 10,000 tonpes year of carbon dioxide equivalent would be divided by

' YdzOK f I NASNJ ydzYoSNJ 2F Y S 3l 2 2rdefe®d |Bss hegahve, iekufingT | NI &
in an even lower price for the RNG.

In 2021 Stifel Equity Reseaf€bstimated that over the past few years RNG from dairy manure and LFG
has sold for an average price of C$12%t gigajouleand C$39.®er gigajoulerespectivelyThis price is
potentially up to three times higher than the production cost of the RN@.example,lte American Gas
Foundatiorf® estimated the maximum dairy manure and LFG RNG production dostse <C$45per
gigajouleand <C$26er gigajoule respectively.Figure9 shows typical Cl scores for different types of
renewable energy soldia the Californian LCH&arket, with green dots denoting all types of compressed
RNG, including manure, food waste, WWTPs and [RiS.means that due to its highly negative CI
agricultural and to a lesser degree, municiPG can potentially be sold for several times wihaty
actualy cost to produce.

36 The exception being the U.S. Renewable Fuel Standard, which creates renewable identification numbers which
are purchased by those needing to meet their ElpAcified renewable volume obligation.

37 stifel Equity ResearcBnergy& Powerg Biofuels: Renewable Natural Gas. A gachanger in the race for net

zerg March 8, 2021.

38 American Gas FoundatioRenewable Sources of Natural Gas: Supply and Emissions Reduction Assessment
December 2019.
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gas compression, and adding emissions from truck transport.

Figure9 Carbon Intensity Values of Certified Pathways, in in Grams per Megajdule

To date, all B.produced RNG has been contracted to FortisBC. This is likely for two key reasons. First,
FortisBC is théargestlocal utility. This means injecting RNG into the local gas grid is relatively easy and
more straightforward than selling RN@ another entity. Second, FortisBC offers up toy2@r (for
agricultural projects) and 2gear (for municipal projects) biomethane purchase agreements (BPASs).
Having a longerm BPA is often necessary to secure project financing. For these reasomsaliisisc to
assume that, in the shotterm, a very high percentage of RNG produced in B.C. could be available to
FortisBC at or near production co8tddowever, and depending upon the price of carbon, this percentage
may decrease in the lorigrm as theB.C. LCFSanadian Clean Fuel Standard and other programs mature,
creating competing demand for B-@roduced, lowcarbon RNG.

l ONRaa /FyFRFYT C2NIA&a./ A& &adzO0SaaTdzZ fe& LIzNOKIF aAy
projects, it can offr longterm BPAs. As a result, a high percentage of RNG produced in Canada could be
available to FortisBC at or near production costs in the stesrh. However, this percentage could fall

drastically in the longerm if other Canadian utilities start @ffing BPAs similar to those offered by

FortisBC. Furthermore, and as in B.C., the price of RNG could increase drastically when the Canadian Clean
Fuel Standard or other provinciat statebasedLCF$egulationsare created.

Estimating the percentage of U.S. RNG that could be available at cost ratheattheoe is incredibly
challenging. Withinthe USC2 NIiA a. / AayQid GKS f 2termBPAdziDdspitk thi® o dzi .

39While Pacific Northern Gas (PNG) is also able to offertlmmg BPAs for RNG, the PNG natural gas lines are in
Northern B.C. where livestock and population densities are low. The amount of B.C. RNG that could be produced in
areas where PNG has a gas Imeelatively small compared to where FortisBC has gas lines.
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and as shown irrigure9, agricultural and municipal biogas plants are typically able to achieve highly
negative Cl scores. This makes it unlikbit FortisBC will acquire much agriculturalraunicipal RNG
from the U.S. at or near production cesAccording td&ection2.6above, up to twethirds of U.S. RNG is
estimated to come from agricultural and municipal biogas plants.

For these reasons, it is realistic to assume that in the steomh a medium to low percentage of RNG
produced in the U.S. could be available totB&C at or near production cost. In the letgm, this
percentage could fall if U.S. utilities start offering BPAs similar to those offered by FortisBC, while changes
to the federal Renewable Fuel Standard and California and Oregon LCFS, and/or iitnoofucéw state

LCFSs could cause this percentage to fall even further.

2.11 Markets

Currently the mairbuyer of RNG in Canada FortisBQalthough other utilities and companies are also
starting to purchase RNG)ther markets for RNG do, howevexkist. These markets, which may attract
RNG from projects within, and more likely, outside of B.C., include:

I The U.S. RNG certificate market is an opportunity that offers high pricing, especially for low CI
agricultural and municipal RNG, andlseady attracting projects development in the U.S.

1 RNGcanbe used astransportation fuel. This is a lucrative mark#tpugh it isoften restricted
to fleets running locally on RNG.

1 Assoon athe federal Clean Fuel Standard is enacted, demand frorarahs retailers will follow.
Quebec is also mandating its gas retailers to b6 renewable gas by 20 and Energir is
therefore buying LF@or pipeline injectionf?

2.12 Infrastructure Needs

The equipment and technology necessary to build and operate biogas plants/LFG capture systems are all
commercially available. Despite this, and at times, the existing gas infrastructure can be a limiting factor.

If certain feedstock is concentrated in area unserved by natural ga8,or if the existing natural gas

AYFNI AaGNUzOGdzNBE Aay Qi FofS (2 | OO0OSLIW wbD 06SaLISOAL
low), RNG must be compressed and transported for grid injection elsewhere. Compression and
transportation can increase RNG production costs by, $8 per gigajouleor more (depending upon

project size and distance RNG must be transportéd)-igure10 shows, many landfills and WWTP are
Oft2al8S G2 (GKS 3Ara LALISEAYSd ¢KAa A& Ffaz2 GNHzS F2NJ
produce feedstock for RNG production.

Therefore,developing the full potential of RNG production with B.C., Canada and the U.S., will require
expansion of the natural gas infrastructure to areas currently too far from the grid to inject any gas.
Alternatively, and as done in Sweden whemanybiogas plats are located well away from any natural

gas infrastructure, greater emphasis and support is needed to reduce the cost of RNG compression and
transportation.

40 https://www.ledevoir.com/economie/632010/legaznaturelrenouvelabledansla-mire-d-energiret-de-waste-
managemen{Accessed September 1, 2021).

41 Especially liquid, low dry matter feedstock, such as manure (i.e., dairy and hog), which typically cannot be
transported far before transportation costs are greater than revenue from RNG production.
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Major Wastewater Treatment Plants in British Columbia

Major Landfills in British Columbia

Figurel0 Locations of Major Landfills and WWTP British Columbia

2.13 Recommendations

FortisBC is the first natural gas utility in Canada and one of the first in North America to purchase RNG.
FortisBC also offers losigrm BPAs. Having a loitgrm BPA is often necessary to secure project financing.

For these reasons, FortisBC is able tcpase RNG across North America, and compete with federal and
provincial/state fuel standards. However, as other Canadian and even U.S. gas utilities start offering BPAs
AAYATINI G2 (K24aS 2 FFSEASRD 0l&R @12 Wi 1A & S thy ds Milksta ayNIh NG .G/
erode.

Furthermore, as more fuel standards are developed, or as existing fuel standards mature, the
attractiveness of these markets for RNG producers may increase (e.g., price stability and trust may
increase, and/or fuel suppliersr intermediary companies may start offering letegm contracts). As

adzOKE C2NIA&./ &aKz2dzZ R2(GSHMNINIT R YKGiF AN @ RNNINRIO dHN Ay N
can in the shorterm, before the level of competition and the cost of RNG increase

When it comes to procuring RNG, the choice for type (e.g., agricultural, municipal, WWTP or LFG) will
depend upon a multitude of factors. The most important of these factors currently is cost. However,
iffwhen there is a transition from requiring Férta . / (G2 | Olj dzZA NB WNBy §asdsot S 02
with a certain Cl score, the choice of RNG will depend upon CI calculations used.cijc@dieccounting
methodology is used where credit is given for avoided methane from manure storage or fabd wa

landfill diversion, then agricultural and municipal RNG will likely be the most attragtiigming these
methodologies between jurisdictions is important to prevent that differ&G accounting methodsay

create higher value for a RNG type outsadd3.C., leading to owdf-province sales
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This chapter deals with thermchemical conversion such as gasification of woody biomass. The gas
generated may be upgraded to be injected into the pipeline or meyused directly at the point of
production, replacing natural gad/e assume thatlaforest biomass available can be used by the various
gasification and other technologies. It is understood that woody biomass comes in different dimensions
and qualitiegsee Appendix C). For example, hog fuel may have higher ash content than other wood but
this can be dealt witlby using more potensyngas cleanintgchnologies. Salt contamination coastal

areas can be a problem for some processes and may then resliiremoval (e.g.pre-washirg) in order

to usesuch material. Emerging technologies, such as supercritical water processing, may remove the need
to pre-treat feedstock in. the future (see Appendix A).

3.1 Forest Biomass Resource Assessment
3.1.1. Total Available Wody Biomass

The estimates in thisectionare taken from the reportPwS @A G f AT I GA2Y 2FQ0GKS
produced for BCBN in 2019. They are based on a commercial fibre supply model that uses the Annual
Allowable Cut (AAC), mill activiiypports, and exports of fibre between regions, and estimates surplus
residue at mills and in the forest. The main cos@us from this work were:

Based on the analysis in Appendix C,

combines availability data on the various wadeedstock types that have beeuantified, adding typical

cost ranges (see also Secti®d.3. About half the longerm resource would come from standing trees
(roundwood) at elevated pricing. The most significantHmst resources include feedstock potentially
becoming available fra expiring contracts with BC Hydro for power productionl &edstock currently

used for wood pellet productiorAt the same time, these streams remain highly speculative as it is not
certainthat they will become availableJnused mill residue a lowcog resourcec providesa small
amount throughout. Harvesting residue is one resource that is not yet fully exploited but also has limited
availability unless harvesting rates increase above current levels.
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B Urban woodwaste

2019/2020 BC Hydro contracts renewed m 2019/2020 BC Hydro contracts expired

W Pellet mill feedstock
B Unused AAC (mill closures)
Roadside residue (unh. AAC)

B Unused mill residue

B Unharvested pulp logs
M Roadside residue (AAC, mill closures)

M Roadside residue (on-going)

M 2019 BC Hydro contract expired
W Roadside residue (pulp logs)

B Unharvested AAC (regular)

Figurell Assumed Amounts and Changes in Availability of Wood Fibre between 2019 and 2050
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Table8 summarizes the grapabovein numbers. Théargestamounts of wood available are also the most
expensive to retrievd,e., standing trees from unused AAThgether with the roadside residuegerated
from harvesting additional treeshe estimatedcostof this biomass in the model .21 per dry tonneg
about twice the amount assuméddr the low-cost fibreresources.

The inclusion of residue currently used for pellet productilmplies a conversion of this industry towards
renewable gas production for local use instead of pellet exports. Such changes may be very gradual and
may remain incompleteOnly some of this potential may be available.

The AAC may be further reduced due to beetle kills or wildfires, or conservation issues, such as the desire
to protect oldgrowth forests. This wouldffect both AAC and residue production. Previously mentioned
caveats also apply, such as how much harvgstesidue may be availabl# is not entirely clearfiBC

Hydro contracts with mills exporting excess powdi be extended in 2028Some of these uncertainties
areexpressed as different scenarios in the next chapter.

Converting the total amount of wabavailable in 2030 (Zlpetajouleg to hydrogen at an efficiency of
66% would result in about Bdetajoulesof gas. This amount does not consider alternative uses for this
biomass, either from new sawmills, for chemicals productasmellet production.The use of lignin is not
included because there are more effective ways of using biormdst counting the most expensive
resource,.e.,unharvested AAC (and related roadside residue), the total gas production potetitiahis
only 60 petajoulesin 2030

Table8 Total Available Forest Biomass (Technical Potential) in Brd. Gas Production Potential

2021-2023 2030 2050
Million odt Million odt Million odt PJ

Source

Unharvested AAC 3,792,151| 69 1,394,417 26 1,394,417 26
Roadside residue related to above 796,352| 15 292,828 5 292,828 5
AAC from mill closures 4,282,789 78 4,282,789 78 4,282,789 78
Roadside residue related to above) 899,385 16 899,385| 16 899,385 16
Unharvested pulp logs 1,519,373] 28 246,751 5 246,751 5
Roadside residue related to above 319,068 6 51,818 1 51,818 1
Unusedroadside residue 1,223,419| 22 831,315 15 831,315 15
Unused nill residue 349,080 6 346,199 6 346,199 6
Conversion of pellet plants 0 0 0 0 >3,000,000] >55
Expiring BC Hydro contracts 387,856 7 3,212,437 59 3,212,437 59
Urbanwood waste(CLD) 270,000, 5 300,000 5 364,000 7
TOTAL 13,839,473| 253 11,857,939| 217 | >13,839,473 >273

Assumptions:Harvesting continues at recent levels, only adjusted by known and expected mill closures.
Mills will continue to use residue at current amounts to sustain their operations. Nothing from BC Hydro

contractswill be available before 2029.
Pellet mills havdongterm contracts and are only deemed to transition towards renewable gas
production after 2030. Population growth in B.C. is about 1% per year (for estimating urban wood

waste).

Unused roadside residue is conservatively estimafgaigher amount may be available based on

sources discussed above. Additional roadside residue from new activities is estimated as 21% of the

mass of round logs.

Grey numbers identify the most expensive resource (standing trees).
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3.1.2. Conclusions on Wood FibAgailability

Large amounts of mod fibreare, or may becomeavailable in B.Cincluding unharvested trees (most),
harvesting residue, and mill residuéet,only limited amountsre easily accessibdéadcurrentlyavailable

at low pricing (see next sean). As already found in 2019, almost no mill residue is currently available for
new projects. The pellet and pulp and paper industides focusing on harvesting residue tdtain
additional residueThis residués beingrecoveredin only a fewareas partly because ofhe difficulties of
retrieving fibre beyond a certain distance from the road. Other reasons are thesodsecovering fibre
after the primary harvest. Finally, there are legal constraints with tenure holders réstyittird-party
access to waste fibréhe 2019 estimate of around 1.2 million tonnesis#l deemed accurate, although
recovered amounts have recently started to increase and will therefore soon reduce the remaining
potential. On the other hand, improved and intedeal harvesting approaches may increase the
availability of such residue over the coming decade.

Accessing moreesidual fibrewill require improved supply chains that integrate tree harvesting and
residue recovery and use best available technologies tluge the cost of residueecovery Some
opportunities may exist where no pulp or pellet mills currently exist to recover additional harvesting
residue for new energy projects. Costs may then be affordable, given the shorter transport distances.

Another eement thatwould increase fibre availabiligre cleareregulationsregardingthe allocation of
forestryresidueand theresponsibilities of the tenure holder versus the residual fibre user. If a third party
Aa IAGSY | 00Saa (2 drealusng teNsBmeRogdinRSaddl@mbilitiels i semainy 3
with the third party and not the license holdédfailing toresole such issues increases risk for sawmills

and has led to unnecessary red tape and difficulties in accessing residue. Cofftindieg throughe.qg.,

the Forest Enhancement Society is needed to develop and improve related supply chains.

Another new mechanispcurrently beingtestedin the Fort Nelson aregas the takeover of abandoned
TSAs, where sawmills or other mills have been shut down. Thispearaccess to large sources of fibre
but also requires a complete business concept that makes use of bothmeochantable and
merchantable wood to maximize venue and allow projects to become bankable and operate profitably.

Summarizing thoughts on availability, itngoortant to understand that:

9 Little unallocatedmill residueis avalable throughout B.C. and only one or two new potgemay
be able to relymainly on such resources

1 The mill residie previously used for excess power prodantat pulp and paper millsntil 2019is
unlikely to become available for new projectSawmill closureshave created a shortage of
residuals This biomass wilikely be redistibuted amongexising users

1 Roadside residue appears to be the main opportunity for new projects but is already partially
being usedby pulp and pellet millsEstimatesof its availability vary by about a factor of two
between models. Bcovery becomes costly as the terréi@comes more rugged and distances to
the user increase. Its avdilidity is linked to harvesting techniques, such as skidding (most residue
left in the forest) versus forwarding (more residue taken te thhadside) Changes in harvesting
practices may be necessary to increase recoverable amounts

1 New standalone facilities to produce RN& hydrogenwill likely have to rely on morthan one
resource, such as some mill waste and some roadside residuectomestheir feedstockThis
limits opportunities for locating such plants
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1 Whole-tree harvesting, including nemerchantable wood, on abandoned TSAs where sawmills
are no longer active may be a new opportunity as long as there is a high enough shartogsaw
in the stands to be cut thatan be costeffectively sold tasawmills. This concept is being tried in
FortNelson but may not be directly transferable to other regiarith limited pulp markets

1 Wholetree harvestingor energy productiormay lead to a backlash from environmental groups
¢ the scientific consensus is that harvesting is sustainable as long as a portion (usually around 20
30%) of the norstemwood is left on theut blockbut the B.C. community may stilbt accept
large-scale operations of this type for fear of its impact on landscapebéodiversity

3.1.3. Feedstock Cost

Typical feedstock costs, or the ability to pay, varies with industries. Pulp mills will pay up to about $100
per dry tonne for woodesidue- possiby more for marginal amounts. Pellet mifigoduce a product of

much lesser value and mainly rely on residue, only using small amounts of roundwootiaVbeypical
feedstock costs of $50 per dry tonne but may also pay more for margimaliats. Power plants usually

use lowcost feedstock that costs no more than $35 per dry tonne.

Table9 provides an overview of feedstock costs in 2015. Since then, harvested costs have increased
around 30%, especially in the Blterior. Stumpage fees were at about $0.25 per cubic metre 20

but have since increased to $20 (end of 20)ildfires and beetle kills have reduced the resoutce

sucha degreeahat longer hauls are necessary to obtain the same amount of wood. Standing timber would
therefore likely cost in the area of $225 péry tonne (delivered) today. During the second quarter of
2021, Interior sawlog pricing was reported as $128 per cubic metre for sppirefir (SPF) species and

$50 ($123perdry tonne) for pulp logs*

The 2019 CFS report indicates costs efi$per dry tonne ér hog fuel,around $100 for residual wood
chips ($120 on theoast), $4655 per cubic metre§98134 per dry tonne for pulp logs$2540 for
sawdust. And $790 per dry tonne for delivered roadside residue (2018 prictfhg).

Table9 2015 Estimated Feedstock Procurement Costs in‘B.C.

Fibre supply by source Dry Saw Roadside Hog fuel Standing Total/
shavings dust residue timber  average
% supply 5% 5% 35% 5% 50% 100%
Regional fibre cost in $/odt $35 $20 %5 $5 $113 | $61.25
Average delivery cos in $/odt $10 $10 $50 $10 $60 $49
Total delivered cost  in $/odt $45 $30 $55 $15 $173 | $110.25
in $/m3 418 $12 $22 $6 $71 | $45.00

2WAY DANBFY YR wdzaa ¢l @f2NJ OClIff wnuno &/ Mrfck { GdzY LI 3 S v
Loggers from https://issuu.com/truckloggers/docs/truckloggerbc fall 2020 final lowres/s/111190Q8essed

September 8, 2021).

43B.C. Interior Log Market Report for the threnth period of April 1, 2021 to June 30, 20Zimber Pricing

Branch, Ministry of Forests, Lands, Natural Resource Operations and Rural Development, Province of British

Columbia, July 2021.

44B.C. Regional glus Biomass Fibre Supply Forecast. Industrial Forest Service Inc., March 2019.

45Wood Based Biomass in British Columbia and its Potential for New Electricity Generation. Industrial Forest

Service Inc., July 2015.
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The actual delivered cost of biomass depends on both harvesting and transport costs, plus any treatment
at the plant that may be necessary (grinding, millingsbdeking, drying). Ngeneral costan therefore

be determined withouttaking the location angre-processing requirements into accourtkenerally,
roadside residue costincrease with distance and only a portion will be economically available.
FPInnovations set the maximum cost at $60 per dry tonne and determined for varioush€&&sount
deemed to be available at that cost, assuming a specific processing site. More can be recoabigteat

cost The Forest Enhancement SocietyBC providesone way ofbringing down the delivered cost and
increasng recovery rates. Thecontribute an average of $14 per dry tonne, allowing for a delivered cost

of about $74 per tonne on average, for an amount of around 1.25 million cubic metres pef§year

Figure12 shows the cost curves for woody feedstock in B.C., based on past tieng2821 Canadian
dollars, not considering inflatioWe assume that:

1 Sawlog costarebased on SPF costs (Interiorjhaligh slighty lower costs are reported for other
species, such as hemlock. Pricing includes logging road construction and replanting and has
increased from $66 in 2014 to $128 per cubic metre in 2021 (average of $92 in 2014 to $166 in
coastal TSAs), according to thenfber Pricing Branch. Some of the wtill also relate to
increases in stumpage, which increasgd p:’2 Ay (GKS LINRPZAYyOSQa Ay idSNR2
Cost increases in our model start at 5% per year in 2016, and decrease to a more modest 2% per
year ky 2050 Mill closures may reduce competition for logs and therefore lead to lower pricing.
This cost represesthe case where new facilities would access unharvested stands on their own
account, as opposed to buying residue. Some economies can be expmhaem wholetree
harvesting and are not accounted for in this cost.

1 The cost of pulp logs increased from $40 to $50 per cubic metre sincei20J@\er seven years.
This is about twice the 2% historical inflation rate,,a 2% cost increase for gullogs is presumed
based on 2021 dollars. Cost increases in our model mirror the recent cost increases for sawlogs.

1 Roadside residue costs rise with inflation. They are expected to remain constant in real dollars, at
$60 per dry tonne on average. Yet, casdluctions due to supply chain improvements will lead to
higher total amounts recovered.

1 The cost of other residue is inflated at 2% per year to 2021 pricing from the 2015 pricing shown
in Table9, and deemed to continue to increase with inflation.
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Figurel2 Expectedincreases in Delivered Fibre Cost by Category, 20@40, in 2021$

3.2 Allocation of Resources

The forestry resources quantified above can be used for several of the technology pathways discussed
below. Some of them therefore stand in direct competition foe #ame resource&ither ;e technology

will win out over others, they will share the resource, or a staggered transition from one to another will
occur. In any case, the total potential for each cannot be greater than the total wood resoltmdef

outline describeghe most likely outcoms

1 Lignin may be removed from black liquor to-bettleneck recovery boilers bubnce removed,
highervalue markets are likely to be sought for this product. Although the energy value of lignin
is fairly hidn at $30 per gigajoule, its use in lime kilns would require major modifications that deter
its use.Recovery boilerswill have to replace ligniwith alternative fue$, such as hog fuel, to
maintain an energy balance.

1 Syngas will likely be produced at m&tC. mills using natural gas in lime kilns. This technology is
deemed commercially availableyen though it istill new. Itis expected to be deployed gradually,
startingwith demonstration projectsn the coming two year% The scope of these gasifiers will
be limited to the lime kilns and will therefore only consume a portion of the woody feedstock
available and only replace a portion of natural gas use at mills. Once establishetl, likely
continue for many yearsgossiblythrough 2050 Gasifiers could basedat cement kilns, veneer
plants and others buive donot explorethisin this report

1 Hydrogenfrom wood is a precommercial technology not yet proven at scale. It is not expected
to be implemented before 203@xcept fordemonstration projects. It isonsideredto be less
complex anccheaperthan RNG production from wood and is therefore allocatteel remaining
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resources not used up by syngas production. It is possible that hydrogen production may replace
syngas production at some mills, or that stasdne or separate hydrogen production will occur.

1 RNG is noéxpectedto be produced from wood duto the higher complexity of the technology
and its very high capital castThis may change after 2030 as new technologies mature, at which
time it would compeé with hydrogen production from wood. These dynamics are difficult to
predict and hydrogen andNRs production may then be interchangeable alternatives. This is less
relevant to this analysis, given the similar energy conversion efficiencies of these technologies.

1 Alternative uses of forestry resources may occur but are not considered here. The tiooduic
platform chemicals or the continued or additional use for pellet production, for example, may
affect the total resource available foenewablegas production.

3.3 Syngas Production from Solid Biomass
3.3.1 Description of pathway and technology

Syngas ishe primary product of gasification (carried out at temperatures between-8000°C), and a
coproduct of pyrolysis (carried out at temperatures between JBIFC). Gasification is a
thermochemical process that uses a partially oxidized environment torgensyngas, which a mixture

of H, CO, C@® and CH as well as other small hydrocarbons. Oxidizing agents used in the gasification
process include steam, oxygen, and air. While air is a cheap oxidizing agent, it produces syngas with lower
LHV and HHV iwes- for biomassHHVtypicallyrangesbetween 47 megajoulegper cubic metre The

use of different oxidizing agents can deliver syngas with significantly hitfés- 10-18 megajouleper

cubic metrefor steam, and 128 megajouleger cubicmetre for oxygen?’

The process of gasification of solid biomass requires the material to be dried (generally below 30% MC),
reduced in size to particles or chips, combusted in the absence of oxygen (pyrolyzed), and éaidized
produce syngas. Of approximately 250 gasificatiacilities operating worldwide, only 10% use solid
biomass as a feedsto¢kWhile gasification technology itself is proven and operatidnal technology
readiness levels (TRLs) of,/ecent work by Binder et al. suggests that across total process chRins

are much lower, between TRL 5 (for dual fluidized bed technology) and T&®ipBo( enhanced
reforming technology¥® This is de to the lack of operational demonstrations which link all aspects of
biomass recovery, processing, gasification, and gas product rec@dsesych, lower TRLs would apply to

new greenfield construction rather than adding gasifiers to existing pulp andrpapls An overview of
current technologies and their technology status is provided in Appendix A.

46 Kitzler et al. (2011). Pressurized gasification of wood bioressation of parameter. Fuel Process Technology
92:908914. https://doi.org/10.1016/j.fuproc.2010.12.009

47 SolarteToro et al. (2018). Evaluation of biogas and syngas as energy vectoesf and power generation

using lignocellulosic biomass as raw material. Electronic Journal of Biotechnolog¥33:52
https://doi.org/10.1016/j.ejbt.2018.03.005

48Binder et al. (2018). Hydrogen from biomass gasification. IEA Bioenergy Task B3)&ref18.
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3.3.2 CostQurves

Syngas has multiple applicationRelatively few reports focus on syngas as a primary product, as most
gasification processes are being optimizedHpdrogenor for RNG productioniablel10 provides several
sources informing aboutosts related to syngas from wood.

Tablel0 Previous Cost Estimates on Synd&®duction

Facility

Technology

Size

Energy Gas cost

Capital cost

Source

yield

Conceptual | Dualfluidized bed | 17.5 tpy $1.22/m? | $12.5 M US| Kim et al2011
steam gasification $17/GJ

Conceptual | Singlestep air 600 ktpy | 12 PJly | $6.45/m? n.d. Nakyai and
steam gasification $92/GJ Seabe®019.

Conceptual | Downdraft fixed 27 ktpy 0.26 $13.82 M U Mustafaet al.
bed gasification PJly 2017

Lime kiln Conventional 50 ktpy | 0.8 PJly $4050 M | Browne et al.
circulating us 201920

fluidized beds, or
novel fixed bed

Capital costs for syngas production are variable, but seem to range bette2million per 1,000 tonnes

of material processed. Capital costs drop as plant size increases, so doubling plant size from about 25,000
to 50,000 results in a decrease of 50% in CAPEX. The capital costs used in this report are taken from
Browne et al. because thigflects theB.C.situation and because they reflect the slightly lower costs

associated with larger throughput.

This chapter describdabe use of spgas in lime kilns of kraft pulp mills. Lime kilns are the last stage of
recovering spent chemicals. Toeate the chemicalcalcinationreaction with lime kilns need to be
operated at high temperaturesThis is achieved by burningtural gadirectly into the kilnsAcross B.C.
almost 6000gigajoulesof natural gas are used in lime Kilns.

Syngas can be a substitute for natural gagre sothan solid biomasdecause its physical and chemical
properties require little modification upstream and downstream of the existing lime kilns. In fact, medium
calorific syngas could likely be used in parallel to natural gas, providing increased redundancy and a
reducedconversion risk compared to other fuels, such as lignin (see chapter 3.6 b&lmvpathway is
illustrated inFigurel3below.
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Figurel3 Process Flow for the Production and Use of Syngas in Lime Kilns of Kraft Pulp Mills

Tablell presents the default input parameters used to model gas costs. The capital cost was developed
above Qperating cost parameters are based on Bnen(2019)?2° Capital costs are assumed to decrease
over time due to technology improvements; the technology is fairly well understood and costs will likely
drop in a fairly linear fashion. The default co$twood is $60 per dry tonne but it is important to note

that these costs could s While investment costs are substantive, feedstock s@secritical to the cost

of these operations.

Tablell Default Cost Parameters, Syngliem Wood for Use in Lime Kilns, in 2021$
Cost parameter Value Share | Comments
Annual biomass input| 50,000 odt Commerciakscale plant
Feedstock cost $60/odt Minimum scenario and first block dflaximum
scenario
Gas yield 75% Based on feedstodkput, HHV
Capital cost $50million In 2021
Capital cost $35million | In 2030 {30%)
Capital cost $25million In 2050 {50%)
Amortization $5.6million | 45% | 20 years, 9.2%
Feedstock cost $3.0million | 24%

Personnel cost
Labour9 FTE| $05million | 4%
Management, 3 FT| $03million | 2%

Electricity $0.5 million| 4% | 7.5GWhl/year (stimated valug
Natural gas $0.02 million| 0% | 2,000 GJ/year @imated valug
Other costs 2.5 million| 20% | 5% of CAPEX

TOTAL OPEX $13 million| 100%

Gasproduction cost $18/GJ In 2021

Figurel4 depicts modelled syngas costs for use at B.C. lime kNiesbase our initial assumptioron
BrowreQa Hnamdg NBLRZ NI 2§ Thesey¢ddts évolve tiértirBeynith r@ddctiths. iritahp
offset in part by increases in feedstock costs. The primary cost of syngas systems is the cost of biomass
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used in the process, while capital costs are substantively IoWeruse an average conversion efficiency
of 70% on an energy inpwtutput basis The dficiency forsyngasrom biomassn the literature ranges
between 0.42to 0.88 gigajoules per gigajouleso these efficiencies reflect the median conversion
efficiency of systems available
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Production costs, in 2021$ per GJ (HHV)
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Figurel4 Modelled CosF 2 NJ { @y 3l & ' 48 Ay | tdzf L) aAftftQs [AYS

3.3.3 Carbon intensity of syngas from biomass

The use of syngas in energy productiprovides significant reductions in G@missions compared to
natural gason a lifecycle basisUse of fossil fuels in the harvest atrdnsport of biomassandin the plant
itself, contributes to emissionsBrowre estimates that production of 0.Betajoules per yar of syngas
would reduce GHG emissions associated with natural gas use kijotthnesCQe per year, in B.C2%°
Based on the model used to estimate the production costs above, B.C. values for natyrelegatity,
and feedstockelated GHG emissionf®r the production ofsyngas result in a Cl of 3.2 grams per
megajoule.

3.3.4 Markets

Producing syngas at existing pulp and paper facilipesidesan opportunity to reduce natural gas
consumption in lime kilns within these facilities. Brewestimated the impact of converting the three
largest lime kilns in the province to syngaée suggestd that approximately 150,00@ry tonnesof
biomass would b required per yeato displace2.4 petajoules perear of natural gas. He found that with
a capital cost otJS$b40-50 million per conversion, and with variable operating costs of betwe&5-10
per gigajoule payback periods could be as low a5 years (at $3@er gigajoulg. Browre assumeghat
many of the capital costs for gasifieaee fixed 2° Assuming this to be true, the market for gas in B.C.
is limited to a short list of facilities, and would consume about 150M§0tonnesper year.Browne
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considered lhe smaller kilns (nine in total) tiee too small for economically feasible conversimtotal,
these mills could consume up to 225,006/ tonnes peryear of biomass, and displace a total of 3.65
petajoules pefear. Thusthe full potential of lime kiln substitution is 6.@®tajoulesand would consume
475,000dry tonnes peryear of biomass.

3.3.5 Infrastructure Needs

Developing syngas for use in lime kilns will result in substantive savings, particularly with larger kilns. The
technology is well understood and the economic feasibility ferttiree largest plants (150,0@y tonnes
peryear in total) is strong. Expanded use of this technology with smaller lime kilns is more problematic
as the capital costs are higbven for small facilitiesand thus the cost of syngas goes up on a it

basis. The best use case will focus on the largest plants and allow other biomass to be used for other
renewable gas applications as discussed in following sections.

3.4 Hydrogen Production from Solid Biomass
3.4.1. Description of Pathway and Technology Update

As described in the previous section, gasification (or pyrolysis) prodiyckksgenand CO among other
gas speciesThese gases can be recovered through agon or via membrane separatio.CO can be
further combined with KO via a watexgas shift reaction to producadditional hydrogenCQ, and a small
amount of heat. The wategas shift reaction is used to clean up syngas and produce a clean miy, of CO
CO, andhydrogen (syngas) which can then be separated to provaleure hydrogenstream Key
technological challengesommon to most platformsnclude the production of better membranes to
separatethe gases, process simplification and high biomass c@immercial projects are now being
planned using plasmanhanced thermhcatalytic technology, as pioneered by SGHA.overview of
current technologies and their technology status is provided in Appendix A.

3.4.2. Cost Curves

Example®f cost estimatesn the literatureare shown infablel2. Capital costs for hydrogeproducing
gasification systems are highly variable as a number of new technologies are being explored. In this study,
we chose recent figures published by Binder for a letgde dual fluidized bed gasifier, with throughput

of approximately 5Gonnes per daywhich reflecs recent cost estimates for an established technology.

We expect that capital cosfor a 140,00Qiry tonnesyear facilitywill be approximately $16illion.

Tablel3 presents the default input parameters used to model gas costs. The capitalaresteveloped

above (perating cost parameters are based on Binder et al. (2018). Capital costssaraed to decrease

over time due to technology improvements, especially after 2030. The default cost of wood is $60 per dry
tonne, representing low costs. In this model, feedstock is the dominant cost, as the technology is scaled
to a very large size. Mmothat the large plant size would suggest that transport of feedstock may become

a substantive cost, which would be reflected in higher feedstock costs ontames basis.

95h9 | @RNR3IASY |yR CdzSt / St ¢ ¢SOKy2ft23AS5Sa hFFAOSP® &l & RN
18h, 2021 fromhttps://www.enerqy.goveere/fuelcells/hydrogemroductionbiomassgasification
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Tablel2 Previous Cost Estimates for Hydrogen Productfoom Biomass
Facility Technology Size Energy Gas cost  Capital Source
yield cost

Conceptual |Dual fluidized bed| 218 ktpy| 61% (LHV| US$1.88/kg| US$71 M| Miller (2011)
steam gasification

Conceptual |Generic gasifier | 700 ktpy| 70-80 US$4.8 USH214 | Ruth(2011)

kg/odt 6.1/kg M
Conceptual |Generic gasifier | 294 ktpy 78% Not n.d. Meramo-
determined Hurtado(2020)

Conceptual |Dual fluidized bed| 12.5 ktpy US$3.1Kg | US$75.3| Binder et al.
gasifier M (2018)

Conceptual |Sorption enhanced 0.25 ktpy US$6.37kg |US$6.4 M Binder et al.
reforming (2018)

Conceptual |Taylor Energy 700ktpy | 38.4% | US$2.49/kg| US$112| Raju(2019)
gasifier M

Sweetman |Unknown 30 ktpy US$14M| PeacocK2021)

Renewables

SGH2 Plasmaenhanced | 42 ktpy | 60% (LHV| US$2/kg | US$55M| SGHZ2021),

Hydrogen thermal catalytic 50 recycled waste

Tablel3 Default Cost Parameters, Hydrogen from Wood, in 2021$

CostParameter Value Share  Comments

Annual biomass input| 140,000 odt Commercialkscale plant

Feedstock cost $60/odt

Gas yield 67% Based on feedstock input, HHV

Capital cost $160million In 2021

Capital cost $144million | In 2030 {10%)

Capital cost $80 million In 2050 {50%)

Amortization $17.8million | 45% | 20years, 9.2%

Feedstock cost $8.4million | 21%

Personnel cost
Labour, 18 FTE| $1.4million| 4%
Management, 3 FT| $0.5million | 1%

Electricity 10% | 60 GWh/year
Natural gas 1% | 45,000 GJlyear
Other variable costs $16million | 4% | 1% of CAPEX
Other costs $5.6million | 14% | 4% of CAPEX
TOTAL OPEX $29.4 million| 100%

Gas cost $23/GJ In 2021

Figure14 depicts modelled hydrogen costs in BIDe recent ZEN/BCBN report estimates the cost of
hydrogen from biomasso be $2.14 per kilogram based on a $18@er tonne feedstock cost and
incorporaing carbon capture and storage costshich are included to offset nebiogenic emission¥
Incorporating all costs, this is about-3& per gigajoule Although theassumedfeedstock cost is much

09f fAy3az2y OHNnHNO® 22NIRQA fFNAS&ad INBSYy KeRNRISY LINER2S
https://www.bizjournals.com/losangeles/news/2020/05/19/worldargestgreenhydrogenprojectlancaster.html
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lower, the modelused fa the present reportshowssomewhathigher costs per gigajoul¢hough still
lower than those for RNG (see next sectidnitial costs are predicated admigh capital costs associated
with early-stage plantswith related utility and operating cos{about $22per gigajouldn total). The ©st
estimates towards 2050 bring capital costs closer to the Zen figateabout $18per gigajoule An
average conversion efficiency6d. gigajoulesper gigajoule(feedstock input to gas output) was used
Hficiency ranges fohydrogenin the literaturecited in this sectiomangefrom between 056 and 067
gigajouleger gigajouleso we have opted for the most efficient conversion technology we are aware of.
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Figurel5 Modelled Hydrogenfrom-Biomass Production Costs

3.4.3. Carbon Intensity of ytirogenfrom Wood

Hydrogen from biomass has significant challenges. The very low hydrogen content in biomass itself (5
10%, tending to the lower end of this spectrum), means thasthydrogen poduced is actually sourced

from the water used in steam reformation. Conversely, the energy efficiency of steam reformation can be
very high (56%6}

Biomasssourcedhydrogenhas no direct GHG footprint. GHGs are still generated duringpaineest and
transport of biomassand through the use of grid electricity and some natural gas in its produdtiote
that some technologies (e.g. SGH2) claim avoi@egjative)GHG emissions 688 grams CQe per
megajouleH; (likely because of avoidddndfilling)®? The Hydrogen Couil estimates the CI of hydrogen

51 Milne et al. (2001) Hydgen from biomass: State of the art and research challenges. IEA Hydrogen Task 16.
52SGH2 (2021). Technology. https://www.sgh2energy.com/technology/#hic
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from wood as I7 kilograms per kilogramof hydrogen {2 grams per megajoule which is the value
assumed for this report

3.4.4. Markets

Sales othydrogeninto the gas network will depend on both updated policy targets and the cost of
hydrogen produced from woody feedstock. As with other renewable gases from biomass, there is
competition for wood feedstock, including cogeneration in mills, pellet productéord potentially
renewable liquid fuelsBy 203Qand possibly irubsequentyears several syngas projecése expected

to be implemented and given priority ovéine more expensive and less mature hydrogen production
technologes (see SectiorB.2). Most hog fuel and roadside residsiare likely to be used for syngas
production by then, resulting inheoreticaltotal of up to6 petajoulesper year

A large portion of the readily available woody biomass is currently used in power boilers of pulp mills. The

power is partly used by the pulp mill and excess is fed intHBAR N2 Q& 3INA R dzy RSNJ LJ2 ¢
agreements that will expire before 2030 this feedstock currently bound up in BC Hydro contrdots

power exports to the grigseeTable69in Appendix Abecomes available and if there is a transition from

pellet productionto gasproductionin B.C. sufficientadditional material will become available to also

produce substantiahmounts of hydrogen (see Chaptel0). A policy that reserves a certain amount of
renewablegas for woody resources may create a captive market for hydrogen and/orfiehMGvood

(see Sectiod.5).22°

3.4.5. Infrastructure Needs

Developinghydrogenfrom biomass using gasification followed bywatershift reactionwill require

significant development of new gasification infrastructuré8iC BrowreQa NB L2 NI &adz33Sada
capable of processing about 150,08 tonnesof biomass per year can be cesffective, which in turn

suggestshat abouteightfacilities across the province would be sufficient to handle the 1.2 million tonnes

of available biomass that we estimat®m roadside residueFacility locationsvould be determined via

analysis of the gas grid and proximity to wood supply. Work aleds® be carried out on carbon capture

and sequestration technolagsto maximize the benefit of these processés

3.5 RNG from Woody-eedstock
3.5.1. Description of pathway and technology overview

The production of RNG from wood generally follows a stepped process that first gasifies the wood, cleans
the syngas and then subjects it to a wasift reaction (addition of steam) to add more hgden. Once

the molar CGH; ratio is about 1:3, a methanation reaction turns the syngas into a mixture with a high
share of methane. Subsequent pirdtion and compression provide pipeligeade gas. Although these
processes by themselves are all commdrdiaeir combination is still preommercial. As opposed to
syngas production to displace natura gassite, producing methane from woody feedstock requires
some economies of scalamuch larger and more costly processl be neededo replaceall naturalgas

usal at a pulpandpaper mill, ando insert additional gas into the pipeline system.

AppendixA identifies key techaology providers for each of the main process steps (gasification, water
shift, methanation, and gas cleaning). The technoledfiem Sweden (GoBiGas/Valmet), the Netherlands
(ECN) and the Austrian FICFB gasifier cos@pt currently considered to be the best contenders for

53 Hydrogen decarbonization pathways: A4fgcle assessment. Hydrogen Council, January 2021
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gasification and gas cleaning. Methanation units can be provided by Haldor Topsoe, BASF or WOOD
(Vesta). e University of Karlsruhe and ECN have also developed such technologies.
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Figurel6 Generic Syngas to RNG Process

Biological methanation ien emerging technalgy that may soon replace the need for éhemical
methanation step. Bological methanation occurs abw temperatures and pressures similar to
conventional anerobic digestignrather than the high pressures and temperaturegeded for
conventionaimethanation®* Furthermore, biomethanation of syngas can yield significant savings as some
contaminants such asulphur, do not need to be removed, meaning that the tar removal, water gas shift
and guard beds can be avoid&dTar removal, although likely to a lesser extentstil necessary for
biological syngas methanation. Challenges with biomethanation processiedd the low solubility of
syngas and the relatively low production r&feThe efficiencyat 5065%° is lower than catalytic
methanation which has a biomag®-RNG efficiency of 65%0%. Typically, syngas with high hydrogen
contentis best for biologicamethanation. VancouvedbasedHighbury Energy is investigating biological
methanation as a wooth-RNG pathway. A small slipstream project testing biomethanation of syngas
occurred atthe gasifier inGlssing(Austrig. The technology does not appear to temmercially proven

with syngas but developments should be monitored.

54 Grimalt Alemany, A., Skiadas, I. V., & Gavala, H. N. (2018). Syngas biomethanatief:thitat review and
perspectives. Biofuels, Bioproducts and Biorefining, 12(1); 159 https://doi.org/10.1002/bbb.1826

55 Lorenzo Menin et al (2020). Techroonomic modeling of an integrated biomethah®mmethanol production
process via biomass gasification, electrolysis, biomethanation, and catalytic methanol symfesamss
Conversion and Biorefine0l:10.1007/s1339920-01178y

6{|ya2alte {KIK Si Ff® o6HnmT0X daSiKFryS FNRBY {eéy3dla o8&
Conference on Simulation and Modelling (SIMS 58) Reykjavik, Iceland, SeptembeR25th2017. Accessed
September 28 2021.

5’"Seemann M, BioliaS, Stucki S, Schaub M. (2005)-®i&G from Wood New Insight from a 10 KW Scale Test.
U.S. DOE Office of Scientific and Technical Information, 2 pp.
https://www.osti.gov/etdeweb/serviés/purl/20671613
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Another potential paradigm changer is the pommmercialprocess fromG4 Insights. This Vancouver
based company proposessanplified tarfree methane productioprocesscalled hydropyrolysithat has
considerably lower capital costs than thenventional gasificatiosoncept and is thought to be able to
reduce the costs of methane production from woody feedstdtle proceswiorks by heating the biomass

in a hydrogen atrosphere into char and a pyrolysis gas, the latter of which is then catalytically reacted to
form methane. The mixture of methane, H2, syngas, water and carbon diax@eeparated. The
methane is injected into the grid or used-site. Some of the mixturis fed back to aharfired reformer

& PSA to generate and purify the necessary hydrogen.

RENEWABLE
SEPARATION | "caa -
BIOMASS GAS ; AND GAS »
PREP CONDITIONINGI PURIFICATION

RETURN PROCESS GAS

FLUE GAS

BIO ASH
SOLIDS

Figurel7 Pyrocatalytic Hydrogenation Wood to Methane Process

Emerging technologies around supercritical water may also openawemues in wood methanation.
Supercritical water uses the special solvent capacity of water with organic feedstocks when it is heated to
a temperature greater than 37&€ and pressurized above 22megapascat® Key advantage®f
supercritical water gasifation includea higher carbon conversion capability atie ability to use wet
feedstocks such as sewage sludge and other slussigisout a significant energy penaltyvhile
Hydrothermal gasification or liqguefactiotan complement AD plants that have lsiolids or digestate
disposal issugas microplastics, some heavy metals, and pathogens are reduced or elimiSatadite,

a desirable form of fertilizer can also be produced, aiding the nitrogen and phosphorous control benefits
of the technology® The efficiency is estimateth be 60-70% PRocess heat recovery and conventional
plant sizes are expected to be in the range-8ftdnnes dry mass per hour atmloperate at temperatures

of 600-700°C*°

As for the syngas produced, supercritical waternfgzion produces methané he syngas can be fed into
an anaerobic digesteor be upgraded like conventional biogist NS 6§ SOKQa (SOKy2f 238

8{f OASYOS5ANBOG 60y PdPROD a{ dzZLISNONARGAOLFE 21 GSNI DFEAAFAOLF GA 2
https://www.sciencedirect.com/topics/engineeringlipercriticalwater-gasification

59 Hyflex fuel (n.d) The HyFlexFuel process. Accessed Septenib20ZDfrom

https://www.hyflexfuel.eu/technologies/

60 GRTgaz March 2020). Hydrothermal Gasificatithi@)Converting liquid biomass into renewable gas
https://www.igu.org/wp-content/uploads/2019/09/SG1 -PlydrothermalGasification.pdf

61 SINTEF Norway.(Ma{f,H n H m 0 ® &-NaxBgeremdtidn Biogas production through the Synergetic
LYGSaANIGA2Yy 2F DIFIaAATAOF(GAZ2YE
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around 150% more methane than aerobic digestion RNG can also be produced froasimilar
hydrothermal liquefaction processs a byproduct, with 3.6 gigajoulesbeing produced per tonne of dry
feedstock. HTL plants are being developed in Vancouver and Prince George and could represent an
additional RNG soce as well as being a liquid fuel generafbihe TRL of this technology is aroud
according to GRTgathe largest and most advanced appearing to be with SCW systems haviogre?2

per hourdemonstrator in the Netherlads.%?

3.5.2. Production CodParameters

For the production of RNG from wood, both capital and feedstocks@ost key parameterslable14
summarizes the estimates made in a previous report for an RNG plant with a wood input of 200,000 dry
tonnes per year, assuming a 67% energy yield based on wood input. The design incluttesa @asifier

and a Halder Topsoe methanation unit. For operating costs (leaving out debt service), feedstock
represents about a quarter, with other variable costs accounting for almost a third of OPEX. The payback
determined with these costs is over 60aya According to the study,laRNG gas price of $50 per gigajoule
would be required to bring this to ten years unless subsidies can be obtained. Capital costs have a great
impact on the economic performance of the plant: a 30% cost increase means ttet ghs price of
$50per gigajoulenvould drop from 1%%6to 15%.

Table14 Cost Structure of Biomas®-RNG Conversigh as per Browne (20193°
CAPEX Million C$ (2018) \ OPEX Million C$ (2018)
Gasification 117 Wood ($61.2/odt) 12
Methanation 85 Other variables 15
Construction 184 Labor & maintenance 8.7
EPC fee 15 Fixed 10
Engineering 8
Permits & consulting 4
Commissioning & startip 17
General & administrative 4.7
TOTAL 410 TOTAL 46

* 200,000 odt per year feedstock intake

Since the methanation step is exothaonthis energy can be used as process energy. In theory, it could
be usedto dry pulp or lumber (depending othe site). RNG production wilklso increase power
consumption at the mikkonsiderablyTo simplify the challengehé approach followed here assies that
excess heat is used to produce additional poteereduce power imports from the grit.

3.5.3. Capital and Production Costs

Figurel8shows cost estimatefor RNG production from wood. The sources for the figure are identified

in Appendix B, by numbérable60). Theleft graphnormalises the literature values to 200,000 dry tonnes

of wood input making some assumptions about wood energy values andoaci@s of scale for each

plant (scale factor 0.8). The graph shows a wide spread of results, with capital costs varying by a factor of
seven and gas costs varying from $20 to more than $100 per gigagagecosestimates for the GoBiGas,

ECN and two comeptual estimates concur with the estimate Appendix Bat between C$3@10 per
gigajoule. The REN Energy facility planned for Fruitvalzs&ms to be an outlier aswould only cost

$130 million63 It would use over 100,000 tonnes of woedhste, and produce about oretajouleof RNG

62 hitps://www.igu.org/wp-content/uploads/2019/09/&1.2HydrothermaiGasification.pd{October 12th, 2021).
63 https://www.canadianbiomassmagazine.cafiast-for-north-americafortisbc-ren-energyto-producerng-from-
wood-waste/ (Accessd September 16, 2021).
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Presumably, it would produce RNG at undet $8r gigajoule to qualify for a purchasing agreement with
Fortis. The large spread of cost estimates indicates that the uncertainty regarding productioaf ¢idEs

from wood remais very high.The right graph plots the original CAPEX numbers of each source against the
resulting gas costslowever, 10 logical cost curvehowing economies of scatan be derived from this data.

800 120 1600

CAPEX
700 1400
100

600 1200

&0 1000

v
(=1
=1

800
60

feedgtock
[=)
[=]

average CAPEX L] 600

] ™ 40

Gas cost in C5/G)

w
[=]
[=1

e 11

400
o4 o2 g5

200 - * L
200

CAPEX in milion CS, as in original source

100 ' ® 12 "-_______.-_ ® 10

Capital cost in million C$, normalised to 200 kt/yr

0 ®9
0 0 0 20 40 60 80 100 120

0 2 4 & 8 10 12 4 Gas production cost C$/G)
Reference number

Note: Seerable60in Appendix Bor sources of each data poiribata normalised to 200,000 odt per year

Figurel8 Normalized Cost Estimates for CAPEX and Gas Cost (RNG from Wood)

Capital cost estimates seem to converge around 200 to 400 million dollars for a plant with 200,000 dry
tonnesof annual input. The cost estimate from the previous section therefore seems very conservative.
For this report, $300 million in capital costsstieeen assumedthis is in line with the numbers developed

for syngas and for hydrogen production in the previous sections. For 2030, no material change in capital
or production costs is expected. After 2030, assuming that emerging technologies sucmsig@4 inay
become commercialized, a capital cost decrease of about 50% can be postulated. Because little is known
about the G4 Insights process, the other operating parameters were not changed for this esiiimatmay

lead to ahighcost estimateas the onestep process can be expected to have lower utility and personnel costs.

Based on the abov€,ablel5 presents the default inpuparameters used to model gas costhe capital

cost was developed abové€perating cost parameters are based on Browne (263%(.apital costs are
assumed to decrease over time due to technology improvements, especially after 2030. The default cost
of wood is $60 per dry tonne but higher costs have also been modéligd.amortizationcosts clearly
dominate operating costs, even withe somewhat generous assumption o2&year payback. Feedstock

isthe second most importantostbut is considerably less important than amortization.

Figurel9 is the model output for RNG production costs from wood today and over the coming three
decadesCapital coss arethe main cost factor initially. Capital subsidies or better borrowing terms can
positivdy influencegas production costs. The 3@aramortization period assumed is not acceptable to
the forest products industrywhich is known to seek amortization periods of only a few years for any
investment® Thisimplies that subsidies or thirgarty financing (e.g., through a gas utility) would be
required to implement such projects. Although feedstock is an important factor, it is only responsible for
about 10% of production costs. Somewhat higher feedstocksossk therefore not have a strong impact

on RNG cost.

64Bob Lindstrom, BC Pulp and Paper Alliance, in a conversation on Sep 27, 2021
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Larger mills would likely implement syngas production during the first decade, removing around 150,000
dry tonnes from the available resource. With increased recovery of harvesting residue, abmitlibr2
tonnes of this material would be available for new RNG production. This is sufficient for six facilities with
an annual input of 200,000 dry tonnes, each producing 2.55 petajoules of gas per yeargijajd€@le

per dry tonne)??°

Tablel5 Default Cost Parameters, RNG from Waqadd 2021$
O pala eles a e al e 0, e
Annual biomass input| 200,000 odt Commercialscale plant
Feedstock cost $60/odt Minimum scenario and first block dflaximum
scenario
Gas yield 67% Based on feedstock input, LHV
Capital cost $300 million In 2021
Capital cost $270 million| In 2030(-10%)
Capital cost $150million In 2050(-50%)
Amortization $33,333,633 45% | 20 years, 9.2%
Feedstock cost $12,000,000 16%
Personnel cost 4%
Labour, 26 FTI  $2,080,000
Management, 3 FT $450,000
Electricity $5,124,600 7% | 78,840 MWh per year
Natural gas $376,631| 1% | 47,328 GJ per year
Other variable costs $9,498,769| 13%
Other costs $10,500,000 14% | 4% of CAPEX
TOTAL OPEX $73,363,633 100%
Gas cost $27/GJ In 2021
_, $30
O
2 ]
g %20
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3.5.4. Carbon Intensity of RNG

Counting wood feedstock as carbon neutral because it does not contain any fossil carb@agdsedck
procurement and process emissiogtill lead toemissions that need to be accounted for to arratea

carbon intensity for RNG made from wood. For the Stockton site in the U.K., a GHG intensity of 16.8 grams
per megajoule was determinéd.This calculation took into account grid electricity emissions but also
provided emission credits for the excedsdaricity produced in this cas@hesewnould likely cancel each

other out in B.C. Another result assessed a process using the WoodRoll technology and arrived at 12 to 15
grams per megajoule for facilities of 4.8 and 18 MW capacity, respecth&his irtludes credits for

district heating that would rarely be available to a plant in B.C. Leaving out this credit but removing
emissions from electricity use would lead to a very similar outcome as in the previous study. G4 Insights
determined the GHG intensitof methane made from wood in California to replace arotehicle fuels

and arrived at 14 grams per megajodélelhe latter would imply that the GHG emission intensity will not

be impacted in a major way by the technology used, since G4 Insights maydmeeaging technology
replacing the more conventional gasification approach. Any reductions are likely to be incremental, due
to overall lower GHG emissions from transport and other sectors.

3.5.5. Markets

Total demand for renewable gases for injection into the provincial pipeline network is at least 15% (on a
gigajoule basis) by 2030, based on the current renewable gas target set ouGtetdreB®lan. Additional
potential could exist for local projecta;here the gas produced would be used directly, or for exporting
RNG through certificate trading,g.,with the CaliforniarLCF$arket.

For renewable methane, the market after 2030 is theoretically equal to the total natural gas use in B.C.
but actual sles into the gas network will depend on both updated policy targets and the cost of RNG
produced from woody feedstock.

There is also competition for the wopfeedstock itself. Alternative markets for woody feedstock exist in
the power generation sectoincluding cogeneration at mills, which may become more attractive after
2032, when BC Hydro expects electricity production to start facing shortfalls. Competition may also come
from pulp mills (for roadside residue), wood pellet mills and new concepisnarproducing renewable

liquid fuels for direct use in vehider for sale to B.Gefineries. The markets that will ultimately develop

and the ability of producers to pay for the woody feedstock will determine how additional feedstock will
be allocated.

3.5.6. Infrastructure Needs

The existing 15 pulp and paper mills, where some of the feedstock will be available as hagefpeime

sites for the installation of RNG production faciliti#aey are generally close to the natural gas grid (see
Figure45in Appendix €and offer colocation benefits in terms of lower personnel requirements and
shared infrastructure with existing mill§he estimated cost per facility iS@ million. With26 new
facilitiesfor the Maximumscenario (SectioB.4), the total investment would come t87.8 billion. These
costs do not include additional pipeline or transport costs to take the RNG produced to an injection point.
If any of the plants were to be situated at a distariiceEn the pipeline network, additional costs would
ensue.

65 owCarbon Renewable Natural Gas (RNG) from Wood Wastes. GTI, February 2019.

66 Held, Jorgen and Olofsson, Johanna: LigneSystem study of smadicak thermochemical conversion of
lignocellulosic feedstock to biomethane. Renewable Energy Technology International AB, 2018.

87 http://www.gdinsights.com/environmentalbenefits.htnf{Accessd September 17, 2021).
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3.6 Lignin as a Replaceant Fuel for Natural Gas in the Pulp Industry
3.6.1. Description of pathway and technology overview

The GGRR has been amended to enable the gas utilities to work with pulp mills to displace natural gas
used at their sited.ignin is a byproduct of the chemicalylping processnd when extracted, can be used

as a fuel in lime kilns &raft mills. Wood fibre consists of cellulose, hemicellulose, and ligb@hlulose is

the main component used for pulphignin has been traditionally burned, partly as a fpaltly to get rid

of an unwanted byproduct, and to recover the pulping chemicalisstead of burning lignias black liquor

in recovery boilerd can also be extracted from the spent chemicals.

Because lignin has a high calorific value it can be BedNB LX I OS y I (i dzNJ f 3+ & dza SR
Even though mankraft pulp mills produce surplus steanmk kilns are typically fuelled by natural gas

This final stage akcovering the original chemical (NaQsigone in direcfired rotary kilns that cannot

be heated by steanDried and ground to a fine powddignin can be injected into the kiln just like natural

gas, even thouglhe sulfur content of untreated lignin is generally hjgterating the kiln capacity and
causing corrosin and unwanted effluents.

Lignincan befurther processed and sold to offsite markets as a kgghde solid fuebr as a feedstock for
bioplastics, resin, etcOnsite and offsite use as a natural gas replacemeastdiscussed belowBoth
pathways compete with using lignin as a feedstock for various chemical processes that generally fetch
higher market prices thawhen used or sold as a fuel.

Lignin extraction also has impacts opup mill&@ energy balance and output capacitihese implicatiois

can be understood by looking at the various processes involvéide ichemical pulping processllulose

isextractedd @ WO221Ay3IQ GKS g22R TAONB A \ewhe ldgorikn® OKSYA
black as lignin is diss@d in it. Byevaporating the water and dzZNy Ay 3 (G KS NBadzZ GAy3
original chemicals are recovered andfter calcining in the lime kilncan be reusedMany of these

processes require steam or natural gasyure20).

Most chemical pulp mills use lignin as a fuel to heat and povagiousproces®s.% Extracting lignin
creates a fuel shortage that nde to be made up for by additional biomass. The energy balance of the
specific pulp mildetermineshow much lignin can be extracted before lowmrst wood fuel needs to be
brought into fuel a power and steam boilefA mill would have to have a proper hefamnass balance done

to determine the impact and benefits bfnin extractiorf® Lookingonly at one of the two pathways would
neglect the overall systeimimpact of ligninextraction(Figure21).

Pathway I Lignin replacing natural gas in a lime kiln:

To create the chemical reaction with lime ama faintenance reasonme kilns need to be operatkat
hightemperatures andare typically heated by natural gas burners. Waadnot not be used as a fuel,
unless it is completelgiried andfinely ground orgasified. Dry lignin, however, can be burned in injection
burners with the flame injected directly into the kiltora Ensin Finland firekraft lignin as a fuel in its
lime kiln to reduce natural gas use by 70%.

Pathway 2 Lignin replacing natural gas in other undetermined energy producing processes:

88 Wells, Ket al.2015. C@Impacts of Commercial Scale Lignin Extraction at Hinton Pulp using the LignoForce
Process & Lignin Substitution into Petroledased Products.

69 Lindstrom, Bob; Personal communication. B.C. Pulp and Paper Coalition, in an email on Sep 16, 2021

70 Pulp &Paper Canada. 2013. Stora Enso upgrading Sunila mill to produce lignin.
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Because lignin has a high calorific value g&fajoulegper tonne,HHV), it isa denser ananore valuable
fuel than conventional woody biomass (17 to digajoulesper tonne,HHV).Likethe onsite lime kilnit
can be burned withsome technical modifications in the secondary wood processing industgy., in
direct-fired lumber drying kilns, veneer dryersas a supplemental fuel in wodalirning processes of the

paper industry
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The capacity of araft pulp mill is typically limited by the size of its recovery boiler, the most expensive
part of akraft mill.”?Extracting lignin requires thdéessblack liquor be burned in the recovery boiler,
thereby allowing increased pulp output. This lignin, then, is no longer available as a fuel totteat
processesTypically, no more than 15% of lignin can be extracted before additlveet sources are
needed such aslow-value bark burned in a power boil&.At a market value of6800 per tonnée?
equivalent to $31per gigajoulgHHV) it would be more profitable to sell lignias a chenmal feedstock

and purchase additional natural gas at@®8 gigajoule¢hanto burn lignin on sitelnstead ofurning high
value lignin, lowvalue biomass may be gasified to heat lime kilns.

71 Graph based on: Hamaguchid¥lal.2012. Alternative Technologies for Biofuels Production in Kraft PulprMills
Potential and Prospect&nergie$3390:2288309 DOI. 10.3390/en5072288

72Bruce Process Consulting for Alberta Environment. 2008. Technical and Regulatory Review and Benchmarking of
Air Emissions from Alberta Kraft Pulp Mills.

Final report Pages0



ENVINT, CBER & Associates B.C Renewable and Lo®arbon Gas SuppBotential Study

Or alternative
fuels

|1o/sed jeinienN

i Recovery . .
Black liquor boller(s) m Lime kiln

.

Hog fuel .
Power m Cogeneration
boiler(s system | IEUIETZM)
Natural gas/oil ( ) L
Start-up and
peak only

Figure21 Energy Systems in Kraft Pulp Mills

Typically, around 1.5 tonnes of black liquor solidsnsisting of lignin, hemicellulose and pulping
chemicals, are created per tonne of pulp (cellulose) produced. Of the black liquor, around 15% to 25% of
lignin (roughly 0.18 tonnes of lignin per tonne of pulp, at 10% moisture coritecdah be extracted
without compromising the operation dhe recovery boiler. An averaggzal kraft pulp millin B.C. with

a daily capacity of 1,100 tonnes of pulp can thus produce around 45,000 tonnes of lignin“a year.

The basic process of extracting lignin frditack liquor is acidifying the caustic liquor and thereby
precipitating the lignin contained in it. Washing, filtration and pelletization are downstream process steps.
FPInnovation combined with NORAM Engineerijmgfined the process by first oxidizinge liquor to

prevent the release of hydrogen sulfate,8) a toxic andfoul-smellinggas. Secondly, the oxidation
process reduces alkali content and thereby the need for carbon dioxide and sulfuric acid. Heat exchangers
recover the heat created from thexaation of the black liquor.

A competing technology is the LignoBoost system developed in Swedekey difference between the
LignoBoost and the LignoForce systems is that the latter oxidizes some of the reduced sulphur
compounds. Oxidized black ligubas lower ash content and increased particle size of the precipitated
lignin, making it easier to be filtered out. The LignoBoost system sl@nhave lower capital and
operational costs. The LignoBoost system is marketed by Valmet and is commesrgitdiyed at the

7BWells, K. et al. 2015. CO2 Impacts of Commercial Scale Lignin Extraction at Hinton Pulp Ligjng floece
Process & Lignin Substitution into Petroleidsased Products.

74Hamaguchi, Met al.2012. Alternative Technologies for Biofuels Production in Kraft Pulp Mitisrgies.
53390:22882309. DOI. 10.3390/en5072288.

Tomani, P. 2006. The LignoBoPsocessCellulose Chem. Techndd. (13), 5358 (2010).
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One promising precommercial approach to producing lignin in a staadne plant comes from Pure

Lignin Environmental Technology based in Kelowna, B.C. The process produces three separate products:
cellulose, lignin and sweet liquor that can be used in thedpotion of cellulosic ethanol hs nitric acid

process increases yields compared to the traditidaraft process. A key advantage of the technology is

its ability to use anyype of biomassincluding grasses, husks and waste wasifeedstock. There i®
commercialscale plant in operation yet. A 86nne-per-day plant is said to yield a return on investment

of 35%77 The company still appears to be at the demonstration stage with avessel portable unit?

3.6.2. B.C Potential for Excess Lignin Use

Currently no lignin extractiorexistsat any pulp mill in B.C. West Fraggeratesfour pulp mills inB.C.
and Alberta. The company employed the LignoForce technology &rats mill in Hinton, AB. The
technology could be replicated at othé&raft mills in B.C Each pulp mill would have the potential to
produce more than twice the amount of lignin requiredfteel their respective lime kilns. Theoretically
B.C. kraft mills could replace approximately 5gdetajoulesof natural gas and export the remaining
264,000 tonnes of surplus lignin efite (Table16).

76Valmet. 2017. The next generation LignoBaptilor-made lignin production for different lignin bioproduct
markets.

77 Pure Lignin Environmental Technology. 2020. Pure Lignin Environmental Technology (PLET)
https://www.purelignin.com/(Accessed June 11, 2020).

78 Pure Lignin Environmental Technology. 2020. PLETS Demo Plantiphitpbgnin.com/plet%E2%80%99s
plant's (Accessed Nov 27, 2021).
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Tablel6 Potential for UsingLignin as aReplacement forNatural Gas inLime Kilns

Lime kiln
Location of mill Annual Estimated potential for  natural gas  Surplus

/ name Ownership  capacity lignin extraction use lignin

tonnes of containing
pulp/year™® tonnes/year  GJlyear GJlyear tonnes/year

Prince George

. CanforLtd. 329,000 41,100 945,000 461,000 18,000

Intercontinental

Prince George . tor Ltd. 568,000 71,000 1,633,000 795,000 32,000

Northwood

Prince George Canfor Ltd. 316,000 39,500 909,000 442,000 18,000

Quesnel West Fraser 349,000 43,600 1,003,000 489,000 19,000

Crofton Paper 347,000 43,400 998,000 486,000 19,000
Excellence

Kamloops Domtar 343,000 42,900 987,000 480,000 19,000
Howe Sound

Port Mellon  Pulp & Paper 372,000 46,500 1,070,000 521,000 21,000
Corp
Nanaimo

Cedar Forest 356,000 44500 1,024,000 498,000 20,000
Products

Mackenzie Paper

(closed) Excellence 0 0 0 0 0

Skookumchuk ﬁﬁ?;:‘#cm‘:h“' 255,000 31,000 734,000 357,000 14,000

Castlegar Zelistoff 461,000 57,600 1,325000 645,000 26,000
Celgar LP

TOTAL 3,696,000 462,000 10,628,000 5,174,000 206,000

Pulp mills do not produce more steam than they need for internal purposes. Removing lignin from this
balance requires that an equivalent amount of energy is replageg,in the form of biomass. Instead of

burning lignin in the recovery boiler, additioha WK 2 3 FdzStf Q y SSRa&a Thahogl Ay G2
needs to be imported, preferably from the region or area that the mill is located in. Additional fibre,
however, may not be availahl&he forecast of fibre availability changes depending orfitire model

used or the region or arear zonethe mill is located inSome forecast a deficit for 2029 in certain areas

and a surplus in other areas. Trucking woody residue from one area to another is an option and has been

done in the past, albeit at aost. Transportation and handling ceshay exceed the value of the fibre,

especially if the distance exceeds 20rketersone-way. The modeunderlying the cosprojections
belowassumes that no import or export of fibre is done withgsignedegions,areas or zones.

Thetheoretical potentialshown inTablel16 is then constrained by the availability of fibre in the area or
region that the mill is locateth. Instead of6 petajoules the technical or resource potential is only 1.4 to
2.2 petajoules i.e, a fraction (22% to 47%) of the theoretical potentialgure23 below shows tle
technical potentiadepending on the fibre model used.

79B.C. Ministry of Forest, Lands and Natural Resource Operations (2020)Major Timber Processing Facilities
in British ColumbiaVictoria, B.C.
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Figure23 Technical or Resource Potential for Displacing Natural Gas in B.C. Kraft Mills

3.6.3. Cost Curves

The cost model shows that assuming the sdeesistockcosts K S G Ay 3 | LJdz LJ YAff Qa f A
more expensive than heating it with syngas ($19 instead ofg&t4igajoulan 2030). Thisvould apply

evenmore whenusing lignin as a fuel effite when transport costs are added in. Wherever lignin can be

used as a fuel, syngas or ewgood pellets likely achieve lower production costs. Moreover, lignin is likely

to fetch higher pricesvhensold as a feedstock for neenergy markets. Current (2Q) market prices for

sulfate lignin are around $800 pdry tonne (Adtj°, equivalent to$35per gigajoulgLHV). Lignin, even in

its unrefined formis too valuable a product to use as a f(lebure24).

% $25
(&)
S < $20
ET
3 <815
8
22 $10
b=
(2]
fg
R
CZG 2021 2030 2050
W using syngas m using lignin
Figure24 Cost of Replacing Natural Gas in Lime Kilns with Syngas and Lignin

80 hitps://www.forest2market.com/blog/morerd-activitiesopen-up-ligninsfeedstockpotential (Accessed
September 1st, 2021).
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3.6.4. Carbon Intensity of Lignin Fuel

Q9EGNI OGAYy3I ftAIAYAY FNRY | Lz L) YAfttQa SySNH@& oltly
calorific value. Becaudnin has aigher energy density (28igajoulesper ADt, 26 gigajoulesper dry

tonne) compared tovaste wood or hog fuel Qlgigajouleger greertonne, 18.3gigajouleper dry tonng,

a larger volume of wood fuel needs to be imported thha lignin extracted. Additionallygrid electricity

hasa small carbon footprintUsingthe B.C. grid emission factorless than 3 kogramsper gigajouleof

calorific value would be emitted, 5% of the burner tip emissions of naturalTaaal carbon abatement

would range between 54,000 and 118,0@hhesof CQe per year, depending on the fibre availability

model used.

Figure25 Impactsof Lignin Diversion orikraft Mill Energy Demands anGHGEmissions
Fuel Amount GHG emission fact8f | Annual GHG emissian
Feedstockwood to offset
steam losses 45,000 odt/year | 40.32 kg CQe/odt 1,814 tof CQe
Electricity 2,500 MWhlyr. | 10.80 kgCQe/MWh 27 tofCQe
Avoided @arbonemissions n/a
TOTAL 2.67 kgCQe/GJ (HHV) 1,841 tofCQe

3.6.5. Markets

Markets for lignin can be separated into energy use andemergy use. The formerisarginal in Canada.
Beyond fuel, lignin has a wide variety of uses and applications, including opportunities to displace
traditional fossilbased chemicals and products. There has been significant investment in lignin over the
past 20 years. Historicallthe lignin market for commercial application has been around 60,000 tonnes
per year. Major markets for lignin includeé:

i Adhesives

1 Plastic/packaging materials
1 Insulation

9 Carbon fibre

Different lignin applications have various levels of commercialimaffbermoplastic and packaging
applications are the most matur&esins are an emerging application explored by West Fraser. Currently,
lignin can replace up to a quarter of the polyurethane in foams. For carbon fibre applicationsbhgeith
materials @n substitute for 50% to 100% of the fodfsiél-based material used for carbon fil§feand is
being investigated as an alternative way to reduce battery weight for lithium ion batt&@sportunities

also exist to use lignin to replace the carbon black used for tires and other reinforced rubber prducts.

81Cl OG2NBR LlJzof AaKSR 0@ .BE/BéstRrdctfds MétidBology For Qush@iinhR Y YSY G Y «a
Greenhouse Gas EmissiénE HaHnX | O0OSadaSR 2y {SLJ HCX HAHMO®

8. AL 2FSA ¢AlLY S IStY®R Od d nm &b Nk tONBSING MIG A &S | R ! LILIX A O GA 2
Zeng and Smith edBroduction of Biofuels and Chemicals from Lignin Biofuels and Biorefirgtnigapore:

Springer Science and Business Media.

83 KTH Institute of Technology. 20Bhttery design could reduce electric car weidtttps://phys.org/news/2014
06-battery-electriccarweight.html (Accessed May 18, 2020).
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3.6.6. Infrastructure Needs

Lignin has the potential to be used as a highde fuel where flame temperatures matter. Replacing
natural gas in liméilns is a potential nichapplication. Converting the existing gas burner with a solid

fuel suspension burner is technically more challenging than burning syngas in the same kiln. The burner
would have to be exchanged and the flame might have a different shrapelting in spatidy different
temperature gradients inside the kiln. This might affect the chemical reaction time, the wear of the
refractory, maintenance, and downstream flue gas volumes. Theylad¢reatment system, especially the
particulate precipitatorswould likely have to be changed. This is notably more expensive than using a
medium calorific gas, such as syngas from a wood gasifier that would keep the existing equipment in place.

Currently, suspension burners are usevhere finely ground wood fibres available e.g, sander dust &
particle board plants. The fine particles instantly ignite as they are injected into the hot combustion
chamber, dryer or kiln. Stattp of suspension burners generally reqsifessil fuel to heat up the
refractory beyond the flaspoint of the solid fuel used, generally above 300°C. Suspension burners are
best used in applications that operate 24/7 without interruption. This tends to be the case indeaige
applications, such as in the pulp and paper industry, the cement indoisprgtrochemical industry. These
operate continwusly throughout the year. The seeamount of lignin that would be needed to fuelate
industriesand the associated need for fuel storage, however, nséleavy industry an unlikely candidate

for using ligin as a fuel.

For transport lignin is usually compressed into pelleseeFigure26 below. The material can #n be
transported in the same vessels as pellets of grdin. f | O1 LISt f & éndir@y ofligriSave A (i K
been used as a fuel in other parts of the wofflol, exanple in Russiavhere lignin is abundant as a by
product ofwood alcohol productior§

In the Canadian contextthe authors of this report consider lignto be too valuable a product to use as

a fuel. An exepion may be adding lignin to enhance the calorific value and improve the physical
properties of wood or herbaceous pellets used as a W&dod is a sturdy material because lignin is the
natural binder. In wood pellets, lignin is the material that createsse, durable pellets. To get the same
guality from pellets produced using plants with lower lignin content, such as straw, a binder must be
added during the proceskignin is a natural resin that can also be used to improve the quality of biomass
pellets. Pellets without binding agent may decompose dudagveying andgtorage, forming hazardous
gases such as carbon monoxide and hexahadling lignin to pellets may reduce safety concerns and
occupational health problems such as wood dust exposureafideexplosion risk However, the increase

in fuel value has to be balanced with the cost of adding lignin.

8 A2SYSNHE LYOGSNWLENBYINEA XRAIY AYNR BdzO& (2 OF tdzZ 6fS 0Az:
September 26, 2021 &ittps://bioenergyinternational.compelletssolidfuels/ligninpelletsfrom-residualproduct
to-valuablebiofuel
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Figure26 Lignin Pellet®

3.7 Recommendations on the Use of Woody Feedstock

While B.C.is a largely forested province, the amount of accessible and attainable woody feedstock has
declined in the past year, partly as a consequeotdrawing downmountain pine beetleilled stands

and partly due to disturbancg includingwildfires. The Minisy of Foress has reduced the Annual
Allowable Cut to approximately half the amount available before the infestation. With the projected mill
closuresthe amountof mill and forestry waste will be reduced further.

In the near term, the best strategy tisplace fossil methane in the forest resources industry is to use
syngas for use in lime kilns. This can only displace a portiagturfl gas use by the industry but still has
consderable potential. It will require less feedstock (around 50,000 drynésnper year for the largest

kilns) and considerably less investment. The gas is also likely to be produced at a lower cost than pipeline
grade methaneor hydrogen Thesestill require technology development to become commercial.

In the longer termhydrogen orRNG prodation from solid biomass is an option that can potentially
displace large amounts of fossil gdast & fullscaleRNGplantsmay displace more than five petajoules

of demand and recovery and use of all available biomass (an unlikehasio) could deliver as much as
145petajoules in the form of hydrogeor methane Although the required technologies to achieve this
exist, they are not proven technologies so demonstration amthér refinement are requiredBasedon
previous work ontie GoBiGas plant and other such ventures, the most suitable technologies need to be
combined and operated at a smaller scale. Once this is achieved and the process has been shown to
operate successfully on a continuous basis, asftdlle plant could be hltt Given the high capital cost of
these plants, utility and/or government partnerships are likely necessary to realize this potential. As the
technology matures angbossibly, more advanced technologies with lower capital costs beewalable

after 2030, gas cosfsom these pathwaysre expected to decrease.

85 https://newsroom.domtar.com/lignirpelletsplasticbioalternative/
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4.1 Description of Pathways: Blue, Green, Turquoged WasteHydrogen
4.1.1 TheHydrogenOpportunity

Approximately 70 million tonnes per annum of hydrogen are currently manufactured loibhe vast
majority is used for industrial purposes, namely the manufacture of ammonia and the upgrading of liquid
fuels in refineries. It igstimated that 95% of global hydrogen produced comes from steam methane
reformation (SMR) of natural gas, resulting in a relatively high carbon intensity for the hydrogen
generated. Multiple pathways exist to produce lowarbon intensity hydrogen. An intmuction to
nomenclature that has been adopted follows.

4.1.2 GreenHydrogen

The most common description of green hydrogen is its production by the electrolysis of, waieg
emissionfree power generation source®ther green hydrogen manufacturing technolegiexist, such

as the production of hydrogen in nuclear reactors. These generally have low TRLs. THgréem
hydrogertusually presupposéabe use of renewable electricity from wind, photovoltaic, geothermal and
hydro power as the energy sources foethlectrolysis. These energy sources have low carbon intensities,
in some cases close to zero.

4.1.3 BlueHydrogen

The production of grey hydrogen \séeam methane reformingSMR technologesis currently the most

cost competitive and common hydrogen produstiprocess used globally. This hydrogen is used mainly
for the production of ammonia for fertilizers and the upgrading of petroleum products in refineries and
has high carbon intensity. When the £8ream from grey hydrogen production is captured, and
sequestered or used, the resulting hydrogen is called blue hydrogen. The sequestatinmeand use

of CQ can occur through a number of pathways that include the injection of thed@€p into thed | NJi K Q &
crust. An example is the Shell Quest Profédthis report will only assess the potential for blue hydrogen
and not grey hydrogen.

Autothermal reforming (ATR) is a technology used to produce hydrogen for methanol and ammonia
production Itis beéng proposed as way to produce lowcarbonintensity blue hydrogen from natural gas
because it allows carbon capture at higher rates than conventional @htiat alower cost’

4.1.4 TurquoiseHydrogen

Turquoise hydrogen is a more recent addition to tlescription for hydrogen that is produced by breaking
down methane within a natural gas stream into hydrogen and solid amorphous carbon. The process is
called pyrolysis and has the potential to produce a relatively low carbon intensity hydrddes is
becausemost of the carbon byroduct in the process is solid (black) carbon that mainly displaces carbon
produced from other fossil sources. There are a number of natural gas pyrolysis techndhygagsis
hydrogen production technologies use electriditydrive the processes and would be of benefit i€.B
AABSY ./ | @ RNR Qthe Gise of amotphodblack €ibdndisQdlafivelyp common within
industries around the world for applications such as the manufacture of rubber for tires, the use as
pigment blacks in polymers and in printing blacks.

86 Shell Quest Projechttps://www.shell.ca/en ca/abowus/projectsandsites/questcarboncapture-and
storageproject.html (Accessed September 7, 2021).
87 Pembinalnstitute. Carbon intensity of blue hydrogen production. August 2021 revised.
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4.1.5 WasteHydrogen

Waste hydrogen is produced at two plant locations i€.BThe North Vancouver Chemtrade plant is a
chloralkali facility that focuses on the production of chlorine for numerous applications. Chemtrade has
sodium chlorate production facilities, based Prince George. Approximately 18,500 kilograms of
hydrogen r day, for both plats together,is producecdhs a byproduct. Hydra Energy has partnered with
Chemtrade to use some of the waste hydrogen to power ful Class 8 trucks.

Pipeline injection of any waste hydrogen would potentially require increaséaralagas use to replace

the hydrogen that is not emitted into the atmosphere bstused to produce heat for the Chemtrade
plants. Thus, minimal or no GHG reduction benefits would accrue when using all the waste hydrogen
produced Only a portion may be ailable as lowcarbon hydrogen for pipeline injection.

4.2 Technology update

Tablel7 provides a brief overview of hydrogen production technologies. Essentially, all elements of blue
and green hydrogen production are commercial, with only incremental improvements expected in th
near term. Some new technologies, such as plasma pyrolysis, are expected to contribute to turquoise
hydrogen production in the coming decade. More detail can be found in App&ndix

Tablel7 Overview of HydrogerProduction Technologies
Technology Improvements/Benefits Limitations/Challenges Key players and Gam
Changers
Electrolysis:| Improvement in membrane curren Efficiency not Suzhou JinglBiemens
PEM density and lowering platinum significantly improved | Areva H2gen, ITM
loadings. Capex and efficiency and thus Opex. Power, Erredue SpA

improvements.The tenefit is the | Electricity costs are the| H2B2, Elchemtech,
fast dynamic response capability | largest component of | CUMMINS, NEL

for demandside response grid the total cost of Hydrogen Plug Power
stabilisation opportunities ownership. Capex
would be negatively
affected as well

Eledrolysis: | Improvements in Capex reduction| Insignificant cost CUMMINSNEL
Alkali Alkali membrane electrolysis is a | reduction Hydrogen,Teledyne
membrane | mature technology. improvements. No Energy Systems,
Benefit is the low Capex per MW | further dynamic McPhy, Yangzhou
response Chungdean Hydrogen
improvements Equipment, Asahi
Kasei, Verde LLC,
ThyssenKrupp,
Toshiba
Electrolysis:| The benefits of SOEC include the| SOEC is not yet Haldor TopsogCeres
SOEC high efficiency30% above commercialised. TRL off Power, Toshiba
incumbent technologies ~6. Operates at high

temperatures of around
700°C and in a steady
stage mode

88 Hydra Energyhttps://hydraenergy.com/news/chemtradepressreleagéccessed September 7, 2021).
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Technology

Improvements/Benefits

Limitations/Challenges

Key players and Gamiq

Changers

ATR- CCUS| Improvement in Ceapture in ATR Not as common in the | Air Products. New
plants versis SMR technology and marketplace as SMR | plant in Alberta
potential cost reductionaccording | plants. GHG reduction | planned for 2024
to aPembina Institutaeport. benefits are marginal
SMR- CCUS| Improvement in CCUS is key to th According to the Global| There are 26 CCUS
successful deployment of blue CCS Instituf@there are | plants in operation
hydrogen. Both higher capture an( 25 technologies in around the world®
sequestration percentages and | various TRL stages.
associated costs are developing | Which of these succeeq
Large SMR plants are deployed | is still unknown
globally and produce hydrogen at
low cost of under US$2/kg.
Increased efficiencies of small uni
that can providesmaller
modularity benefits related
location.
Partial Shell Gas Patrtial Oxidation (SGP) Past market focus for | Shell
Oxidation High TRLMore than 100 plants this technology hasot
globally. Claimed 22% lower been on hydrogen
levelised cost of hydrogen for SGH production butto
technology compared with ATR. | monetise lowvalue
refinery residues,
asphaltenes, heavy oils
gas or biomass by
converting them into
syngas
Methane The various pyrolysis technologiey Mostly low TLR. Some
pyrolysis offer a low cost of kand have a high TRL.
opportunities to use and sell the
solid carborby-product

4.3 Feedstockand resourceavailability

4.3.1 B.C. Potential for Green Hydrogen Production

The primary parameters determining the potential for green hydrogen production via electrolysis include:

 Thel @I AfloAfAGE 2F NByYySgloftS St SOGNROAGED C20dzaAy
Resource Plan (IRP)hat addresses both demarside efficiency improvements and demand
response programs, additional capacity needs are not foresestii 2032 (however, a high
electrification [ccelerated scenario indicates a need for power imports as early as 2025 and new
power plants being added as of 2029, despite the commissioning of the Site C hydro facility, as per
¢FofS my Ay ndikKMNo meiftidnys@ade in thisI8raft report abdbe use of electricity

89 Global CCHustitute, Technology Readiness and Costs of CCS (2021).
90 Global CCS Institute, Global Status of CCS 2020.
91 BC Hydro and Power Authority DRAFT 2021 Integrated Resource Plan. BC Hydro, June 2021
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for the electrolytic hydrogen production. Transmission from electricity production sites or large sub
stations will play a role in sitselection.

91 Availability of potable water a@n electrolyser feedstock. Each megawatt of electrolyser load capacity
requires about 1.4 million litres of water per annum. This subject was addressed for a number of sites
up to 300 MW plant$? Water availability was not an issue. The addition of a pletavater filtration
plant was the only requirement identified.

1 Hydrogen injection into the natural gas grid is faced with a humber of challenges and barriers that
include

Qitical pipeline system components includiambrittiement of steel
0 End-userequipment tolerances and operating considerations

Engineering assessments that would examine the safety, integrity and reliabitite of
gascompanyandend-userowned assets

Updates topipeline standards and policy

The establishment of mixghydrogermethane)gas tariffs andnsurance(the gasblend
still needs tameet tariff requirements.

o PRipeline capacity (including locaty hydrogerproducing facilities neanajor pipelinesto
injectit into the B.C grid).
Hydrogen separation technology
Gasmeteringfor blended gasesurity andrequisitespecification$?

Finally, the upper hydrogen concentration limit in the Bg@id needs to be determined.

The above leads to three possible concepts for implementing new green hydrogen production in B.C.:

1. One or more centralized egrid facilities: BC Hydro indicated the ability to support 300 MW of
electrolyser load capacity for green hydrogen productibAccording to recent discussions with
BC Hydro, this can be increased if power demand is close to the new &ita @ other large
power generation plants. Beyond a few hundred megawattseshand, BC Hydroould not to
guarantee power deliveries for new plants in the coming decade. It may be possible to wheel
electricity from other jurisdictions, but this may again depend on plant location and transmission
capacities.

2. Wind or solar P\jeneraed electricity. Figure28 indicates wind farm and gas network
overlapping regions that magrovide opportunities to build large (16@50 MW nameplate
capacity) offgrid wind farms and electrolysers. Potential for consideration includes the B.C.
mainland and offshore wind generation west of Vancouver Islandsi@ffe wind farms may be
very large, in te range of 30&/00 MW. The limitations are then dictatdubth by the potential
amount of hydrogen that can be injected into the natural gas grid and by the time required to get
such facilities permitted, built and production commissioned.

3. A third opportunty is decentralized hydrogen production usilagge and smallscale facilities
such as the one being developed in ChetwAirdl the HTEC/Mitsus-megawattproject® Grid-

92 Centralized Renewable Hydrogen Production in 8Fnal Public Report. G&S Budd Consulting Ltd., July 2019.
93 BC Hydrogen Study. ZEN Clean Energy Solutions, July 2019.

94 https://biv.com/article/2020/01/greenhydrogenplant-projecthasinvestor(Accessed September 8, 2021).

9 https://www.htec.ca/htechaspartneredwith-mitsuico-canadaltd-to-developelectrolytichydrogen-
productionprojectin-british-columbiathat-will-providefuel-to-htecsnetwork-of-fuelingstationsand-hel/

(Accessed September 8, 2021).
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connected facilities of this or a smaller size can rely on both hydro power frogridyend solar

or wind power from a nearby facility, putting less strain on the power grid. They could be
developed in various regions and inject into the local grid, albeit at somewhat higher costs
because ofdwer economies of scale.

Tablel8outlines the resulting estimates for new green hydrogen production potential in B.C. by 2030 and
by 2050 (cumulative). The current (2021) BC Hydro draft Resource Plan extends to the year 2041 and does
not consider any major new poweroductionfor hydrogen consumptionThe addition of large amounts

of demand wouldikely require adapting the resource plaiihe possibility of wheeling electricity from

other jurisdictions is not considered here but could potentially allow for the construction of additional
electrolyser capacities. About 700 MW of electrolyser capaisityequired to reach the provisional
volumetricvariableof 5% hydrogen in the pipeline network. Note that some power plants, such as wind
based generators, have nameplate capacithest are considerably larger than their average outpior
example, 100 MW of average electrolyser output from wind will likely require wind farms of at least
250MW nameplate capacity.

The 2030 technical potentiafor centralized grieconnected hydrogen production is based on
opportunities to use grid electricity at locatiotizat are relativelynearBC Hydro power plant sitesd

major substations By 2050, BC Hydro can contract for new generation capacities (or import more power)
and will then be able teonnectadditionalgreen hydrogen plantsThe exact amounts would depend on
UtilitiesCommission approval and direct negotiations with BC Hydro.

The estimate for total resource potential considers information provided in the ZEN Hydrogen Study that
estimates 5.4 GW of wind potentidt.With the sitestentatively indicated inFigure28, several large off

grid wind farms seem feasible in tiaterior, along the gas pipeline network. Also considering offshore
locations for very large wind farms (3000 MW), this would amourtb a total of 1450 to 2000 MW of
installed wind power capacityl hiswould result in up to 800 MW of netveragepower output,®® using a
40% capacity factor. Some of this potential may also be developed-gdadrfacilities. Given long lead
times, only oe or two onshore and no ofshore wind farms are deemed feasible by 2030. Beyond 2030,
the potential for ongrid electrolyser farms will ultimatelype determined by policy and Utilis
Commission directives since Bdro or the private sectorcould add considerable new renewable
generation This may increase overall power pricing and therefore needs regulatory suppagthundred

MW of newelectrolysemet capacity (about 1250 MW of wind farms) between 2030 and 2050 is deemed
to be a reasonable eshate in this respectWheeling of lowcarbon electricity from other jurisdictions
may also be a possibility to increase-gmd electrolyser capacities. This option is not explored here but
the technical potential depends on both legal constraints andhigmaission and interconnection hub
capacities.

For smaliscale, decentralized egrid hydrogen production, the estimate assumes a plant size of 10 MW
with up to five sites being developed by 2030 and up to 30 sites by 2050. Decentralized facilities may be
built near the gas distribution grid, with lower input pressur&sey coulde linked tolocal renewable
energy generatiorio supply some of the electricity needethrger facilities elsewhermayfeed power

into the grid commensuratevith increased locatlemand Theymay be close to hydrogen users in the
Lower Fraser Valley. These potential estimates can be modified based on cost evaluations and the
establishment of potential sites intended for the injection of hydrogen into the natural gas grid.

% Real output will fluctuate with the wind resource. In an-gifd situation, this would require either adding

battery storage to ensure stable power supplies at the average level or otherwise, building electrolyser farms with
capacities close to the maximum output of the wind farm in order to minimise curtailment. In-griebsituation,

0KS INAR O ySNEBENDSI Kild& INBRotOAY 3 GKS OFLAGIE Ay@dSaldySyd
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Tablel8 Estimated Green Hydrogen Production Potential in BlElectrolyser Capacity)

Concept By 2030 By 2050 Total Resource potential
Technical potential

Centralized grid 300- 500 MwW* 1000 MW 2100 MW net** (from
connected wind)
Centralized offyrid 60 MW 600-800 MW Additional potential exists
Decentralized grid 10-50 MW 300 MW from e.g., geothermal,
connected photovoltaic
Total 370¢ 610 MW ~1900 MW >2100 MW

* Current limit for new orgrid demand by 2030; *assuming an average capacity factor of 40%

Figure27indicates five areas where large -gffid wind power plants could be implemented, including an
off-shore site that would need to be linked to Kitimat and two areas along the northern sedtitwe o
Westcoast Energy Pipeline System. In addition, offshore wind power plants west of Vancouver Island could
be implemented. As Vancouver Island requires a gas pipeline upgrade to increase capacities delivered,
the upgrade could be used to install a largipeline that can carry hydrogen produced on the Island back

to the mainland. This couldccurin a reversed flow if production capacities are large enough or through

a parallel hydrogen pipeline. A large (500 MW) offshore wind farm could provide #uotrieity for
electrolytic hydrogen production. The areas indicated appear to be gaodidatesbut this highlevel
overview does not replace the need for detailed resource assessments and an examination of siting
conditions and other requirements to determine suitable locatidhst example, the gas flow currently

goes to Vancouver Island and KigitnHydrogen injected may then either be used locally or may cause
the flow to be inverted, which may pose engineering and cost challenges not considered here.

Figure27 Promising Regions for New Wind Farms SupportitaggeScale Green Hydrogen Production
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Wind Energy Potential and Energy Infrastructure in BC

Legend
= CANWEA Wind Sites
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Data sources:
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Others Natural Earth / DataBC

Figure28 B.C. Predicted Wind Speeds and Potential Locations for Large Wind Farms Near the Gas
Pipeline Network
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For grid connected, larggé OF f S K@ RNR ISYy LINPRdAzOGA2Yy> t20FGA2ya yS

north appear to be ideal, in line with the regions identified for larger wind farnisgnre27. In addition,
larger facilities could also produce for industrial (direct) use and for grid injection, capturing additional
economies of scale. They could produce for use in adipptications that include, by way of example, fuel
cell powered mobility (not within the scope of this study). Opportunities to capture and sell theololyict
electrolytic oxygen need to compete with a cost of less than US$50/t from air separation plants.
Colocation opportunities may exist that could use either the hydrogen or aipydjuct oxygen, or both.

The two refineries (Burnaby and Prince George) could provide opportunities as they use large amounts of
hydrogen and may continue operating if theyn&d¢o move towards biofuels, using plabased lipids and
possibly biocrude. The latter, however, would stand in competition to gas production from the same
resources. Although most of ground transportation may no longer use liquid fuels by 2050, aiaand m
transport may still rely on renewable liquid fuels.

4.3.2 B.C Potential for Blue Hydrogen Production

The two primary feedstock types required for the production of hydrogeng8MR or ATR technologies
are natural gas and water. The potential for th@guction of blue hydrogen is dependent on a number
of factors, including:

9 Carboncapture and sequesdtion is requiredo meet the proposed B.C. carbon intensity threshold for
low-carbon gases of 36.¢ CQe per megajoule This will require that ateast 60% of the CQs
sequestered or used, based @ancarbon intensity of 9@ CQe per megajoule for grey hydrogen.
Geological sequestratiosapacityin B.C.is deemed largeassuitable sites existlose towhere gas
production is taking placé-igure29). Overall estimated sequestration capacities have been used to
derive the blue hydrogen potentials in the ZEN report.

1 The adoption of ATR technology instead of SMR offesimpler productionstream, with a high
concentration of carbon dioxide, which allows a higher percentage of carbon emissions to be captured
Capture efficiency isstimated at 90 to 95% the conversion processd at its besta carbon intensity
of 11 kilogramsCQe per gigajoule of hydrogeis projected'®lt is potentially a more costompetitive
solution. However, unlike SMR, ATR requires the supply of oxygen as a feedstock. This may offer co
location benefits for green hydrogen production using thepogduct oxygen as feedstock for ATR blue
hydrogen prauction.

1 The cost of the C@aptured and sequestered needs to be considered. For dulagramof hydrogen
produced via SMR, approximately 9ilmgramsof CQis produced. If the cost to capture and sequester
the CQwere US$60per tonne, an additionalcost of US$0.5per kilogramresults forthe cost of
hydrogen produced.

1 Interms of hydrogen injection into natural gas pipelines, one limitation is the amount of hydrogen the
pipeline can technically toleratenless the pipeline is converted to transpbigh hydrogen blends or
100% H The total amount of gas that can be injected at any particular site will have to be determined
and is sitespecific. Givethat 90% of natural gas produced in B.C. is exported, any target for the B.C.
market will only have a minor impact on the renewable gas content in the main transmission lines. It
is, however, possible that decentralised production of hydrogen on the gas distriogrid may lead
to highhydrogenconcentrationsnear the point of injectiorand wouldthen need to include variable
hydrogen flowrates to maintain the target injection percentagespecially in the summer when gas
consumption may be three to four tinsdower than during some winter days.

1 The size of the SMR plant and location along any of the natural gas pipe branches isfhatangal.
Largeplants may be limited in terms of whesndhow much hydrogen can be injected into the grid.
Potential locations must allow either the use of L£L@ its injection into geologic formations
underground. The capacityto sequester the C£5 St 26 GKS 9 NI KQ& adzNFI OS
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therefore be considered and may become a limiting factdumeroussmallerhigh-efficiency SMR
units and small CCUS modular technologies that capture &©being develope¢see Section D.2 in
Appendix A)These units can belacedin locations that would avoid the limitations associated with
the use of large SMR and CCUS.

The overall potential for blue hydrogen production is very high. All current gas production. icoBl€
theoretically be replaced with blue hydrogen, since production is about ten times largeiptbamcial
demand. It is, however, unrealistic to expect that this will happen. By 2030, few plélhtikely have
beenconstructed. This isecausehe technologyisrelatively newand becauséengthy permitting periods
expectedfor the first B.C. CQinjection projects. The scenarios therefore only include limited blue
hydrogen production by 2030. After this date, the industry is more likely to growvadthen obtain a
large market share for lowarbon gas. The scenarios assume that up to 3@dalle facilities may be built

in the two decades between 2030 and 209Wtal potential by 2050 is based on the ZEN Hydrogen
report.®3

Figure29 shows the northern area around Fort Nelsowhere natural gas is produced, as the obvious
region where blue hydrogen could be produced and injected,wsinere captured C@could beinjected

into the ground. Turquoise hydrogen production, also indicated on the map, would more likely happen
more downstreamalong the gas pipeline, near strategic export hubs (Kitimat, Vancouver) or near
potential users of hydrogen or carbon black. Thiggests that locations near refineries, where the
hydrogen could be used directly, are also attractive.

4.3.3 B.C. Potential for Turquoise Hydrogen Production

A number of pyrolysis technologies have been considered in this report (Appendix A). These include
plasma, fluidised bed, moving bed, molten salt and pulse methane pyrolysis. All technologies require
natural gas as a prime feedstock. Using RNG would be a more costly alternative but could at the same
time result in a negativemission pathway if the carbdplack produced is used in lofiged products.

This section will focus on two technologies, Plasma Pyrolysis (Monolith Materials) and Pulse Methane
Pyrolysis (EKONA Power). The former is chosen as this technology appears to be more advanced in terms
of its TRL (see Appendix A). The potential to producedarbonintensity hydrogen using a turquoise
pathway depends on a number of factors, including:

9 Similar to blue hydrogen, the location, plant size and allowable amount of hydrogen that can be
injected inb the grid, used in industrial hubs, or distributed through gas infrastructure and converted
to 100% hydrogen are key.

1 Methane pyrolysis yields solid carbon (higdlue production output if sold as carbon black) with
hydrogen as a (lowevalue) byproduct, which adds a revenue stream opportunity to sell the carbon
as a pigment or rubber black. No fapture is necessary.

1 The market for black carbon is large (US$18 billion per year and incr&asioghere is considerable
potential for B.C. to produce thimaterial while also making hydrogen. The projected market growth
can be estimated as about 8 million tonnes by 2026. One facility in B.C. may only produce around
100,000 tonnes per year.

9 The production cost of this process is close to zero once blabbrtagales are factored in. Hydrogen
could likely be sourced at no more than $10 per gigajoule from this source.

97 https://www.alliedmarketresearch.com/carbeblackmarket (Accessed September 30, 2021).
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Large Final Emitters and Saline Aquifers with CCS Potential

Legend
Natural Gas Transmission

[ saline Aquifers

Urbam Areas

Large Final Emitters
@ Non-Upstream Oil and Gas
® Mid/Upstream Oil and Gas

Mapping Thomas Cheney Nov 27 2021

Data sources:

NATCARB Data from US DOE
Large Final Emitters data from BC Government
Others Natural Earth / DataBC

Promising regions fdslue hydrogenandiurquoise hydrogenproduction marked by ovals.

Figure29 Potential CQ Sequestration Sites in B.C.

The potential for turquoise hydrogen, as with blue hydrogen, is very large. This resource could provide a large
share of the loncarbon gasrequired 2 KSf LJ | OKAS@S ./ Qa HnomtheZER wnpn
report,®® its potential is estimated at 92 petajoulesalmost half the current B.C. gas consumption. As with
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green hydrogen, however, the realization of this potential will depend on the ability to source enough
electricity ¢ unless thermal pyrolysis is used as the production method. One plasma pyrolysis plant may use
around 4050 megawattsof power; 90 petajouls of hydrogen output per year would require the construction

of 18 such plants, amounting to additional power demand of aroundn8@gawatts Since the technology is

new, the scenarios in Chapteil0assume that few plants can be built by 2030. After that date, the potential is
based on the ZEN Hydrogen study.

4.4 Cost Curves

4.4.1 GreenHydrogen

Figure30 shows the cost curves resulting for electrolytic hydrogen. Costs are higher thahpe$3
gigajoule throughout, and incremental cost reductions and efficiency improvements are cancelled out by
expected increases in electricity pricing. Producing hydrogegraffwill entail considerably higher costs.
The latter vary greatly between eshae (aroundUSp1.5 million pemegawat) and offshorewind farms
(around US$5 million penegawat). Snce both are envisaged for B.C. to obtain sizeable numbers, a cost
of around US$3 million per megawatt was used. The wigl CAPEX for wind turbinesdaoversized
electrolyser farmsombined with the intermittent output of wind turbines (capacity factor assumed to
be 40%) lead to very high costs of hydrogen produceddf despite independence from grid electricity

For ongrid hydrogen production, ettricity costs are the most important cost factor and changes in
electricity pricing willheavily influencehydrogen costs. For ofjrid, the power generation assets are
owned by the producer and the capital costs for these assets and the electrolysebé@mome the most
important cost element, yet maintenance and operating costs are also significhatpredicted cost
scenariosfor green hydrogerare based on an electricity price of CH6& megawatthour, including
demand chargegseeSectionb.1). Lower electricitycostswill causea significant reduction in the unit cost
estimation for the green hydrogeproduced Future green hydrogen sbimprovements will be due to
developments in:

1 ElectrolyselCapex reduction

1 Improvements to electrolyser stack and system efficiencies

1 Decreases in operating and maintenance costs

1 Longer durability, and electrolyser system operational lifetime

Tablel9 Key Cost Impact€On-Grid Green Hydrogen Production

Year Status and improvements Challenges

2021 | Theelectrolysercapex(incl. balance of plant but excl. | Cost of electricity
storage)is estimated at C1400 kW
2030 | For this period, it is expected that further improvement| Inadequate supply of available
will be made to the cost associated with the list above | renewable electricity. Cost of

electricity.
2050 | For this period, further improvementre expected tde | Inadequate supply odvailable
made to the costassociated with the list abov@EM renewable electricity* Cost of

electrolyser target costs have been studied in the UK f| electricity.
a planned mega electrolyser production facifity

For capital costs, the assumptions from the ZEN report were retained for 2021. Foftreeductions
may be significantA U.S. source predicts costs of only US$400 lpkenwatt.®® Strong capital cost

%8 Gigastack Bulk Supply of Renewable Hydrogen Public Report. February 2020.
99 Roadmap to the U.S. Hydrogen EcoryanpiReducing Emission and driving growth across the nation. Fuel Cell and
Hydrogen Energy Association, March 2020.
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reductions for 2030 (15%) and 2050 (40%) were therefore assudeodther important variable is
electrolyser efficiency. Currently, PEBlectrolysers can achieve a powe-hydrogen conversion
efficiency of up to 72%2° Default assumptions are 70% for 202H% for 2030 and0% for 2050.
Additional assumptions for a small (10 MW) andgpftl plant can be found in the Excel model.

Table20 Default Cost Parameter€)n-Grid Green Hydrogen, in 2021$

Cost parameter Value Share Comments
Electrolyser plant 300 MW Very large
Conversion efficiency 70% Electricity to hydrogen, GJ/GJ
Gas yield 6.48 PJ
Capital cost $420million In 2021
Capital cost $357 million In 2030 {15%)
Capital cost $252million In 2050 {40%)
Amortization $46.7 million 20% | 20 years, 9.2%
Opex gersonnel coss 1%
Labour, 36 FT[  $2.90 million

Management2 FTE $0.30 million
Opex dectricity $15600million 66% | 2,400,000 MWh per year at $65/MWh
Opex dher costs $29.40 million 12% | 7% of CAPEX for maintenance, insurance,
TOTAL OPEX $235.25million 100%
Gas cost $39/GJ In 2021

100Hydrogen Program Plan. U.S. Department of Energy, November 2020 (footnote 80).
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550 Green Hydrogen Production, 300 MW-grid
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Figure30 Cost Curves for Electrolytic Hydrogen Production
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4.4.2 Blue, Turquoise and Waste Hydrogen Cost Curves

For blue hydrogen, the natural gas price is k#igr the cost of carbon sequestration. Presuming these
plants will be built at the well, where natural gas costs are lowest and sequestration opportunities exist,
any increases in natural gas pricing will negativaffiect hydrogen costs. This is buffered blyet
expectation that sequestration costs will fall over time. Capital costs are the most important cost factor,
due to the need to implement both SMR reactors and the carbon capture, compression, and sequestration
infrastructure. Other models, such as theeuof C®in tertiary oil and gas fields, or other uses of,CO
would strongly reduce the sequestration cost but are not likely going to be sufficiently available for the
large amounts of blue hydrogen anticipated.

The conversion efficiency ofatural gas to hydrogen is assumed to increase to 85% by 20&@rbon

capture costs are modelled as decreasing from $75 adaf CQin 2021, by 10% by 2030 and 25% by

2050. Capital costs will decrease more slowly at 9% by 2030 and 20% by 20% by 2050. Gas costs at the
well are deemed to increase only with inflation. No carbon tax applies since natural gas is (mainly) used
as a feedstok. The resulting cost of $3 per kilogram (US$2.30kblegran), although somewhat higher

than in the ZEN study ($2.pr kilogran), lies within the range of previous estimatésThe plant size

of 100 tonnes peday has been retained from the ZEN repand was chosen to compare to turquoise
hydrogen productionactual projects may be considerably larger.

Table21 Default Cost Parameter8lueHydrogen, in 2021$
Cost parameter Value Share Comments
Conversion efficiency 75% Methane to hydrogen, GJ/GJ
Gas yield 100 tonnesday As hydrogen (5 PJ per year)
Capital cost $300 million In 2021
Capital cost $273 million In 2030 {9%)
Capital cost $240 million In 2050 {20%)
Amortization $33.3 million 32% | 20 years, 9.2%
Opex personnel costs 3%

Labour, 42 FT $3.4 million
Management, 2 FT $0.3 million

Opex electricity $2.3 million 2% | 35,000 MWh per year at $65/MWh
Opex natural gas $25.6 million 25% | 6.6 PJ of natural gas at $3.87/GJ
Carboncapt./sequestr. $23.6 million 23% | $75 per tonne of C£P°

Other OPEX $15 million 14% | 5% of CAPEX

TOTAL OPEX $103.5 million 100%

Gas cost $21/GJ In 2021($2.96/kQ)

For turquoise hydrogen, feedstock cos$tatural gasyemain the most important factor. No capture or
sequestration is required, making the process easier to locate and operate. Yet, the conversion efficiency
is lower than with SMR, which increases overall production c@stdon black sales mayhowever,

almost entirely compensate for the cost of production. Producing the correct grade of carbon and
establishing sales channels will be k&wen thecarbon in the feedstocks not emitted but turned into
carbon black, likely displacing fossil carbimlack sources, turquoise hydrogen productisnot impacted

by increasing carbon taxgsnethane use as a feedstock is not subject to the carbon t#9n the

101 Hydrogen in a lovzarbon economy. Committee on Climate @ga (UK), November 2018
102GLOBAL STATUS OF CCS 2020. Global CCS Institute, November 2020 (Table 3)
103 Seehttps://www.iea.org/commentaries/iscarboncapturetoo-expensivg/Accessed October 29, 2021)
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distribution grid, facilitiesvould, in theory, be affected by increasing gas pricing asniscgpated with
increasing amounts aknewable and lowcarbon gasebeing injected(see Sectiorb.l). It is, however,
presumed here that a low gasipe is offered to turquoise hydrogen producers that will only change with
inflation. This is estimated by taking the current Rate 5 commodity charge plus storage and transportation
charges, resulting in a gas price of only $4.70 per gigajdtereasthe hydrogen conversioefficieng
isdeemed to remain constardver time the increasing amount of hydrogen in the gas pipeline will lead

to lower rates of carbon black output, although somewhat more hydrogen is then injected into the
pipeline by 2050Alternatively, the development of hydrogen at scale i€ Bould include dedicated
natural gagipelinesto deliver methane feedstock to processing facilities such as these.

Table22 Default Cost Parameters, Turquoise Hydrogen2021$
Cost parameter Value Share Comments
Conversion efficiency 57% Methaneto hydrogen, GJ/GJ
Gas yield 5 PJ/year As hydrogen
Capital cost $153million In 2021
Capital cost $139 million In 2030 {9%)
Capital cost $122million In 2050(-20%)
Amortization $17.0million 18% | 20 years, 9.2%
Opex personnel costs 3%
Labour, ®FTE $2.40 million
Management, 2 FT $0.30 million
Opex electricity $22.8million 25% | 350,000 MWh per year at $65/MWh
Opexnatural gas $41.2 million 46% | 8,769,600GJof natural gas at $4.7/GJ
Other OPEX $7.6 million 8% | 5% of CAPEX
TOTAL OPEX $91.3 million 100%
Carbon black revenue|  -$89.6 million -98% | 112,000 tonnes at $800 per tonne
Gas cost $0.3/GJ In 2021

Turquoise hydrogen is a special cals® to the ceproduction of carbon black. Depending on its exact
texture and quality, carbon black can fetch considerable value in the market. It has been conservatively
assumed that a value of C$800 per tonne is attaind¥l€his is sufficient to cancelt almost all of the
operating cost of a new plant, leading to very low hydrogen production costs. Natural gas is the main cost
parameter but somewhat higher pricing could be absorbed.

One concern with turquoise hydrogen is the anticipated change of gas composition in pipelines. If
significant amounts of hydrogen will be injected, turquoise hydrogen facilities will not be able to generate
the same amount of carbon black as before, whitdy affect their financial viability. A detailed technical
analysis of this problem would be beyond the scope of shusly, but it is assumed that with moderate
amounts of hydrogen, the process would simply become somewhat less efficient and would pnoohgce
hydrogen as a byproduct. Increasing amounts of hydrogen in the gas distribution network could also
affect other industries using natural gas as a feedstock but no such industries, such as fertiliser production,
were identified during the research rfdhis report. For the cost estimate, it has been assumed that
hydrogen in pipelines will amount to 2% by 2030 and 40% by 2050. This leads to somewhat less carbon
black revenue but also to increased hydrogen sales. It is assumed that the hydrogen negpslivould

simply be injected back into the same after processing, together with the hydrogen produced by the

104 Pricing was around US$800 in 2021, s#ps://www.chemanalyst.com/Pricinglata/carbonblack42 (Accessed

October 28, 2021)
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process. Alternatively, plants could be situated on gas transmission pipelines where the hydrogen content
may be lower than at locations on tlastribution grid.

Waste hydrogen is produced at several facilities in B.C. but is generally already being ugleadhtfor
process heaand as an energy vecttor heavy duty truck applicationa Hydra Energghemtrade project
Therefore, only a small portion may be available for pipeline injection. If the gas is currentid, the

costs of harnessing the resource are fairly small (some conditioning and compression). It is the most cost
effective resource but also very lirad in its potential.

Although the production costs for turquoise and wasteftmpduct hydrogen are estimated as less than
$10 per gigajoule, it is deemed unlikely that this hydrogen would be offered on the market for less than
$10. For the cost curves @hapter5.0, the calculatecamounts were used but it is not expected that this
would be the actual cost of purchasing this hydrogen

Table23 Default Cost Parameters, Waste Hydrogen, in 2021$

Cost parameter Value Share Comments

Gas yield 0.9PJ All figures used based on ZEN (2019)

Capital cost $19.3million In 2021 (no_changﬁ)r later yearssince no
more potential)

Amortization $2.1 million 57% | 20 years, 9.2%

TOTAL OPEX $3.7 million 43% | Labour and maintenance

Gas cost $4/GJ In 2021

Figure31 shows the gas cost estimates for the present year, 2030, and 20%®.cost is lowest for
turquoise hydrogen (due to the revenue generated from selling carbon black), followedabte
hydrogen and then, blue hydrogen
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Blue Hydrogen Production
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Figure31l Cost Curves for Nek&lectrolytic Hydrogen Production
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4.5 Carbon Intensity of Hydrogen from NeBiomass Sources

Table24 shows additional values for the four types of hydrogen available in B.C. For blue hydrogen, the
actual value will depend on the carbon capture efficiency. The value showrirfticates about 80% of

CQ being captured, i.e., lower values may be achieved with more efficient technology. Tagcliée
emission value for natural gas with and without carbon capture remains contested, however, as indicated
in Sectiorb.5below.

Table24 Literature Values for Hydrogen Carbon Intensity
Type Value Source |
Green 15.6 gCQe/MJ Based on GHGenit98
0.0 gCQe/MJ ZEN (2019), offrid
3.39CQe/MJ Pembina (20215, wind electricity Only plant construction
27.4 gCQe/MJ ZEN (2019), ogrid
Blue 22.4 gCQe/MJ ZEN (2019), 80% captueéficiency
14.0 gCQe/MJ Pembina (2021), SMR, high performance
10.6 gCQe/MJ Pembina (2021), ATR, high performance
26.3 g Cee/MJ BC Hydrogen Strategy, 90% capture*&ff.
50 gCQe/MJ Timmerberg (2020§8
Turquoise 12.5 gCQe/MJ ZEN (2019), Plasma pyrolysis
Waste 10.5 gCQe/MJ ZEN (2019)
4.6 Markets

Theprimary markets in B.C. for renewable hydrogen are:

1 Pipeline injection to reduce the carbon intensity of retailed natural gas in B.C. To(atthiroretical)
5% hydrogen by volume in the B.C. natural gas grid, 100,000 tonnes of hydrogen need to begroduc
and injected into the grid. If this were green hydrogen, it would require an approximate total of 700
MW of electric outputo operate theelectrolysers.

9 The second segment is the transportation market and includes-Jightdium and heavyduty on
road vehicles city buses ad ferries, to name a few. The Zen Hydrogen Study recommended
transportation as second on their list of future demand for hydrogen, albeit over a longer period of
time. The focus of this study does not include tremsportation market.

1 Large industrial users may buy or produeaewable andow-carbon hydrogen. This could include oil
refineries and other industries that are large hydrogen users. They could produce hydrogersfta on
use and possiblifor export, ora third party could produce for both markets.

1 A national or interprovincial strategy to create dedicated hydrogen transport infrastructure could allow
for the sale of pure hydrogen across larger portions of Canada, as well as internationally through B.C.
ports, or to Western U.S. jurisdictions through pipelines. Market dynamics would then no longer be
constrained by the B.C: market but would be driven by laagale U.S: and overseas demand. Such

105GHGenius50p = ¢ 6 ¢ PIKISY A dza POl @ bdzYoSNA NB F2NJ ./ | @RNRBQa
produced in the Fort Nelson drhas a much higher carbon intensity.

106 Gorski, Jaet al.. Carbon intensity of blue hydrogen productieAccounting for technology and upstream

emissions. Pembina Institute, August 2021.

107B.C. Hydrogen Strategy adza G Ayl ot S LI GKgl & FT2NJ . &/ ®Qa Sy SNH& (NI
18 Timmerberg, Sebastian et alydrogen and hydrogederived fuels through methane decomposition of natural

gas¢ GHG emissions and cosEnergy Conversioand Management: X Vol 7, September 2020.
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infrastructure could also allow for loAgrm storage of hybgen in order to stabilise the electricity
grid and provide more seasonal flexibility with hydrogen delivery. In the absence of dedicated
hydrogen pipelinesjduid organic hydrogen carriers (e.g., methyl cyclohexane) or liquefied hydrogen
could be expored by shipto U.S. or Asian markets from BRAysical export or the sale of hydrogen
certificates into extrgprovincial markets represents a potential threat to the ability to use the gas
locally if pricing is higher outside of B.C.

4.7 Infrastructure Needs

The main infrastructure for lowgarbon hydrogen use is already in plattee natural gas gridThe limit to
hydrogen content in the gas pipeline is currently undetermined. B.C. exports 90% of its natural gas
LINE RdzZOG A2y ® 9 @Sy A Bmptidnivascomértddaihydyotefitiziditerfage ByldragerO 2 v &
content in the main transmission lines would be only 10% or less.

The coelocation of hydrogen production at other industrial sitbsit could potentially use hydrogen for
examplenear cement plants and refineries offers infrastructure benefits. Section 6.3.6f this report
also notes thisAdditional infrastructure needed includes electrolysguewer generation assetgand
other production assets linked to blue and turquoise hydmgas indicated iffable25.

Table25 Infrastructure and Planning Requirements to Increase Hydrogen Production

Requirements Status

Additional renewable electricity production BC Hydro currently developing a new integrate:
assets resource plan.

Electrolyser farms Installation of largescale production sites egrid
or off-grid. For offgrid sites, additional
investment is required to generate electricity (P
wind). Offshore sites wilpotentially require long
cable connections to the mainland.

Site local waterded for electrolysers Filtration plants will need to be invested in.
BCEnvironmentaManagementAct. Site and Electrolysers use integrated water purification
plantenvironmentalassessmenand permitting | including ion exchange and reverse osmosis
will need to be undertaken for large electrolyse| filtration processes. Feed water and grey waste
plants water effluent will need to be addressed.
Steammethane reforming facilities Commercial technology that needs to be financ
and deployed in several locations, often near
proven sites for carbon sequestration

Carbon sequestration infrastructure CQ capture units (aminébased or other
technologies), compression and injection into tt
ground

Methane pyrolysis plants Production of carbon black and hydrogen near

hydrogen users and/or the natural gas grid.

4.8 Recommendations

The cost curves can inform the best stratégryprocuiing renewable andow-carbon hydrogen from B.C.

or elsewhere. Generally, hydrogen from outside the provisaeot expected to be cheaper, givire low
electricityand gascosts in B.C. The exceptiaould be any waste hydrogen that is currentignted or
turquoise hydrogen. If the aim is to keep costs low, available sources of waste and turquoise hydrogen
should be secured first. A strategy should be developed to attract investors tavBo@uill demonstrate

and then commerciallproduce turquoise hydrogeand by-product carbonthat couldbe sold into the
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carbon black market The production of green and turquoise hydrogen should preferably be situated near
large consumers, such as the refineriesPirince George and Burnaby. This can make use of existing
infrastructure and possibly, personnel, will maximise the value of the hydrogen as it can be delivered in
its pure form, and offers possibilities to better manage pipeline injection of surplus hgdrpgpduced

that is not used orsite, thus reducing impacts on the local gas distribution pipelines.

For blue hydrogen, incentives may be needed to construct a first production site by 2030. Since carbon
sequestration is likely requiregermitting is expected to take several years. This may be a demonstration
facility or a fullscale facility. Alternatively, the effort could focus on building a CCUS facility if a market for
the CQ can be identified. This would avoid the need for sequestethe CQ@ and would improve
economicghrough sale ofCQ.

The production cost of green hydrogen is currently above the GGRR price limit of $31 per gigdisule
may change if the price ceiling is modifmthat anaverageprice can be used thatlalvs more than $3

per gigajoule for some projects be paid or if the current policy is changed towards a carbon intensity
based target which allogfor higher pricingGreen hydrogen may also become more competitiypiver

tariffs are implemented thiereflectthe ability oflarge-scaleelectrolysis to balance the power marketeu
constrained wind, and provide lortgrm (seasonal) energy storage opportuniti€sven the very high
potential for blue hydrogen, green hydrogen is only deemed competitive if it is incentivised through a
portfolio standard approachlmplementing electrolytic hydrogen production where the-fpduct,
oxygen can be used will slightly jpnove economics. At an estimated value of $50 per tonne of oxygen,
hydrogen costs could be reduced by about $2.80 per gigajoule. This is insufficient to achieve a cost of
below $3L per gigajoulefor greenhydrogen but niche opportunities may exist wherastlis possible if
oxygen costare higher.

The high cost of offirid hydrogen production strongly suggests that-gnd wind farms or other
renewable electricity production technologies should be given preference for green hydrogen production.
Strongly ireasing green hydrogen production will require an adjustment to the BC Hydro Resource Plan
to accommodate large new sources of intermittent power productéord large-scale green hydrogen
production.

Time-of-use electricity pricesvould offer benefitsashydrogen could be producedhen wholesale grid
pricing is zero or negativéyr load balancing. Current electricity pricing structures provide no incentive
for energy storageand there is no need for such grid balancing in B.C. at this point in tinmheas be
handled byadjusting hydro output This may, however, change after 2030 if large amounts of intermittent
renewablepower production is added to the B.C. grid.
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This chapter develops scenarios timabddel the cost and availabiligf a portfolio ofrenewable and low
carbon gagroductionpathways described in the chapters aboVlese scenarios are not to be confused
with, or taken asa forecast Rather, they are models that represent a possible outcome based on a set of
criteria. TheunderlyingExcelbasedmodel considerpossible factors or drivers, the interactions between
pathways and ther relative contribution tathe targetsby 2030 and by 2050.

The model is simplistic and higevel and would need to be refineth achieve specific goals and
milestones The scenarios are based on several assumptions, mainly related sacolhe availability
of resourcesbuild-up rates, andechnology readinessf each pathway

5.1 General Assumptions

General assumptions apply to all pathways avete madeto model the cost of the variousenewable

and lowcarbon gases 2030 and 2050, as depictediinlde 26. These cost assumptions can be modified

in the model to determing¢heir relative impact orthe cost of producion. The amounts are given in 2021$

¢ i.e, inflation is not considered but costs reflect changes above the inflation lEgehatural gas, future
O2ada 6SNB olaSR 2y (GUKS G5AOSNBATASRE aO0Syl NA2
distribution grid, the Fortis Rate 5 (Lower Mainland/Southern Interior) was used. The retail cost accounts
for increasing amounts atnewable and lowcarbon gasef the distribution gridFor electricity costs,

.| | & RNR&enuefReqlifmaits Application to the BQdi@ates a bill decrease of 1.4% in 2022,

then an increase of 2% in 2023 and another increase of 2.7% in 2024. In 2025, due to Site C being

commissiord, another 56% ate increase is expected. After that, assuming that rates grow with inflation,
these assumptions reflect price increases in line with 2% inflation for the entire decade. AfteraP030,
annual increaseommensurate with inflations assumedo continue

Tade 26  Default Cost Assumptions, in 2021$
Cost Factor 2021 2030* 2050*
Electricity $65/MWh +0% +0%
Natural gas retail (Rate 5)** $7.96/GJ $14.09/GJ $21.43/GJ
Natural gas, at the well $3.68/GJ $3.68/GJ $3.68/GJ
Natural gagretail demand in B.C. 200 PJlyeal 200 PJ/yeal 186 PJlyedf®
Renewable and lowcarbon gashare 0% 15% 73%
in B.C. gas grid®
Pipeline gas carbon intensity 49.9 g/MJ 42.4 g/MJ 20 g/MJ
Capital costs, notbiomass hydrogen 100% -9 t0-15% -19 to-40%
Capital costs, gas from biomass 100% -10 t0-30% -50%
Capital costs, anaerobic RNG 100% Incremental Incremental
WACC 9.2% 9.2% 9.2%
Loan term 20 years 20 years 20 years
Carbon tax $45/t $130/tr** $130/t
Wood feedstock cost (residue, $60/odt $60/odt $60/odt
average)
Wood feedstock cost, adcharvest - = $121/odt

* In relation to 2021; ** Incl. carbon tax; *** Corresponds to $170/t in 2021, at 3% inflation

109 pathways for British Columbia to Achieve its GHG Reduction Goals. Guidehouse, August 2020 (Diversified

Pathway).
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Electricity cost include demand charges but do not consider/ | & IBveR @eRnBC Industrial
Electrification Rate&'® which are deemed to benefit the project developer and investors, but not the
purchaser of renewable gases.

The B.C. carbon tax does not apply when natural gas is used as a feedstock, as opposedtbTaisiel.
means thatfor turquoise and blue hydrogen production, where natural gas is the feedstock, no carbon
tax applies on any volumes of g€nitted at the production stageéOn the other hand, wood gasification
and steam reforming using natural ga® subject to the tax since the gas is used as a process fuel.

An important assumption relates to feedstock cofir gas production from wood. In line with Section
3.1.3 the cost of residue is assumed to increase with inflation, whereas the cbgiulp and sawlogs
continue to increase above the inflation rate. $66r dry bnneis taken as a conservative nhumber for
residuecosts - an average between mill residue and increasing amounts of harvesting residueogtis
isalsoapplied toanywood residuecurrently used for either power production for BC Hydro or for pellet
manufacturing.

Additional wood could be harvested but would then require the use of standing trees within the AAC limit.
This has been estimated toughly double feedstockcosts for gas production as an average between

pulp qualitylogs and the resulting roadside residue, also assumed to be available at a cost of $60 per dry
tonne. Only about 30% ofew standsharvestedthis way are assumed to be used for renewable gas
production; mos of the harvested/olumes would be sold as sawlogs

5.2 Technology Readiness

The pathways discussed in this report vary in technology read{sessalso Appendix AJhe buildout
rate of maturepathwayswill be faster tharof thosewith little or nocommercialscaleimplementations
Precommercialechnologiess unlikely to benatureby 2030 Unless enormous resources are poured into
decarbonizationtheir full technicalpotential is likely to be reachednly by 2050.With respect to the
three major @mthways the following can be said

1 Anaerobic digestionBy and large, RNG from anerobic digestion is adeieloped technology that
could grow quickly.

1 Woody biomass:Renewablegasproduction from woody feedstock is notommercialtechnology.
Technologes need to mature, with demonstration projects being built and evaluated before full
technical potential can be realized. We assume a slowedouit for these pathwayswith only
demonstration projects produang hydrogen or RNG from woddappering before 2030 S/ngas for
lime kiln projects could proceed more rapidly

1 Hydrogenfrom non-biomass resources/Nhile electrolysis is a wethown technology, large industrial
scale applications arenly just being deployedluehydrogen (carbon capturenal sequestrationand
turquoise hydrogen have to mature even further.

5.3 Resource Potential

Previous chapters describe the technical resource poteatiehch of the three mairenewable and low
carbon gasources: anaerobic digestion, wood gasification, and-biomass hydrogen production. The

110 hitps://app.bchydro.com/accountdilling/ratesenergyuse/electricityrates/electrificationrates.html
(Accessed November 26, 2021)

111 https://www2.gov.bc.ca/gov/content/taxes/saleaxes/motorfuel-carbontax/business/exemption§Accessed
October 14, 2021
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numbers provided in these chapters are technical potentials that need to be translated into what is
realistic or desirable for B.Consequentlytwo scenarios refleiing amaximum and aninimum resource
potential are developed belowWhat is actually achievable in B.C. with appropriate policies and
investment may lie ifbetween these two extremes. Ultimatelyhe criteria to gauge potential for in
provincerenewable ad low-carbon gaproduction mustalsoconsider the cost of each pathway and the
relative availability of each resource. Other criteria, such as carbon intensity values for different gases or
fuels, may also be taken into account.

For anaerobicallyproduced RNG, resource potential has been assessed in detail and is well known.
Scenarios for 2030 and 2050 are mainly a function of the cost associated with each paHoway.
anaerobically produced RNG, tMinimum scenarioonly considergrojects that cost lesthan $3 per
gigajoule the current threshold the&GGRMhas set to protect ratepayers from excessive rate increases
Also,only a portion of the technical potential can be realiz€eMaximumscenarioallows for projects

that areup to $50 pergigajoule

The potential for green hydrogen largely depends on the availability of (green) electridity. | @ RNE Qa
term resource planning suggests thatound 300-500 MW may be available for lowarbon fuel
production. Additional or alternative sougs may include ogrid power production from renewables,
such as wind power.

The potential for blue hydrogen is mainly constrained by the availability of suitable geological features
and abandonedvellsthat could be used to sequester &Qurquoise hydrogen produces carbon black
and can only bgroducedcost effectivelywhere there are markets for thisy-product The market for
carbon black is large and growirfgufficient natural gass available withinB.Cto supply both pathways.

f 2y

Curently,2yf & mMmE: 2F . &/ ®Q& Y pravidely; the rask isiexdaeB!'R dzOG A 2y A a

The supply potentiabf renewablegas from wood biomasds constrained by resource availability and its
distribution within the province. The demand for syngas particular areanight not match feedstock
supply. Trucking woody feedstock from parts of the province that have surplus fibre may not be viable or
even desirable as the energy contained in it is rather,land trucking costs would be higBnly the
Maximum scenario makes use of whole logs (beyond some unharvested pulp logs used in both scenarios)
Only low-costresidue isused in theMinimum scenard. In theMaximumscenariowe assume that low

cost resources from expiring BC Hydro contracts and transitioning of mill waste from wood pellet to gas
production takes place.

The numbers used for thevb scenariogor wood resourceare made expliciin Table27. Both scenarios
have time horizos for 2030 and 2050The amount of wood has been converted to gas production
potential usingan inputoutput (feedstock/gas) calorific conversion rate of 67%, representative of the
main technologies to be used.

112 https://www.capp.ca/explore/naturalgasand-the-Ing-opportunity-in-british-columbia/ (Accessed October 6,
2021).

Final report Page90


https://www.capp.ca/explore/natural-gas-and-the-lng-opportunity-in-british-columbia/

ENVINT, CBER & Associates B.C Renewable and Lo®arbon Gas SuppBotential Study

Table27 RenewableGas fromWoody Biomasd$roducedin B.C.in EachSenario(PJ per yeartHHHV)

- AY ™, . A\ AY ™, .
DOERESOUILE 030 050 030 050
Unharvested AAC - - 4.6 4.6
Roadside residue related to abov - - 2.1 4.0
AAC from mill closures - - 14 14
Roadside residue related to abov - - 6.5 11
Unharvested pulp logs 3.6 3.6 4.0 4.0
Roadside residue related to abov 0.4 0.6 0.4 0.6
Unused Roadside residue 6.0 10 5.9 10
Mill residue not used 4.8 4.8 4.8 4.8
Conversion of pellet plants - - - 44
Expiring BC Hydro contracts - - 47 47
Urbanwood waste(CLD) - - - -
TOTAL 15 19 89 143

The table above showshat in the Minimum scenario, insufficient wood is available to reach a 15%
renewable gas target (equivalent to about 8€tajouleg with wood aloneOn the other hand, there are,

in theory, sufficient resources overall to reach the 15% renewable gas tar@@B0andto produceup

to 143 petajoulesof gas in the Mximumscenario.Table28 summarizes the assumptionsderlyingthe
subsequent tables

Table28 Assumptions on Wood Availability foMinimum and Maximum Scenarios
Minimum Scenario Maximum Scenario
- BC Hydro power purchase - Substantial amounts of lowegost biomass transitioning
agreements with pulp mills from BC Hydrpower purchase agreemengd pellet
extended, limiting availability of mills will buffer costs from increased use of roundwood

mill residues for renewable and
low carbon gas production

- All lime kilns converted to synga
by 2050

- No wholetree harvesting for
energy occurring due thigh cost

- Allkraft mill lime kilns converted teyngasy 2050

- Hydrogen and RNG producti@me implemented at almost
all mills possibly some standlone facilities

- Max.about 30% of standing trees a cutblockused for
energy therest for sawmillor new uses (bioproducts)

or difficulty harvesting - Mixed cost of roundwoo@nd associated roadside residu

. is $121 per dry tonneby 2050
- Demonstrations for hydrogen .
andpossiblyRNGat pulp millsby | - Max.75% of unused AAC can be accessed by 2050

2030 (remoteness, terrain, etc.)
- Urban woodwaste already used | = Max.85% of unused roadside residue recovered
by others - Pellet plant feedstock transitioned to gas production afte
2030

- 50% of unused roadside residue
recoveredby 2030 85% by 2050| - BC Hydrgower purchase agreemenexpirearound 2029
- Pellet plans continue to operate and Hydro sources electricity from wind and solar

and exportafter 2030 - Urban woodwaste already used by others
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Based on the above assumptionsble 29 and Table30 lay down the resource potentials assumed to
exist in each scenario, for the years 2030 and 2050. This includes assumptions about demonstration and
build-up of new gas production facilities

Table 29 Assumptionsfor Gas Production in 2030 and 2050 PJ/yr (Minimum Scenario
3 o 030 050 Rationale
Green hydrogen (large ogrid) 0.0 8.3 | Slower rampup thanMaximumscenario
Green hydrogen (small ogrid) 0.8 1.9 | Slower rampup thanMaximumscenario
Green hydrogen (large offjrid) 0.0 2.4 | A single 300 MW offirid wind farmafter 2030
Blue hydrogen 14.2 46.8 | Limited by permitting and regulatory restraints
Turquoise hydrogen 15 15.4 | Slower rampup thanMaximumscenario
Waste hydrogen 09 0.9 | Identical toMaximumscenario
Syngas in lime kilns 14 5.9 | Identical toMaximumscenario
Lignin in lime kilns 0.0 0.0 | Lignin a more expensive fuel than syngas
Nochange to forestry practiceBC Hydrd®PAsare
Syngas to hydrogen 0.3 134 | extended No use of wood pellet feedstocknly
low-cost residue used
Syngas to RNG 0.0 0.0 | Technology not advancing as expected
Agricultural RNG 0.9 1.2
Municipal RNG 2.3 4.0 | Potential for production cost below $85J; 70%of
Waste water treatment gas 0.4 0.6 | 2030 technical potential (90% of 2050 potential)
Landfill gas 2.1 2.7
TOTAL 24.7| 103.8
Table30 Assumptions for Gas Production in 2030 and 2050Rdyr (Maximum Scenario)
a o[ 030 050 Rationale

Green hydrogen (large oegrid) 8.4 21.0 | Converted to petajoules fromablel8
Green hydrogen (small ogrid) 0.8 6.3 | Converted to petajoules fromablel8
Green hydrogen (large offrid) 1.7 12.6 | Converted to petajoules fromablel8

Blue hydrogen 14.2 156 | From ZEN (2019) report, Figure (282050)
Turquoise hydrogen 154 92.2 | From ZEN (2019) report, Figure (#82050)
Waste hydrogen 0.9 0.9 | From ZEN (201%¢port, Figure 28

5 - .
Syngas in lime Kilns 14 59 100% of lime kilnare converted to syngas by

2050 BC Hydro contraciare notextended

Lignin in lime kilns 0.0 0.0 | Lignin a more expensive fuel than syngas
Increasedorest residue recover\BC Hydro
contractsare notextended Rellet feedstock

SUINEES 19 Dyl Eget e e transitions towards gas productioi6 plants (or
less if larger plant sizealso using standing trees

Syngas to RNG 03 74.9 Onedemo by 203026 fullsize plants by 2050ke
of some roundwood

Agricultural RNG 1.4 2.0

Municipal RNG 2.4 4.2 | Potential for production cost below $50/GD% of

Waste water treatment gas 0.4 0.6 | 2030 technical potential (90% of 2050 potential)

Landfill gas 2.1 2.8

TOTAL 49.7 444
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The potentials shown above result in the cost curves displayedjine32andFigure33. The (horizontal)

x-axis indicates the potential in petajoules per yeadie (vertical) yaxis shows the production cost for

each pathway. The lowesst pathway is shown on the left. The potential increases as higpeir
options are considered, resulting in a stepped curve. Eventually, the costs per gigajoule surpa&ss the $
threshold that the GGRR requires. The viable potential under the current regulatory framework is limited
to the area in the graph that is outlined by a dashed line. Note that, to keep the graphs legible, the size of
the xaxis is not the same.

There wauld be a gradual increase in production over time, which for some pathwaydeglys after
2030. For anaerobicalproduced RNG, the potential for 208@veloped in SectioB.4has been reduced
to 70% (90% by 2050) developing the total potentials not realisticSyngas production from woody
feedstock is assumed to continue through 2050 even if new hydrogen opRIdGction is added to mills

Maximum scenaria the 2030 target of 15%enewable gascan bereached using only iprovince
resourcesf low-carbon gas becomes eligiblEhe target would be reached with a mix of gases, mainly
blue hydrogen (construction @bout 300 tonnes of blue hydrogen production capacity before 2030) and
anaerobically produced RNBy 2050,100% ofnatural gas currently retailed in B.Guld be replaced
with provincialrenewable andow-carbon gas, still remaining within the $8021%$) cost threshold. €h
resulting gas miicludes a large share of blue hydrogehigh biomass use, and also the construction of
carbon black production facilities that produd¢erquoise hydrogen.For gases from woody biomass,
productionsitesexceedthe number ofexisting mills, suggesting that some greenfield plants would have
to be built and substantial amounts of roundwood would be usbtbre thanthe current provincial
demand could be produced withrovincialresources possibly allowing for exports

Minimum scenaria compared to the Maximum scenarithe 2030 targetcamot be reachedwith
provincial resources If low-carbon gases are eligible andaiftion is taken now to implement blue
hydrogen productiononly 24 out of 30petajoules per yearequiredare produced improvince.B.C: gas
utilities would have to purchasé gigajoulesa yearof RNGfrom out-of-province resources. By 2050, the
total availablerenewable and lowcarbon gadevels off at around 10fetajoules i.e. only about half of
current natural gaslistributed through pipelines can be displac&tnewable and lovearbon @simports
would be necessarto fully decarbonize provincial gas usageless B.C. gas consumption is reduced
drastically The lower gas production levels in this scenario are dumadre pessimistic assumptions with
respect to woody feedstock availability and bulit rates, as well as technology developméer., no
RNG production from wood)
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5.4 Supply Portfolios
5.4.1 Criteria fordeveloping portfolios

The cost curves above shdwwth costs and potential. These numbegse, in part, based on predictions
and are subject to changes such as technology development and resource availdalitpst curves can
be used to gauge the contributidhat each pathway may makand at what cost. Apart fronthe cost
thresholdof $31 per gigajoule (indexed with inflain), other criteria policy makers might want to consider
include:

9 Geographical originGas produced outside B.C. will not have the sgnogincialsocial and economic
benefits as gas produced withihe province

1 GHG footprint:The governmenimight set a minimumlife cyclecarbonintensityfor gas to qualifyfor
displacing natural gaghis could give preference gasesthat have much lowek even negative;
carbon intensitieshan others possibly accelerating GHG reducti¢Bgction 5.5).

1 Industry sector:Renewable and lowearbon gasproduction may be promoted epending onthe
potential and need for job creation aritbw competitive the industryis.

1 Cobenefits: Some pathways create dxenefits in addition to renewable gas. Theselbamefits, which
can include local employment, rural diversificatiand odour and nutrient management, may be
consideredvhen choosing whichenewable and lowcarbon gaseto acquire

9 Social acceptanceSome pathways may be more acceptable than others. For example, social
acceptance may be lower for carbon sequestration projects than for green hydrogen, or fostaige
wood gasification projects versus smsdlale digesters. Buygneed to weigh the advantages of each

and may have to engage in education efforts to defend purchasing decisions if they are faced with

critiquesin the media.

1 Speed of developmentAs discussed above, some types of projects may require much longer lead
times. This would apply to efhore wind projects used to power electrolysers, or to blue hydrogen
projects that need to inject carbon dioxide into the ground. Other types of projects may be developed
more easily and quicklgspeciallyto meet the 2030 tegets.

1 Investment needs:Some pathways require substantial investmefds project developmentA fult
scale RNG production facility using woody feedstock may cost more 8thr8illion to build, which
is more difficult to realize than smallprojects under $100 million, such as syngas production, or under
$30 million, such as anaerobic digestion.

1 Technology statusPre-commerciabathwaysneed to be supported with further R&D. Demonstration
projects should be realized before 2030, possiblyhvaublic support, but neaterm solutions lie in
technologies that are already fully commercial today.

9 Diversity and hedgingtt may be advantageous to diversify the production portfolio, including several
sources ofenewable and lowcarbon gasesThis wi reduce the risk of relying camsingle source that
may become more expensive or may even cease to exist over time, and will stippqgrarallel
development ofnew industries in several sectors.

1 Potentialand replicability: Some pathways have more potéad than others in terms of how much gas
can be produced.

5.4.2 Possible Supply Portfolios

Table31 qualitativelycompares thaenewable and lowcarbon gagpathways.Some clear messages can
be derived:
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Green hydrogerremains too expensive for immediate consideration
Turquoisehydrogen is of great interest but not yet commercial.

Waste hydrogen is also of great interest but veryti@diin terms of its resource potential.

= =4 =4 =

Syngas production from wood is the most achievable and lowest option for using woody
biomass

1 Woodbasal pathways offer moresocial benefitsthan those based on electrolysis or blue
hydrogen.

9 Agricultural RNG is attractive based on several parameters but has limited potential.

1 Anaerobic pathways are the most developed technologically and also relativgiycedsvelop.

Table31 Qualitative Comparison of Renewable and Lé®arbon Gas Pathways
Pathway Gas Invest GHG Sector Co Social Speed TRL Poten Overall
Cost ment Benefits

Green hydrogen

- == = + 0 0 + + + + o)
(large ongrid)
Green hydrogen

. -- 0 + o} o} + + + + 0
(small ongrid)
Green hydrogen | . N o . N B R . ]
(large offgrid)
Blue hydrogen + - 0* + - - - + ++ 0
Turquoise it + ot i i N ) ) R o
hydrogen
Waste hydrogen | ++ ++ o) o - + + ++ - +
S_yngas in lime o N N N o N o R . .
kilns
Syngas to - - o] + o o] - - ++ 0
hydrogen
Syngas to RNG - -- 0 + o} 0 = - ++ o
Agricultural RNG | o + ++* + ++ 0 + ++ + +
Municipal RNG o + +* o} + o} + ++ + 5
Wastewater

+0o + +* 0 0 + + ++ 0 +

treatment gas
Landfill gas + ++ +* 0 0 + + T+ 0 +

----extreme;-- very bad;- bad; o neutral or small impact; + good; ++ very good
* Exact carbon intensity is disputed; see Sectdn

In combination with the cost curves developed above, the supply portfolios for 2030 andc20klbe
structured as shown imable32. Optionsto facilitate these outcomes will be discussed in Chaftér

Another question is what role imported gases will playhisis discussed in the following section. As
mentioned above among the criteria, a portfolio approach is desirable both in terms of creating more
opportunities inside B.Cand offering more resilience fogas retailers that need to comply with
government mandates. The breadth of this diversity will depend on the ability to pay for the igas
whether the $3 per gigajoule threshold is hard or flexikjéo accommodate somef the more expensive
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sources. It is presumed below that such flexibility may not occur before 2030 and/or that more expensive
sources may become more afttable after that date.

Table32 Potential Supply Portfolios oRenewableand LowCarbon Gases

2030 2050

Turquoise hydrogen
Syngasn limekilns
Hydrogen (or RNG) from wood
Anaerobically produced RNG
Waste hydrogen
Secondary Turquoise hydrogen Blue hydrogen
sources Hydrogen from wood (demonstration Green hydrogen

Waste hydrogen
Primary Anaerobically produced RNG
sources Syngasn lime kilns

Blue hydrogen

5.4.3 In-Province Versus Gof-Province Supplies

FortisBQs currently buyindRNGproduced outside of B.C. (e.g., Lethbridge, AB and Des Moineg,ftowa

an existing voluntary markét3 This option is in line with other jurisdictions, such as California, that use a
certificate trading system to¥hoveQ RNG between jurisdictions by septng and selling the
environmental benefits of these gases. Buyers can then claim these benefits for their own gas use
whereas at the injection pointthe RNGs treated as if it wagieneric natural gas. The green benefits
therefore accrue where théuyer uses natural gas, not where the producer injects it, geographically
decoupling RNG production and use.

Whileavoidingtrade barriers this system may leave most of the seemnomic benefitfrom renewable

and lowcarbon gagproductionoutside of BC. However, it can be harnessed to obtain-et RNG (e.g.,

from landfill gas sites) or hydrogen to protect B.C. ratepayers from exposure todmgtvable and low

carbon gagricing. It may also enabkourcing RNG with very low, or even negative, ocarlmtensities.

This would be an advantader reaching provincial and corporate GHG targets more quickly. Yet, sourcing

all, or a large portion gfgases from outside B.C. will economically benefit producers in other jurisdictions,

NF KSNJ GKFYy {1{SSLIAYy3 NIGSLI&@SNARQ Y2ySeée AyaARS (GKS
production is therefore desirable.

As outlined in Chapte2.0, the potential foranaerobicRNG production in the rest of Canada and the U.S.

Aa fFNBS Sy2dzaK (2 B@Rh@®MNy akfefidor®Enewalddgas Qetausklihdy aseS S Ra @
connected to B.C. through the continental gas gfide Canadian potentigincludingB.C.)Js deemed to

be about 70 petajoules by 2030 and 80 petajoules by 2050. U.S. potential is deemed to be close to 600
petajoules in 203@&nd about 630 petajoules in 2050. This means the entire 2030 B.C. tarddt icou

theory, be procured inside Canada and any 2050 tampedd be complied with using Canadian and U.S.

sources.

B.C. utilitiesare unlikely tosecure as much of this gas they wishto due to competition. In the U.S.,
several jurisdictions have implemented renewable gas policies and have createtive markets for

RNG certificads (see SectioB.5). In Canada, Quebec is currently seeing uptake of RNG from landfill gas.
Any firstmover advantage thaB.C. gas utilitiesurrently have may therefore disappeasoon Table33
provides a comparison betwedahe advantages and limitations of importimgnewable and lowcarbon

113 hitps://www.fortisbc.com/services/sustainablenergyoptions/renewablenaturaltgas/meetour-renewable
naturalgassuppliers#tab7 (Accessed October 5, 2021).

Final report Page98


https://www.fortisbc.com/services/sustainable-energy-options/renewable-natural-gas/meet-our-renewable-natural-gas-suppliers#tab-7
https://www.fortisbc.com/services/sustainable-energy-options/renewable-natural-gas/meet-our-renewable-natural-gas-suppliers#tab-7

ENVINT, CBER & Associates

B.C Renewable and Lo®arbon Gas SuppBotential Study

gases The choice mainly relates to sourcing lowesst, assured gas production outside B.C. versus

creating more social and economic benefits insidephavince

Table33 Renewable and LovCarbon Ga®rocurementin B.C. versus Imports

Purchasegas certioficates

outside British Columbia

Developrenewable and lowcarbon gas
projects inside British Columbia

0. | Potential Currently far in excess of requirg Sufficient to meet 15%y 2030CleanBC

targets target within $31/GJthreshold Gan
theoretically replace entire B.C. gas
consumption by 2050.

1. | Cost Reduced cost to ratepayers if | Someof the gas purchasedill cost more
credits are purchased soon and | than outof-province
for a long period

2. | Project W[ K& yIAYy I T NIHzA | Range of pathways will be developed
portfolio developed firsi; mainly RNG because B.C. offers better conditions

from areerobic digestiorand than many other jurisdictions
landfills

3. | Competition Competition with other utilities | Less competition due to Fortis
andventure capital predominance as a gas utility in B.C.

4. | Control Limited control over resources | Good control of biomass arelectricity
outside B.CCedits may go to based projects, some control over orgar
other bidders after initial waste.
contracting period

5. | Resilience to | Some resilience B.C. utilities arel High resilience becaudC. utilitieshave
high price WS I NI &Higreegpddde to | right of first refusal.
carbon markets| markets as regulatory frameworlk

is developed in other
jurisdictions

6. | Impact on Low Industries such as the pellet industry wil
competing seeA Y ONBI SR 02YLISi
resource users wo00d.Q

7. | Technology Limited incentives for technology Developers and venture capital have
development | development incentive to develop and mature

technologes.

8. | Compatibility | Incompatible with desire to Demand for electricity from B.C. Hydro
with other B.C. | strengthen forest products will increaseLowgrade wood waste may
government industry and developrovincial be used for energy rather than higher
policies renewable and lowcarbon gas | value products

production

9. | Demand side | Low gas prices discourage ener( Increased gas prices will foster demand
management | savings side management

10. | Cash flow Net outflow of ratepayer money | Ratepayer money stays inside B.C.

Potential inflow of capitafrom out-of-
province

Table34 takes a conservative approach for the potentialimported gasesA portion of RNG may be
secured in the coming years as other jurisdictioasp up their ownrenewable and lowcarbon gas
policies. After 203(possibly, earlier, the firsthover advantage may cease to exist, and only incremental

Final report Page99



ENVINT, CBER & Associates B.C Renewable and Lo®arbon Gas SuppBotential Study

amounts may be securedhib is especially tie in the U.S., where very high RNG certificate pricing has
been observedogether with rapidly increasing sales voluniésThismay price RNG out of reach for
Canadian utilities.There is also the question of renewing RNG salestracts after the 2&ear
procurement contract endsA 2Gyear term is reasonable for the life expectancy of most RNG plants.
renewal pricing is likely to adjust to market conditions, which may feature higher prices than at the start
of suchprojects

For hydrogen, lovcost resources such as waste hydrogen Wkely be quickly secured by U.S. buyers.
Turquoise hydrogen and other electricibased gases would likely cost more in the U.S. than in B.C., and
no imports are assumed. This leaves mairlyebhydrogen potential for imports. Since there is great
potential inside B.C. for such gas, import needs are limited. They may still occur if B.C. production is slow
to commence or if costs are lower outside of B.C. (e.g., where good sequestration appestexist).

For the table,tiis assumed that two large sources (100 tonnes per day) magbtered outside B.@y

2030 and another two by 205The current wording of the GGRR does, however, not appear to allow for
hydrogen imports as it requires that the gas must be delivered through the B.@isg#sution systenor

directly used bya clientto replace natural gas

Table34 AnaerobicRNG and Hydrogen Import Potential
e al Potential, 203(C  Achievable, 2030 Achievable, 2050
Rest of Canada 60 PJ 10% 6 PJ 15% 10PJ
U.S. 590 PJ 5% 30 PJ 7% 44 PJ
Blue hydrogen Very large 8.4 PJ 17 PJ

The above assumptions are conservative and a more aggreggiveachmay deliver different results.
Yet, even with these conservative assumptidhg resource outside B.@ill be more than sufficient to
comply with the 2030 target. For 205(0) aggressive strategy would have to be in place to secure enough
renewable and lowcarbon gagproduction in competition with other jurisdictions. However, if certificate
pricing remains high or increases, this may not be a profitable strategy.

With pricing of environmental credits over US$200 per tonne of, @Orecent years!® the value of
renewable and lowcarbon gasesan be very high in the U.Sable35 provides a range of market values

for differentrenewable and lowcarbon gaseshased on their carbon intensiti¢€is) The higheClvalue

is typical for blue hydrogeripr example whereaslow positive values may apply to gases derived from
solid biomass, and negative values refer to agricultural and municipal RNG. With a carbon intensity for
natural gas 060 kilograms per gigajoulésee next sectionk gas that has an intensity of Blograms per
gigajoule would displacg0 kilograms per gigajoule. At C$260 per torofeCQ under the California LCFS

this would reflect a value d87.80 per gigajoule Renewablddentification NumberRIN) pricing for R3

RINs for RNG)have beenabout US$2.50 per RIN since 2020This corresponds to aboui$38 per
gigajoulec well above the current B.C. threshold of1$3’

114 hitps://www.naturalgasintel.com/renewablaaturaltgaspotentiakjust-scratchingthe-surfacebut-obstacles
remain/ (Accessed October 2021).

15 https:/iww2.arb.ca.gov/resources/documents/Ictsredit-clearancemarket (Accessed October 5, 2021).
116 https://www.epa.gov/fuelsregistrationreporting-and-compliancehelp/rin-tradesandprice-information
(Accessed October 5, 2021).

117 https://www.waste360.com/gasnergy/whererenewablenaturatgasmovingforward-and-what-will-mean
industryand-statespart-2 (Accessed October 5, 2021).
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Table35 Current U.S. RNGertificatePricing, in C$
Gas Carbon Intensity RIN Value LCFS Creditalue** Total
30 g/GJ $7.8GJ $46/GJ
5g/GJ $38 $14.3/GJ $52/GJ
-100 g/GJ $41.6GJ $80/GJ
-400 g/GJ $117/GJ $155GJ

* Converted from US$ at a rate of C$1.3/US$

** Depends heavily upon the California L&warbon Fuel Standard Credit price, whiths been as low as
US$71/tonne in June 201&nd as high as US$217/tonne in February 2028e pice in October 2021was
US$158/tonnekd

The importanttakeawayfrom this table is that at current pricing levels, itrigpossible for B.C. Uities to

buy even gases with a comparatively h@@hhrough certificate tradingspricing is higer than the C$3

per gigajoule thresholdThis may change in the futureut the bed strategy is to source the gas from
projects through longerm purchasing agreements at the investment stage. This implies high transaction
costs and a limitation to greenfield projects or projects that hpweviously sold their gas into different
markets (e.g., using biogas for power generati@i)le hydrogen does not fall under the RIN system but
would earnLCFS$redits in the U.S.

A strategy for gas utilities in B.C. is to seaemewable and lowcarbon gasuppliesoutside the province

to hedge against the ristaf insufficient resources below the ceiling price in B.C. by 2030. This is a no
regrets strategy since utilities can sell surplus credits into the gas credit markeif lditere are enough
low-cost gas sources in the province. If credit pricing remains high, this may mean that profits can be
obtained from such activity, which could in turn reduce the cost of gas for B.C. ratep&yersing
renewable and lowcarbon gaseprovincidly should still bea priority as itcreatesthe support structures

that establish this industry in B.C.

5.5 Carbon intensity and emission reductionsf supply portfolios

The potential that this report has established is basedetajoules ofrenewable and lowcarbon gas
rather than tonnes of C£ displaced. A policy switch away from energy and towards carbon abatement
as a measuring parameter would have to lookaalifferent metricto measure compliance witleHG
targets. Thisectionassessethe carbon mitigation that can be achieved with the existing potential.

The various pathways differ in their use of resources and thereby in the amount of greenhouse gases
(GHG) emittedThe spreadsheetimodel factors in carbon credits from the displacemhef GHGs that
would occurin the absence of the project. Using GHG emission factors published byGhdiBistry of
Environment and Climate Change Strat@gfeCCS and other datg the model determines the carbon
intensity of each pathwayliterature values are alsausedto determine the reported range of carbon
intensities Thecarbon intensity camvary significantly fronone pathway to anotheror even between
projects within thesame pathwaysespecially when methane is emitted, a powerful GHG with a high
global warming potential.

Carbon emissions afgricultural and municipal RN®lost pathwaysdescribed in this reporthave a GHG
footprint lower thanthat of natural gas. Agrictural RNG, especially from projects involving liquid manure
(such as dairy and hog farmg)enhas astrongnegative carbon intensity as it captures methane that

118Source: California Low Carbon Fuel Standard Credit price | Neste.
119BC Ministry of Environment and Climate Change StrateByC«Best Practices Methodology for Quantifying
Greenhouse Gas Emissions, 282Wictoria, B.C., April 2021.
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would have escaped from manustored in open pit$2° Some of the arbon intensities reportedio not
include GHG emissions that happeutsidethe digeser. Digestate is removed from the digester while
anaerobic reactions continue to produaecaptured methane for a while Many lifecycle analyss
include some emissionsaim digestate in the actual facilignd some fromspreading digestate on the
flyR® ¢KS WDI D DS ygavdmnent Ma R ihcluditie &ifest dath andrigySexclude
someemissions associated with digestdté.

Carbon emissions of RNG frdandfill gas and WWTP4At times landfill gas and WWTP RN®jects
reportedly havehigher CI scorgthan natural gas in B. This is because most Cl data for landfill gas and
WWTP RNG projects cosfeom the California LCFS, which counts GHG emissioimg®NG production
and from the transportation and compression of RNG to appneately 3,600 PSI (248 bar) for use as
vehicle fuel. As such, if landfill gas and WWTP RNG projects are buitstatés with high Cl electricity,
the CI of the RNG can beite high.

Carbon emissions afatural gasSimilarly fugitive emissiongrom the extraction of natural gas, especially
related tohydraulic fracturingmayresult in significantly higher GHG emissions than staiée burner
tip emission intensity of natural gas (close tokgfper giggoule) needs to be augmenteaith upstream
emissions, currently estimated at between 6 andkil@grams pegigajoule for B.C. natural gad¥Recent
remote measurements indicate thdhis may still be an underestimatidoy a factor of twoas some
fugitive emissions have not been captured in previous ground sufé&gsy uncertainties with respect
to natural gas also apply to natural gasrived lowcarbon gases.

Carbon emissions tfue hydrogenConverting methane inthydrogen is amverallendothermic process,

that is, heat/steam must be supplied to the process for the reaction to proceed. This steam is usually
produced using natural gas a fuelThe C@emissions fromthe steam boilemay or may not be captured

and sequesteredPowerful compressorsare usedo injectand sequestethe capturedCQ into geological
formations. These pumps may be fuelled by green electricity or by naturaHgdsogen has a lower
calorific value than natural gas (13jigajoules per standard cubic metas opposed to 3§igajoules per
standard cubic metrerequiringmore pump energyer gigajouleto deliver gas through the pipeline

the end userMost natural gas compressor stations are poweredjagpoweredcombustion engine&*

which vent exhaust emissions into the atmosphere.

Blue hydrogen merits aloser look due to the uncertainties and technology pathways that can lead to
significant differencein carbon intensities. The Pembina Institute evaluated the carbon intensity of blue
hydrogenproduced withdifferent technology pathways. In that they fod that existing steam methane
reforming (SMR) technologies employed like at the Quest upgrader in Alberta leads to a modest reduction
in carbon intensity?>Other studies suggest even higher GHG emissions for blue hydrogen than for natural

120 This is considered for the California LCFS but currently not for the B.C. LCF&ayHidd to very different

carbon credit values from the same source.

21Ccdza A SO Ffdx Ga[AFS /e0tS 9Yy@ANRYYSyidlrt LYLIOGa 2F 9¢S
March 2016, Front. Bioeng. Biotechnol., Accessed on October 8, 26&psat/doi.org/10.3389/fhioe.2016.00026

122 ju, Ryaret al. Greenhouse Gas Emissions of Western Canadian Natural Gas: Proposed Emissions Tracking for

Life Cycle Modelindgnviron. Sci. Technd@021, 55 14, 971%9720

123Tyner, David and Johnson, Matthew: Where the Methandrisights from Novel Airborne LiDAR

Measurements Combined with Ground Survey DBraviron. Sci. TechnelnH MY pp %X dpT1rT1TO0b Ty O

1249 Yy GNARISST GC¢NFYALRNIAY3I bl idz2N¥t DIFIagx | OOBsmanaR 2y 5S0O
gastransmissiorand-midstream/naturalgas101/transportingnaturalgas/compressostations

Bp2NB 1@ SO FfdX t SYOAYLoLdZS IRATRNESES v / LIND R dzO Ay AiySéya Allidea 2
2022 athttps://www.pembina.org/pub/carbonintensity-blue-hydrogenrproduction
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gas!?®127pPemby/ I Q& NXB LusaNiheredaik la iviSeirange of carbon intensities for blue hydrogen,
depending on the choice of technology (SMR or ATR), carbon capture rate, ensissaoiated with
imported electricity, and the emissions from natural gas produdtirichvary by production basirg).

A robust regulatory framework that addresses upstream @hi{Ssionssources like fugitive methane and
supports best available technologies is important to ensuring that blue hydrogen production pathways
are adow-carbon as possible to align with lotgrm GHG reduction goals.

Carbon emissions gfood-fuelled gaslJsing roundwoodor energy purposeaccelerateghe emission of
carbon contained in the woo@ndcreates a carbon dept that must be paid back thiouggrowing felled

trees over timeThis is because there is essentially no residence time for carbon in the final product (i.e.
the fuel) before energy is created, as opposed to lumber which might remain in solid form for decades or
centuries before dispgal. For mill and harvesting residue, conventitypically attributes the majority

of emissions tdhe harvested wood products, such as dimensional lumber or pulp. The residue is then
counted aglose tocarbon neutral. In the Maximum scenari@nse roundwood is harvested to produce
RNG or hydrogen. The initial carbon removal that is reported as a loss in the Canadian GHG inventory
when a tree is cut would then be attributable to this portion of the feedstock. RNG made from wood then
has a similar céon footprint as natural gas, since the carbon in the RNG produced is counted as an
emission. Unlike with natural gas, however, trees regrow over time and the carbon debt is then paid off
as the same amount of G@ sequestered as harvested stands areengad. The B.C. carbon stock
accounting system is not yet set up to capture these processes fully. Ovetoal®0-year timeframe,
roundwood is also carbon neutral. It will be a policy decision as to how temporary emissions from
roundwood for energy are aounted for, and whether and how the repayment of carbon debt enters the
equation.

The exampleaboveshow that refiring emission factors and quantification protocols is stiltlgwing and
substantial uncertaintiesxistwith the GHG profile of some of ¢hpathways discussed in this study. The
factors published by MECQ&gely used in this stugdynay reflectneither the latest science on the full
upstream emissions of natural gas exploration nor the downstream emissions of ipaghsction As
science improvescarbon accountingprotocols willOKI y3S® a9/ / { dzLJRI 0Sa A
aStK2R2ft23e FT2N) vdzad yiAFTeAy3d DNB SyheapodssS DIFa 9 YA

A

¢ &
Q¢ QX

A climate change strategy that is largely based on blue and turghgg®gen or on anaerobic digestion
might be at risk ohaving to correcthe carbon intensies of these pathways over tim&his may become
important as the Government of .8 is contemplating switching fronmtargets pegged to energy
production to those elated to GHG intensity:igure34 provides thecarbonintensitiesused in this report
(solid green bar) and the range that could be gleaned fsomepublished studies.

126 | dzSNJ SGd Y LBOTAGRS Of 28 K8 RNRISY LINRPRAzOGAZ2Y (S { dza
1, 2022, accessed on Jan 28, 202Btads://pubs.rsc.org/en/content/articlelanding/2022/sef1se01508g

w20 SN 2@ | 26FNIKEZ al N) %o W EReigy Kigrice and EhginecAfgiusSty A a o f
2021, accessed on on Jan 28, 202Rtgis://onlinelibrary.wiley.com/doi/full/10.1002/ese3.956
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Figure34 Carbonintensities of Renewable and LoWarbon Gas Pathwayas reported in literature
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Notes:

1 Dashed bars indicate the range of factors stated in various publications.

91 Error bars represent uncertainty with respect to dfgcle GHG emissions for various pathways.

1 For anaerobic RNG, uncertainty arises with both accounting methodologies (including avoided emissions from

lagoons in the agricultural sector, consideration of methanegasing from digestate), fugitive emissions
(e.g., leakage from repeated gas trarrsfe as well as indirect emissions (compression to high pressures for
use in transportation using more or legeeenelectricity).
91 Different conversion technologies and energy types used for gas production from wood will result in different
Cl values.
Fa green hydrogen, the CI of the electricity used determines the CI of the hydrogen produced
For both natural gas and or turquoisendblue hydrogen, upstream emissions from gas produgtion
conversion, sequestratioand transport, as well a8Q leakage fom geological storage can have impacts.
1 No data is available for turquoise hydrogen but uncertainties will likely be in the same range as for natural gas.
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6.1 Key considerations and Desired Outcomes

As discussed in Sectidm. ], there are manyconsiderationgor the choice ofenewable and lowcarbon
gaspathways for B.CThe B.C. Government wantoweighthree mainconsiderations:

(@) Achieve the CleanBRoadmap to 203@oals including a minimum of 15% renewable being
retailed in B.C. by 2030edudng emissions while supporting a strong economy, suppgrt
innovation, and implemenmbga cap on emissions for natural gas utilities.

(b) Keep the cost of pigme gas affordableLow gas prices ar@mportant to keep energy costs
affordable in the province. Ineasing energy costs disproportionately affe¢the poor and
energyintensive industies thanges must be gradual and must occur in a considered way to be
socially acceptable.

(c) Develop a bioeconomy withiB.C.,maximiing sociaeconomic benefits fothe province The
renewable and lowcarbon gashouldbe made inprovince.Producinggas from local biomass can
increase local benefits over the current situation, especially if wood fuel exports were redirected
towardsprovincialrenewable gas production. It ctibalso stabilise the forest product industry if
BC Hydro contracts expire without renewal around 2029. In addition, the gases produced should
have a low (or negative) carbon intensity.

These considerations lead to the questifhow best to support a transition towaradenewable and low
carbon gasuse in B.C. and what types of policies should be implemented, above and beyond those
currently in place.

6.2 Best PolicyPratices in Other Jurisittions

6.2.1 Main Policy Approaches

The promotion ofanaerobicRNGand other renewable and lowcarbon gagypes,takes place across a
broad spectrum of policy areas ranging from agriculttioa¢stry, waste, energyclimate,and general
environmental policy. As illustrated figure35, the RNG value chaican be affected and enhanced at
several stagesincludingfacilitating feedstock acquisitiorgreating ademandpull usingincentives or
mandates anda regulatory environment that supports RNG deployment.

PUBLIC FINANCIAL SUPPORT
Clean fuel, electricity, ar thermal Preferantial purchasing programs Impraving regulztory certainty
enargy standard Digester grant programs Waste management policies

e - —
——
"f’fﬁ / —
v e

Pramota sustainable Suppart project financing Streamling rules far Create greater value/demand
leedstock management and investment producersdistibutors for delivered fual

Feedstock diversion Feedstock conversion, ransmission and Endd-uze
and collection upgrading, and cleaning distribution consumgrtion

Figure35 Policies Promoting the Development of RI¥&

128/ aNAS ¢2Y3 W2KYy CSEtRYIYyYyZ YR wS0SOOF DFALISN® HAuND &
for State Policy I { SNE ®¢ 2 2 NI R mitSsd/@odaiB4B83Wwfidpi1R.doaek S ®
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Countries and states have created legislation regarding renewable energy to diversify their energy
resources, promoteprovincial energy production and encourage economic developmeniree
approachego promoting renewable energy have evolved over the tistades

1. Renewable Portfolio Standards (RPS) or Clean Energy Standards€@E&titybased schemes
in which the regulator requires a specific amount or proportion of tgasome from renewable
orWOft S I-oArBon sofArgesA carbonintensity standad is a variatiorof this approach.

2. Feedin tariffs (FIT)guarantee all eligible producessfixed priceper gigajouleof gas fed into the
grid. The tariffs ardinked to standardized and simplified interconnection rules

3. Public tenders: A certain amount (igajoules peryear) or value (in $ of investment) for
renewable or lowcarbon gas ipubliclytendered and sold to the lowest bidder or biddevith
the highest volume

Table36 outlines key features of each instrumed] of them have been tried and tested in the electricity
sector over the last decade$here are variationsf, and supplementary policies foeachof them used
in various jurisdictionsThese are described below.

Table36

Renewable Portfolio

Standard CleanEnergy

Feedin tariff or premium
system

Policylnstruments forPromoting Renewable and LovCarbon Ga®roduction

Public tendersor
auctions

Standardor LCFS

Approach Quota for renewable or low | Set price for renewable o Individual tenders for a
carbon ga®r low-carbon gas fed into | certain type of
guota for maximum GHG the grid, orpremium/ renewable or low
intensity. bonus paidon top of carbon gasReverse
fossil natural gas price. | auction mechanism
Mechanism Volumebased Incentivebased can be | Either volume or price
restricted by total target | based
volume
Technology Technologyneutral. Technologyspecific. Technologyspecific
Only eligible technologies | Carveouts for specific
technologies
Control of Investors and producers Government controls Tender specifies type
portfolio decide which tariff for each pathway/ | and volume of gas

pathway/technology is used

technology

typically large projects
only.

Target control

Penalty for not reaching
target(s)

Markets and tariff decide
uptake Cap and floor for

Penalty for winning and
then not implementing

premiums capacity
Certificate Possible Not possible Not possible
trading
Investment No investment security Stablecash flowmsulates | Binding investment
security investors from revenue | limit. Hgh risk for
risks investors
Adminis- Low Medium High
trati ve effort
Build-out / Build-out rate dependent on| Robust shorterm Many bids end up being
installed target. growth and gh build out | too low and projects
capacity if incentivesadequate fail.
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Renewable Portfolio Feedin tariff or premium Public tendersor
Standard CleanEnergy system auctions
Standardor LCFS
Local Certificate tradhgmay not | Incentives for selective | Frequently larger
development | encourage local technologies can bidders from outof-
development promote local and province
specific local
development
R&D Lowest price technologies | Stimulates R&D input to | Lowestprice
succeedLittle R&D reduce costs technologies succeed
Little R&D
Costeffective- | Leastcostinstrument. Lack otompetition leads| Strong push for low
ness Competition between to higher cost than RPS | costs butsome projects
technologies. Requires continual then fail due tooften
Selfcorrects adjustment by higher than expected
More efficient to reduce government/utility board | cost
GHG emissions and cost to| Low transaction cosind | High transaction costs
ratepayers low risk leads to low
financing cost
Impact on Lower social risk than fedd | Cost to ratepayer may be TypicallyJower than
ratepayers tariff. volatile. feedin tariff
Key challengeg Low buildout pace Social acceptance might| Top-down approach
decline with increased | often does not meet
costs toratepayet with reality on the
ground
Monopolizes
production
Political insecurity
Compatibility | 15% renewable gas Eligible CI can be define¢ BC Hydro approach to
with existing | commitment Maximum cap for total or| buying power from third
B.C policies Low-carbon fuel standard per categonyand per year| parties
can be defined

6.2.2 Current B.C. Policy

B.C.currently hasa favourable policyframeworkfor RNG developmenincludingmarket support Both
pipeline gas and vehicle fuelNBE & dzLJLJ2 NRefdwabie ®ortfolid Alldwaace and th€FSThe
B.C.commitment to source 15% of renewable gaggas sales currently the most ambitious in Canada,
higher than the current0% by 2@0target for rerewables gases in Quehaghich has very sitair natural
gas retail demantb B.C'*The carbon tax of $45 per tonne of £@ among the highest in North America
and isscheduledo rise to $50 in 2022%°then to increase at least in line with federal rateswever, the

129 hitps://www.quebec.ca/en/government/policiesrientations/plangreeneconomy (accessed November 22,
2021)

130 https://Iwww?2.gov.bc.ca/gov/content/environment/climatehange/cleareconomy/carbonrtax (Accessed
October 11, 2021).
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LCFS and voluntary purchase program have been the key drivers of growth in RNG. Uri¥8the
CleanB®anand the 2021IRoadmap to 2030*' several targets related to RNG were announé&d

T Minimum 15% renewable gas target by 2030
Increase in the Carbon Tax to $50 per tolye2022, then to meet or exceed federal tax levels,
Triplingthe LCF&om a 10% reduction in carbon intensity in 2020 t80&6 reduction by 2030.

1
1
1 Aiming to get to 95% organic waste division and capturing 75% of landfill gas hy 2030
1

AGHG emissions cay approximately 6 Mt of C@ per year for 203@or gas utilities

Followup policies have inctled purchases of CNG buses which can easily be switched to RNG, and an
Organic Infrastructure Fundvhich provided $30 million of funding from various sources to improve
organic waste management. Also, the Organic Matter RigxydRegulation Intentions paper calls for
stricter environmental assesients and controlled atmosphere composting (negative air pressure,
biofilters, leachate control for all composting facilities that consume over 15,000 tonnes of food waste or
biosolidsper yeaj.133

At the local level, some municipalitiese interestedin reducing and perhaps eliminatirmgsidential
natural gasuseas part of their climate action stratggSuch jurisdictions include the City of Vancouver
which has the power to contrats building codeandthe City of North Vancouvewhich allowsa less
strict step code adoption for naturgasfree buildings'3

6.2.3 Canadian Clean Fuel Standard and Other Federal Policies

While originally planimg to have separate streams for solid, gaseous and liquid fuels, the @anad
Governmentannounced in 2020 that the Clean Fuel Standard will only apply to liquid*fa&lswever
RNG used in vehicles can be used to generate compliance crBd@<Clean Fuel Standard will require a
13% reduction in fuel carbon intensity below 2048uesby 203036

The federal carbon tax is currently (2021) at $40 per tonne eé@@d will increase to $50 in April 2022.
¢KS 3I2@3SNYYSylQzitfuryhér3o/5170 néminélRper xoyn® MBRA3EThis will apply
to fossil natural gas in the pipeline, thus reducing the price differential betweapwable andow-
carbon gases and natural gaghis willalso increase costs feenewable and lowcarbon gagproduction
where natural gas is usddr process heat (some of the wood gasification processes).

6.2.4 U.S. Policies

Policies at the statéevel varybetween stateswith California having the most comprehensive set of
policies. Most RNG policies have centred around its use as a vehicle fuel. This is primarilyitarmsegh
in compressed atural gasvehicles which currently have a 40% RNG market shiarthe U.S

131B,C. Ministry of Environment (2021) CleanBGadmap to 2030

132B,C. Ministry of Environment (2018) CleanBC: Our Nature, Our Future, Our Power.

133B,C. Ministry of Environment (2018) OMRR Policy Intentions Paper.

134 https://www.nsnews.com/locahews/northrvancouvetrdistrict-probesgasfree-future-3123997(Accessed
October 5, 2021).

135 https://gowlingwlg.com/en/insightgesources/articles/2021/canadiadeanfuel-requlations/(Accessed
October 18, 2021).

136 hitps://www.canada.ca/en/environmentlimate-change/services/managingollution/energy
produdion/fuel-regulations/clearfuel-standard/about.htmi(Accessed October 11, 2021).

137 https://www.cbc.ca/news/politics/carbortax-hike-new-climate-plan-1.5837709Ac@ssed October 11, 2021).
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Some states have madggnificant changesvith Washington, Oregon, California and Nevada developing
either voluntary or systemvide RNG policies. The combined Federal Renewable Fuel Standatd credi
(calledRenewable Indentification Numbdis 2 NJ alWClalifomi® IBCF$Sredit valueaddsup toaround
C$21to C$107 dollarper gigajoule(see alsol able35), with most RNGoeingover C$3 per gigajoule
Californi&® population and economyre larger than all of Canadand several other states have also
implemented RNG policie€onsiderable demand could be generated in these jurisdictions Bad
utilities may only compete with difficulty. On the other harehhanced electrification and other lew
carbon fuelsmay limitdemand for RNG in thg.S.market. Nonetheless, with RNG bgithe first mass
produced advanced biofuel, competitionith the U.S.is likely to increase in the lodgaul trucking
sector38

LCF®rograms are under discussion in theSuhortheast andmid-Altantict® (Transportation and Climate
Initiative). Minnesota, Coloraddowa, South Dakota and others are considering LCFS polidigsh may
significantly increase demand for lesarbon and renewable fuel®vhen all the proposed and existing
LCFS policiewre cansidered, demand for lovwcarbonintensity fuelsshouldincrease significantly. This is
noteworthy, as the Californian LCFS alone has spaw@mutsiderableRNG development across the
continent with RNG being purchased from as far away as Quebec.ivgitesingdemand forrenewable
andlow-carbon fuels, priceare expected taise, particularly for very low and negative carbon intensity
projectsRNG Any firstmover advantage that B.C. utilities may currently have when securing supplies of
low-cost RNGwill likely disappear over the coming yeaf$

Statelevel policies are also driving RNG demand fomtieiral gasutility sector. California, Washington,
OregonandNevada are all developing either voluntarynoandatoryprocurement of RNG by theuatural

gas utilities. Other noteworthy policies include organics diversion mandates in some states (California,
Connecticut and Massachuseft8)and lowinterest loans for RNG projects in lowaCalifornia also has

a program to extend infrastructure to largausters of dairy farm&* Wisconsin and Washington State
have funded agricultural digesters to reduce agricultural impacts on lands and water. Finally, watershed
nutrient trading is considered, which allows farmers to trade nutrient permits and thus peead@omic
support to sdutions such as anerobic digesti&ii.

Table37 provides an overview of the most relevant U.S. policies affecingwable and lowcarbon gas
production and marketsOne can cnoclude that competition for RNG and RNG certificates wilhsere
FAdzZNI KSNJ gAGK GAYS® 9aLISOALtte /IFEAFT2NYALFIQa [/ C{
also recently announded renewable gas portfolio targets that are comparable to those of B.C. There is a
risk thatprovincialy produced RNG wilkave the province.

13BBEBA/WBA (2021) Smart CO2 Standards for Negative Emissions Mobility.

139 https://www.transportationandclimate.org{Accessed October 11th, 2021).

140 https://thejacobsen.com/news items/statesonsideringlcfs/ (Accessed October 11th, 2021).

141 https://www.biocycle.net/organiewastebansrecyclinglawstacklefood-waste/ (Accessed October 11, 2021).
142 https://www.legis.iowa.gov/docs/publications/BL/1207158.pdccessed October 11021).

143 https://www.act-news.com/news/massiveng-supplyboostin-californiadairy-digester/
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Table37 Current U.SPoliciesPertaining to Renewable and Lo@arbon GasH44128
Low-Carbon Fuel RNG Pipeline Sales Infrastructure/Other
Standard
California | {State LCR® i Biomethane target under | { Clusters for Dairy RN@cluding
development infrastructure funding
I UtilitiesQdSouthwest Gas, |  Organics landfilling regulations
SoCalGas and SDG&HIG | 1Cap and Tradprogram at state
purchases including level
eliminating price caps for | {Shortlived Climate Pollutants
the last two (voluntary plan.
program) 1 Ability for developers t@stablish
grid connectiorand requirement
for reasonableitne period for
utilility .

f Standardsed interconnection
proceduresamong gas utilitieto
facilitate RNG production

i Dedicated pipelines talge,
industrialdairy farm clusters

Washington| { State LCFS unde fUnderdevelopment to
development*t allow either voluntary or

systemwide RNG salée'$’

Oregon LCFS under I Target for 5% RN®ith 9 Capandreduce program for RN(
development thermal energy credits to reduce GHG intensity of gas
with a target of under development®me distributedin state.

25% below 2015| integration with state LCFS
levels by 2030

lowa 9 Lowinterest bonds for farnRNG

development

Nevada TLCFS envisagédl |  Utilities allowed to sell

RNG Encourages RNG to
be in supply portfolio

6.2.5 Recommendations for B.C.

B.Chas a robust framework for the development of RNG with strong price support for deployment. One
threat to this leadership is competition from the California market due to the very lucrative combination
of the federal Renewable Fuels Standard and stiteel LCFSevenues. Aquiring RNG from oubf-
province could become increasingly difficult, particularly for lownegativecarbon intensityRNG

144 https://www.rngcoalition.com/policiedegislation(Accessed October 112021).

145 https://lenergynews.us/2021/05/13/californialeanfuel-standardsparksrenewablegasboomin-midwest/
(Accessed October 112021).

146 hitps://ecology.wa.gov/AiClimate/Climatechange/Greenhousgases/Reducingreenhousegases/Clean
FuelStandard

147 http://biomassmagazine.com/articles/15172/inslesgnsbill-to-promote-rng-in-state-of-washington

148 https://www.argusmedia.com/en/news/2165860evadaincludesicfsin-climate-strategy(Accessed October
12, 2021).
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products.B.CQfé&st-mover advantagean be usedo procureRNGrom projects where it can be secured
with 20-year contracts. This hedgagainst stronger than expected costs from locally produced gas. If
locally-produced gas can then be procured, any excess gas credits can be sold into the openTharket.
following areashould also beddressedo expand renewable and lowarbon gas production in B:C.

Feedstock

1.

Continue working on improving the ability to recover harvesting residue through subsidies (Forest
Enhancement Society programs) and the dymain, using better methods and technologies.

2. Implement meaningful cost mechanisms to motivate forest product companies to recover most

of the harvesting residue.
Financial

1. Lowinterest financing could be providetbr agricultural digesters (and other types of gas
production) as done in lowa

2. Provide funding to support the additional cost of RNG deployment over composting or other
organics/wastewater solids disposal options

3. Work with agricultural organizations to promote cooperativelyned or operated centralized
RNG plants, including a possible sustainable agriculture payment scheme for digestate use and
soil carbon enhancement.

4. Financially recognize the broader social @edlogical benefits of anaerobic RNG productias
AD with nutrient management can play an important role in preventing nutrient overload on lands
and waters, increasing soil carbon, reducing methane emissimalproviding a lowcarbon fuel
for the gagyrid and NGVs.

5. Continue to support R&D and demonstratandfirst commercialscale facilities to produce low
carbon gas.

6. Create mechanisms to suppadnewable and lowcarbon gagproduction at larger scales from
woody feedstock, such as higher gates being paid during the first years of operation to shorten
payback periods, or lowost, longterm financing for capitaintensive projects.

Infrastructure

1. Workwithin B.C. anavith neighbouringurisdictions tomakethe gas system hydrogeeady.

2. Proactively plan for network meshing, reverse flows and other measures to integradevable
andlow-carbon gas

3. Work with BC Hydro to ensuthat enough new power generation capacity is available after 2029
to enable green and turquoise hydrogeroduction in B.CElectrolytic hydrogen production could
be linked to orgrid power production commasurate with newdemand and based on facilitated
grid access for new renewable power generatiimked to, but not necessarily in clopeoximity
to hydrogen production hubs.

Regqulatory
1. Prioritize AD over composting when treating separately collected organic waste.
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2. Allowfor an averagerenewable and lowcarbon gasost of $3 per gigajoule, instead of the $3
ceiling, tofacilitate demonstration projects and green hydrogen at higher césithout requring
BCUC approval each timels was proposed in a previous sti#élThis would enable increased
provincialproduction durirg the initial years; the cost cap could then be reduced over time.

3. Consider a renewable gas feedtariff that assigns cost thresholdegending on the pathway
used similar to feedn tariffs in the electricity sectoMature lowcost pathways may have lower
thresholds than technologies under development. These cost cdpmildbe reducedover time
as prices come down.

4. If the current pecentage target is retained, define fiyear carveouts for each pathway that
require gas utilities to buy gas from several different sounegker thanonly the lowestcost
ones.

5. Alternatively, a carbon cap that requires utilities to account for lifeecycle carbon intensity of
renewable and lowcarbon gases fed into the pipeline could lead to a more diversified mix where
more expensive sources may still be preferred if they have low or negative Cls.

6. In the longer term, consider coupling green hygea productionwith grid balancing and for
energy storage to remunerate such services with revenue created from hydrogen production and
release on demand, to create incentives to add green hydrogen production.

Climate

1. Examine means tmcorporate climate benefits from lower nitrogen fertilizer use and increased
soil carbordue to the use of digestate from anaerobic RNG production

Align inernational GHG quantification protocadls better compete in the international market.
3. Review the carbon footprints of blue and turquoise hydrogen the anaerobic pathway®
ascertain their impacts in terms of GHG emission reductions.

Demandside management antéchnologyswitching

Fuel swithing and energy efficiency are additional options to reach the B.C. goals by 2030 and 2050,
already being pursued by some municipal governments. These options were not included in the scope of
the current study

6.3 Infrastructure, Innovation andTechnology
6.3.1 A comprehensive approach

Summarizinghe issues discussed aboseveralmeasuresshould be consideretb fully enable a transition
towardsrenewable and lovwcarbon gashat reliesto a large degree oprovincialresources. This includes:

1 FeedstockOne key resource irest harvesting residue. More than a million tonnes are aalile at
an affordable cost today and more could be sourced with better technologies and supply chains.
WhereasScandinaviaharvestingmodels may not be directly transferable to Bc@nditions, subsidies
(or penalties) to enhanceesiduerecovery and betteapproachego recovering the material, such as
integrated harvesting, are needed.

1 Electricity:B.C. has significant potential for wind farm development, a resource that could be used for
hydrogen production. Majoinvestment in wind fans and related transmission infrastructuneould
be required if green hydrogen is to form a substantial part of adavbon gasproduction strategy.
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9 Technologydevelopment Several technologies are $fiire-commercial. Demosdration and further
R&D arenecessary to enable the production of hydrogen and/or RNG from woody feedstock. Further
refinement and cost reductions are also necessary for green hydrdgeguoise hydrogen represents
another interesting pathway that needs development support.

9 Pipelire infrastructure: Continuing work is required to upgrade the existing natural gas pipeline
network to accommodate increasing amounts of hydrog€his should be startedear hydrogen
users, such as oil refineries in Burnaby and in Prince Georfpe ammania plant in Trail.

9 Financing:Capital costs to produce renewable and {foarbon gascan bevery high.The forest
products industry cannot accommodate lotgym amortization of large investments. Systems to
reduce these cost parameters through lawst loans or other mearmuld accelerate demonstration
and deploymen{see also Sectiod.2.5).

6.3.2 Investment needs

Table38 illustratesthe investment requiredto realize the envisaged transitioimvestment needsre
around$5 billion by 2050 in théMinimum scenario anciround$20 billion in theMaximumscenario. This
does not include expansions or upgrades to the gas distribution network, or new power generation
sourcegapart fromthe off-grid green hydrogen pathwayMost early investment would be for anaerobic
digestion, a pathway that is commerciathore mature than other technologies.

Results shown in the tablare taken froman Excel modehat includes the cost parameters shown in
Chapters 20 4. The corresponding amount of gas produced can be read fromre32 and Figure33in
Chapter 5This model can be used to simulaiferent input parametesandto modelsensitivity towards

varyingassumptions.
Table38
Pathway

CAPEX Number

per

plant,
2030

of new
plants,
2030

Total
COSt,
2030

per
plant,
2050

of new
plants,
2050

Investment Requirements, in Millioollars (Minimum scenario)

CAPEX Number

Cumulative
cost, 2030 +
2050

Green hydrogen
(large ongrid) $357 1 $476 | $252 1 $280 $532
Green hydrogen
(small ongrid) $15 4 $62 $11 5 $55 $66
Green hydrogen
(large oftgrid) $155 0 $0 | $109 1 $109 $218
$1,57
Blue hydrogen $273 3 $780 | $240 7 7 $1,817
Turquoise hydrogen| $139 0 $43 | $122 3 $341 $463
Waste hydrogen $19 1 $19 $19 0 $0 $19
Syngas in lime kilns $35 2 $70 $25 7 $164 $189
Syngas to hydrogen| $144 0.1 $23 $80 8 $619 $699
Syngas to RNG $270 0 $0 | $150 0 $0 $150
$280¢ $150 $430¢
Anaerobic RNG 56PJ 684 3PJ ¢ 375 1,059
$1,753 - $4584 ¢
TOTAL 2,157 5213
* Plant sizes vary between site®st estimatonsbased on total gas production potential
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Table39 Investment Requirements, in Million DollardMaximum Scenario

CAPEX Number

Total Cumulative

plrfnrt S]Icannzv praenvrs cost, | (costy 20305
2030 2030 2050 AU AL,
Green hydrogen
(large ongrid) $357 1 $476 | $252 3 $840 $1,316
Green hydrogen
(small ongrid) $15| 4 $64 | $11| 31 $341 $405
Green hydrogen
(large offgrid) $155 1 $102 | $109 5 $540 $642
Bluehydrogen $273 3 $780 | $240 29 $6,857 $7,637
Turquoise hydrogen $139 3 $431 | $122 15 $1,894 $2,324
Waste hydrogen $19 1 $19 $19 0 $0 $19
Syngas in lime kilns $35 2 $70 $25 7* $164 $234
Syngas to hydrogen $144 0.1 $23 $80 36 $2,880 $2,903
Syngas to RNG $270 0.1 $27 | $150 26 $3,900 $3,927
. $315¢ $165¢ $480 ¢
Anaerobic RNG 6.3PJ 770 3.3PJ 213 1183
TOTAL $2,308- $19.889 -
2,763 20,52

* Because of the large size assumed for a syngas plant, the total is smaller than the nukraétrmoills
in B.C.

Investment needs are large, and vary by a factor of four between the minimum and maximum scenarios,
by 2050.The $20 billionof the Maximumscenariocorrespond to 6.7% of the annual provincial GDP of
around $300 billion, or about ten times the annual investment in the B.C. building sétémiaPacific
countries invested about $30 billion in B.C. between 2018 and 2020, a large portion aif whs
dedicated to the LNG terminal in Kitin'@®.As such, the cost of conversion to renewable and-danbon

gas production lies within the bounds of panergyinfrastructureinvestments.

149 hitps://www.saanichnews.com/news/buildininvestmentsrose-81min-b-c-while-falling-acrosscanada/
(Accessed November 26, 2021)

150 https://investmentmonitor.ca/insightsreports/investmentmonitor-2021-report-postcovidrecoveryand
foreigndirectinvestment(Accessed November 26, 2021)
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m Green hydrogen (large on-grid) m Green hydrogen (small on-grid) m Green hydrogen (large off-grid)
m Blue hydrogen m Turquoise hydrogen

m Syngas in lime kilns m Syngas to hydrogen m Syngas to RNG
MAXIM UM
2050
MINIMUM
2050
MAXIM UM
SCENARIO, -l
2030
MINIMUM
SCENARIO, .l
2030

S0 S5 $10 $15 $20 $25
Cumulative investment needs in billion (2021) C$

Figure36 Cumulativelnvestment Needs by 2030 and 2050 in the Two Scenarios

6

.3.3 Accounting fothe Dynamics of a Changing Gas Production Industry

As the gas network transitietowardsrenewable and lowcarbon gass, several aspects are changing at
the same time:

1

The average cost of gas from the pipeline imitlrease sincéhe cost ofrenewable and lowcarbon
gass is higher than that of fossil natural gas.

Carbon taxes arexpectedto increase over time, which will reduce the cost advantage of natural gas
overrenewable and lowcarbon gass.

The costs ofenewable and lowcarbon gass will decrease over time due to better and cheaper
technologies.

The carbon intensity of pipeline gas will demse over time, as monenewable and lowcarbon gass
are injectedc the share of fossil natural gas is expected to decrgaskicing the carbon intensity and
amount of carbon tax to be paid pgigajoule

The pipelinegas compositiorwill change as me hydrogen is added. Thaffectsgas users (e.qg.,
changedWobbe index) and especially users that use methane as a chemical feedStuskalso
concerns turquoise hydrogen productiomvhich transforms natural gas into carbon black and
hydrogen
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1 Gas demand may be reduced as esiticreaseand if provincialstrategies &vour different heating
technologies.

These developments have been considered at least in part in the cost model but can only be predicted
with low certainty. The related uncertainties indicate the need for periodic review of the assumptions
made. The latér can be modified in the Excel cost model, such that new developments can be integrated
to model different outcomes.

6.3.4 CaveatdNith the Results of This Report

Several assumptions have gone into the preparataormd underlying modebf this report These
assumptions need to be verified and adaptéthr users of this report, it is important to understand
significant assumptions that were made for some of the pathways:

91 Anaerobic biogasTheuncertaintiesarefairly minor and previous wrk has allowed for a fairly precise
assessment of potentials, costs, and future developmefitsimportant questioris how much RNG
produced in B.Omay be exported and how much RNG produced outside B.C. may be imported. This
mainly depends on policies B.C. and competing jurisdictiarand the RNG market value resulting
from these policiesThere is also somencertainty about the true carbon intensity of anaerobically
produced RNG, which magffect its future market potential Any newly required techndogies to
reduce its carbon intensityoulld increase its cosEinally, the potential by 2030 may not be realized
unless there is a capital cost subsatyother mechanisnio deploymore production sitesAlthough
the gas price offered is sufficiently highhas not succeedeith motivating large numbers of farmers
or municipalities to enter into purchase agreements with gas utilities.

1 SyngasThe main assumption is that almost all mills can implement this technology, which is close to
commercialThe mtentialiswell understood and correspomsdo current mill kiln energy demand. The
main variable is the real cost of producing syngasl the reliability of the technology, which is
improving quickly.

1 Wood resourceThis assessment relies on a set of assumptions, at least two of which can have major
impacts on pricing and availability. These:athe amountshat will beavailable from BC HydPPAs
expiring around2029. It is unknown whether existiPAswill be extended beyond this date. If the
areextended less lowcost material will become available and thus a strategy relying on large amounts
of renewablegas from wood will have to acuaot for much higher feedstock costs, including the use
of some noAmerchantable roundwoodSimilarly the assumption that after 2030, wood residue
currently used to produce wood pellets for export may be redirected towamtsewable gas
production is uncdain. This material is fairly lowost, at generally less than $60 per dry tonne, and if
it does not become available, feedstock costs for future hydrogen and RNG pldintacrease
Furthermore, uncertaintiesexist around future feedstock impacts fromebtle infestations fire
damage policy decisions impacting the Ap&hd future mill closures or r@penings.At the time of
writing, the treatment of oldgrowth forests in B.C. was under discussion and political decisions may
significanty affectfuture AAC.AIl of this can have significant impacts on fibre availakality cost

1 Hydrogenand RNGrom wood: These technologies are pmmmercial, so there is considerable risk
with respect to both technology performance and related costs. Especially forfleMGvood, cost
estimates vary widely.

1 Green hydrogenWhereas the cost parameters for green hydrogen are well understood, the future
price of electricity is uncertaitdydrogen production costcouldfall after 2030 in 2021 dollaiEpower
pricing does not increase with inflatiotlowever, BC Hydro may netmbuy more new renewable
power after that date at higher costs to respond to increasing electrification demand and new users
Thiswould leave electrolytical hydrogen one of the most expensiemewable and lowcarbon gas
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sources. Similar impacts woulg@y for turquoise hydrogen but to a much lesser degree, since this
pathway has better economics than green hydrogen.

q Bluehydrogen{ A Ay AFTAOI Yy dzy OSNII Ayide& NBYIFIAya 6A0K NBaLXS
research may reveal thanergy reqirements for SMRand fugitive emissions are more significant
than current quantification protocols account for, which would decrease the valb&iehydrogen.

9 Turquoise hydrogen:Similar concernsas with blue hydrogerapply to turquoise hydrogenThe
technology is not mature yet and a GHG protonekds to be developed that allocates carbon
emissions between the carbon black and hydrogen products.

1 Fuure gas demandThe B.C. retailmarket for pipeline gas beyond 2030 will depend on various
developmentsin the industrial and building sectgrincludingannual growth,regulations energy
efficiency,andfuel switching These developments mashange theamountof energy delivered in the
gas systemchanging the need for renewable and l@arbon gagproduction to reach the set targets

1 New projects and industry changeény new projects that compete for the same resources may have
material impacts on the potentials identified above. For example6&) projecainnounced byHuron
Clean Energwill useover 300 MW of power from BC Hydoy 20255 jeopardizing the addition of
new electrolyger capacities through 2030 or long&imilarly closures of pulp and paper mills could
reduce the potential for sourcing rhitesidue or forintegrating hydrogen praluction plantswith
existing industrial operations

1 Amortization periods:The model usga 20yearamortizationperiod. This is not the usual approach
for many projects. It alspresupposes that a large portion of financing is provided through low
interest, longterm loans,to shorten paybacks for private equity investment. If such mechanisms are
not functional, projects may not go ahead or gas pricing may be consigidrighlerthan modelled.

9 Ownership The model assumes that plants are owned and operated by a private developer or an
existingcompany depending on the application. Each pathway has its own assunspégarding
staffing coss based onthe most likelyownership moel. Different ownership models may require
different gas prices as they may have different cost strucure

6.3.5 Building theRenewable and Lo®@arbon GadProduction Infrastructure

The transition towardsrenewable and lowcarbon gassourcesrequires infrastructure upgrades. A
strategy specifido infrastructure upgradeshould be developed in collaboration with industijhis
strategy needs t@onsiderresource potential and related costs, as determined in the present sthther
factors toconsider arggeographiconstraints stakeholder interests, ratepayer impacts, regulatory issues,
questions around gas imports verspsovincialgas production, technical restraints to accommodate
hydrogen into the gas networknd competing uses for etiéric power and biomass resources.

This section highlights some basic considerations that can serve to inform such a stratgport does
y20i NBO2YYSYR 2NJ adzZ3asSaid | WgAyyAyaQ 2N LINBFSNNBR
foster the development oéll pathways consideredTable40).

151 hitps://www.alaskahighwaynews.ca/foigt-john/carboncapturebiofuelplant-plannedfor-bc-4514944
(Accessed October 22, 2021).
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Table40

Forestry & Feedstock

Blue Hydrogen

Anaerobically
produced RNG

Syngas to Hydrogen
or RNG

Roadmap forRenewable and LovCarbon GasPathways

Phase 1: Phase 2:

Develop Supply &
Infrastructure

Commercial Expansio

2020¢2026 202652030

85% ofroadside
residueused for
bioenergy

50% ofroadside
residueused for
bioenergy

Continue R&D and
observe technology
developments

Develop pilot
demonstration project

Research fugitive
methane emissions
Qarify hydrogen limits
for existing pipelines

Support the
construction of first
commerciaproduction
site near a refineryor
sequestration site

Continue RD and
piloting of technology
Observe market
developments for blac
carbon

Support the
construction of
commercial productior
sites

The primarysource of
RNG irPhasel.
Continue to source
RNG inside and outsid
B.C.

Landfill gas from all
sites >1000 t/year is
beneficially used.
70% ofprovincial
potential is developed

1-2 demonstration
projects realised

50% of lime kiln energ)
displaced by syngas

2+ demonstration
projects implemented

Continue R&D

Phase 3:

Commercial
Mainstream

203052050

Integrated harvest of
roundwood and
residue in B.C.

Focus on ofgrid
applications using new
renewable energy
generation

Sourcea portionof
retailed gas from blue
hydrogen

B.C. to become a majg
international player in
terms of black carbon
productionlinked to
turquoise hydrogen

70% of all provincial
landfill gas emissions
captured and used.
90% ofprovincial
potential is developed.

100% of lime kiln
energy displaced by
SUES

20-40 commercial sites
developed in B.C.

Keyquestions to be answered for a strategy ajevhat is the timeline for recommendealctions and ii)

where should new infrastructure be situated? A Geographic Information Sy{&&xould be established
that identifies resources, infrastructure capacities and demand from major consuiigisssystem will
help identify the need for infrastructue upgrades.Table 41 highlights some of the elements to be
considered in this GIS system.
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Table41

Pathway
Green hydrogen
(large ongrid)

Locdion
Jose to large hydrgen
consumers om natural
gastransmissiorpipeline

Limitations
Limited by BC Hydro
generation and
transmissiorcapacities

Development Considerations fdRenewable and LovCarbon Gafkesources in B.C.

Comments
Electricity rates too high
for costeffective
production

Green hydrogen
(small ongrid)

Distributed, near loads

Reduced impact on grid

Electricity rates too high
for costeffective
production

Blue hydrogen

Northern B.C.neargas
fields

Long lead times

Risk of not qualifying as i
low carbon gas

Turquoise
hydrogen

Near hydrogen users,
such as refineries

Changing gas
composition in grid may
affect viability

Precommercial
Risk of not qualifying as i
low carbon gas

Waste hydrogen

Chemtrade Hydra
Energy, Prince George
(see Sectiod.1.5)

No other locations
known

Currently envisaged as ¢
transportation fuel

Syngas in lime
kilns

Kraft mills

May also be used in
paper mills, veneer
mills, lumber drying

Commercial but not
widely used

kilns etc.
Syngas to Pulp & paper mills, Requires wood handlin Precommercial
hydrogen less greenfield infrastructure
Syngas to RNG Pulp & paper mills, Requires wood handlin Precommercia)
lessgreenfield infrastructure promising technology

development

Agricultural RNG

Lower Mainland,
Vancouver Island, Peac
County

Low hanging fruit; stiff
competition from other
jurisdictions

Highest carbon
abatement potential

Municipal RNG

Large urban centres

Often in cooperation
with agricultural or

Hinges on effective
organics collection

WWTPs system
Waste water Large urban centres | Wastewater treatment Should be made
treatment gas LI I yd& ¢ A G mandatory for new plants
massQ and upgrades of plants
Landfill gas Large urban centres | Needs at least 10 yeary Landfills produce less ga
of landfill with diversion of organics

Table4?2 provides a summary of ideas for a provincial strategy to fosteewable and lowcarbon gas
production. A full strategy would have to be created with industry input. Before engaging ingstrate
development, the government may want to take a more systemic approach by looking at energy use in
the various sectors (residential, commercial, industrial, transport) to identify where and how overall
efficiency can be increasddee Sectio.2.5 and how costs can be optimised dgfining a strategy and
related policies.
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Table42
Sector ] Goal
Forestry 9 Make integrated harvesting

the default approach in B.Q

9 More than halfof all
harvesting residue to be
recovered by 2030.

Elements of a B.(Renewable and.ow-Carbon Gas Strategy

Regulation

1 Create incentives to recover additiona
harvesting residue (e.g., increase
stumpage when less is recovered).

1 Enhance mechanisms and funding to
remove biomass from forests outside
commercial harvesting.e., pre-
commercial thinning or removal for fire
prevention.

1 Slash burning to be (geographically)
limited.

Subsidies & Other

1 Subsidize demonstration projects for integrate
harvesting tailored to B.@Conditions.

9 Develop arinternet platform to offer currently
unharvested wood redue to potential buyers.

1 Work with treasury to quantify firefighting
expenses and design a system to reward fire r
reduction Develop plan to monetize benefits of
increased residue harvesting.

Forest products | Convert lime kilns to

1 Develop rules and regulations that

9 Develop a new bioenergy & bioproducts strate

sector syngas. favour inprovince renewable gas for B.C.
q Construct commerciadcale | Production over outof-province 1 Support demonstration projects for hydrogen
hydrogen and RNG purchases of RN(or example, by and RNG production from wood
production sites at mills. | Offering a lower pricger gigajouldor | ¢ pagqive potential conflicts with mills losing the
9 Create new revenue |mpor§ due to decreased social environmental benefits ofenewable and low
streams to increase benefits). carbon gagroduction and use whethey sell
international competitivity. the gas to a gas utilit
Hydrogen 1 Build green hydrogen closq  Cannot play any major role unless 1 Review of carbon intensity of natural gas
to end users, such as $31/GJ cost cap is removed or modifie] production, inclblue hydrogen production, is
refineries 1 Allowing for monetisation of grid necessary
9 Upgradenatural gas services (energy storage, grid balancir
network. could improve economics.
Utilities 9 Protect consumers 9 Consider flexibility with financing, 9 Create new funding mechanisms for
Commission production, and with buyingas. commercialscale projects.

9 Lowerthe carbon intensity
of gas retailed in B.C.

9 Maximise social and
environmental benefits for

B.C.

9 Mandate carbon footprint of pipeline
gas.

9 Consider introducing feeth tariffs for

different gas types

9 Allow gas utilities to buyenewable and low
carbon gass at an average of $85J(rather
than a set maximum cost).
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Subsidies & Other

Gas utilities and
gas transmitters

1 Source increasing amount
of renewable and low
carbon gass.

9 Keep gas pricing affordablé

9 Hedge against high gas
pricing.

Regulation

9 Engage with potential producers inside and
outside B.C. tgecure 28year contracts.

1 Invite carbon black produes to B.C. by offering
contracts for turquoise hydrogen.

9 Engage with BC Hydamd enter the queue for
services earlyto adjust planning for increasing
amounts of electricity used faenewablegas
production.

1 Engage with natural gas producers to facilitate
blue hydrogen production.

Municipal 1 Maximise production and | Widen municipal requirements to 1 Directly subsidize feasibility and FEED studies
biogas use in B.C. sourceseparate wood and organics | { Provide bonds for WWTP upgrades and landfi
producers from other waste. gas capture.
1 Increase landfill gasse instead of 1 Support demonstration of new and innovative
flaring. technologies deemed to have a significant
impact on advancement of biogas prodiget in
B.C.
Agricultural { Maximise productionand (15 S@Sft 2LJ I a Ay A ail S|fVerify and align current GHG quantification
biogas use in B.C. permitting agricultural digesters. protocols
producers 1 Reward local benefitsom improvednutrient
management
1 Create a capital subsidy program for RNG
production to accelerate deployment
Municipal/ 9 Maximise production and | Require municipalities to consider 1 Directly subsidize feasibility and FEED studies
industrial use in B.C. anaerobic digestion when looking at |4 Provide bonds for municipalities building
organic waste compost facilities. anaerobic digesters.
management

1 Provide support to help municipalities find lonc
term opportunities for land application of
digestate nutrients.
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A. Gasification of solid biomass arehewableproduction

A.1 Renewable Gas Production from Solid Biomass

To produce a useful gdsom biomass, the solid biomass needs to be gasified, and the resulting syngas
needs to be conditioned. Unless the syngas is then used directly to replace fossil fuels, it then is further
processed to maximize methane or hydrogen content. The main comp®méra typical facility would
be:

1 Biomass pretreatment: depending on the gasifier type, it will require ptreatment of the

incoming biomass, such as drying and comminution. These processes are fully commercial and
can be purchased to complete the othglant components.

1 Gasifier: Several technologies exist, some of which are commercial. There was, however, no
commercial biomass-hydrogen ormethane plant in operation at the time of writing.

1 Gas treatment.The syngas contains a mixture of Cg,&0, and Cll along with impurities and
solids, and needs to be treated in order to be ready for the wateft reaction. Several
commercial gas treatment technologies (mainly, removal of tars and particulates) exist. They
usually rely on gas cooling and thecrubbing or dry filtering of the syngas.

1 Water-shift reactor and methanation: Commercial technologies exist but no commercial
integration has yet taken place (see above). Compressors may be needed to achieve the required
gas pressure to facilitate theaction.

1 Hydrogen or methane separatiorSeveral commercial technologies exist, such as presswirgg
absorption, cryogenic or membrane technologies, and amine absorption (removabpf CO

A.2 Commercial Gasification Technologies

The main concerns with renewable gas production from solid biomass are the gasifier and subsequent gas
treatment technologies, as well as how the entire plant is configured and operating as a whole.
Gasification systems suitable for synthetic fuel prodaretprovided by a variety of manufacturers. Several
companies provide commercial, or are actively commercializing, indireetlyed biomass gasification
technologies.Table43 presents an overview of key gasifier vendors, and thaitability to the various
processes included in the project scope.

Table43 Commercial Fluidized and Fixed Bed Gasifiers
enao R e Prod Deplo e

Synova ++ | ++ + MILENA (Indirect) Petten, NL; Portugal; India;

Enerkem + + + O: Blown gasifier, Varennes QC; Edmonton, AB;
methanol, ethanol, jet, | planned facilities in Tarragona,
high octane gasoline. | Spain and Rotterdam, Netherland:

Air Products | + + + Over 60 Plants based o

(Texaco) fossil fuels. Former
Texaco technology

Air Products | + + + 50 plants worldwide,

(Shell) mainly coal

Siemens + + + Dry feed system, can bg
used for a broad range
of feedstock types
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Products

Deployment

Concord Blue | ++ | ++ + Indirect gasifier similar | Owego, NY (MSW/Biomass);
to fluidized bed (called | Omuta, Japan (Sewage Solids to
WFI £ £ Ay 3 09 H2); Mahad, India (ToxiWaste);
Pune, India (MSW to Electricity
Valmet (CFB) | - - ++ Air-blown gasifier used | Vaskiluodon Voima Oy, Vaasa,
for cogeneration and Finland (Biomass syngas firing in
lime kiln. coal power station); OKI Pulp Mill,
Indonesia (Lime kiln); Aanekoski,
Finland (Pulp mill lime kiln);
Repotec ++ | ++ + Indirect CFB gasifier. | Glssing, Austria
(Gussing) (Demonstrator/Cogeneration);
GobiGas, Sweden with Valmet
(Wood to RNG [mothballed));
Wajima, Japan (Thermal Power
Generation); Senden, Germany
(Gas Engine/ORC Combined Cyc!
Cogeneration)
Andritz - - ++ Carbon Circulating Cheming, China (pulp mill lime
Fluidized Bed (Formerly kiln), Joutenso, Finland (pulp mill
Pyroflow) lime kiln), Tampere, Finland (Pilot
Plant)
Air Liguide ++ | ++ ++ Direct fluidized bed Sasol; Great Plains Synfuels, Nort
(RuhrLurgi) (air/02) Dakota; 101 total
ThysserKrupp | + + + Winkler gasifier 70 plants (coal/petoke)
/Uhde (pressurized)
Wood (Amec | ++ | ++ + Direct fluidized bed More than 9000 operating hours
Foster for a 12 MW gasifier (Varnamo,
Wheeler) SE); project at Varkaus (FI) and 0.
MW trial at VTT>2
Sunshine Kaid{ ++ | ++ -+ Indirectly heated dual | One 40 MW demonstration in
New Energy fluidized bed gasiér Burlington VT, proposed plant in
Rentech Kemi, Finland
Silvagas
Agnion ++ | ++ - Heat pipes (smabcale | Developed by TU Munich
units only)
AirProducts | + + + Over 60 Plants based o
fossil fuels. Former
Texaco and then GE
technology and 50
plants based on Shell
technology (mainly coal
Exxon + ++ - Catalytic gasifiers Only used with coal so far; no

methanation necessary

152 Schildhauer, Tilman and Boliaz, Seggnthetic Natural Gas: From Coal, Dry Biomass, and Rov@as

ApplicationsWiley, 2016
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endao R e Proa Deplo e

Nexterra - - i Fixed bed
Synthesis + + + Fluidized bed gasifier | Coatbased gasification projects in
Energy directed at both coal China and biomass demonstratior
(U-Gas) and biomass markets | historically.

developed in

partnership with the

Gas Technology

Institute
Siemens + + + Dry feed system, can bg

used for a broad range

of feedstock types
Thermochem | ++ | ++ ++ Steam reforming Commercial Demonstration at mill
Recovery technology in Trenton, Ontario using black
International liquor for lime kilnfiring

A.3 PreCommercial Gasifiers

Several new concepts are currently under development, and sometimes very close to commercialization.
No unique gasifier concept has yet evolved that would dominate the market or even the R&D field, so
future outcomes are as yet uncertain.

Table44 Indirectly-heated fluidized bed gasification suppliers
Company TRL H» RNG Lime Products Deployment
Name Kiln
Highbury 7 | ++ | ++ | ++ Indirect gasification with aims at
Energy Inc. FischefTropsch liquid production.
States that proprietaryn situtar
removal process achieves 99%
removal.
Taylor Energy | 6 | ++ | ++ | ++ Threechambered gasification Project planned in
(New York) system designed for woody MSW | Montgomery, New
andbiomass to produce syngas witl York with 307 tpd
13 MJ/M3
West Biofuels | 8 | ++ | ++ | ++ Modified Repotec fluidized bed Facility under
Gasification gasifier construction in Hat
Creek, CA for
power generation

For largerscale plants, a partial list of CFB oxyddown gasifierds shown below. In some cases, the
technologies have been designed for MSW feedstocks. Nonetheless, the high biomass component in this
feedstock suggests that they are also viable foGRi¥oduction from wood feedstock.
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Table45

Company

Directly-heated fluidizedbed gasification suppliers

RNG Lime Products

Deployment

NETE]

Kiln

TCG 8 | ++ | ++ | ++ | Air/O;blown gasifier; building Red Rock Biofuels
Global 125,000 tonne per year wood inpy in Oregon
FischefTropsch plant in Oregon.
Advanced 4-5 | ++ | ++ + | Syngas production from Swindon, UK
Biofuel biomass/MSW with Metso Outote
Solutions Ltd. Oy oxysteamfluidized bed with
(Radgas) plasma treatment
Andritz 8 + T ++ | Air blown gasifier. Skive, Denmark
Carbona (BFB (Cogeneration with
Engine);
Andritz 8 | ++ | ++ + | O, blown gasifier. GTI, Chicago
Carbona (BFB (demonstrator);
Sungas Coatbasedprojects
in China
Renergi 6-7 | - - - Two-stage gasification (air, steam)] Demonstration
with focus on MSW and low (Australia); ARENA
temperature tar reforming pegged TRL atg
in 2019
SunyCobleskillf 5-6 | - - ++ | Inclined rotarygasifier; airblown
/ Caribou
Biofuels
Endeavour 56 | ++ | ++ | ++ | Fluidizedbed O2, steanblown Demonstration
Energia gasifier scale (UK); cold
commissioning
supposed to be in
2020; designed for
biomethane
Jet Sprouted 7 ++ | ++ + O2blown gasification with 2 t/day tested in
Bed intermittent pulse jets to enhance | California
Gasification reaction rate

(Taylor Energy
[California])

Providers of entrainedlow oxygenblown gasifiers are listed below. Many of these are designed for fossil

fuels, such as coal and pet coke, but could be adapted to run on biomass.
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Table46 Entrainedflow gasifier supplier$>?

TRL H, RNG Lime
Kiln

Products

Company

NETLE]

Lulea Green 7 ++ | + ++ | Proven with air/Q Blows for Pitea, Sweden (Black
Fuels lime kiln and methanol DME | liquor gasification for
(Formerly synthesis Lime Kiln [also formerly
Chemrec) DMEsynthesi$); New
Bern, NC (pulp mill lime
kiln)
BioLiq 6 | ++ | + ++ | Pilot plant producing under 10( Demonstration in
Litres of gasoline per hour Germany
Meva Energy | 7-8 | - - - | Entrained flow cyclongasifier | Hortlax, Sweden
based on research at Lulea
University of Technology sized
at around 5 MW.
Multi-fuel 34| ++ | + ++ | Labscale but aims to recover | 130 Kg/h pilot under
Conversion phosphorous from biosolids an| construction in n
(MFC) lignite using oxygen blown Niederaussem,
Technology entrained flow gasification size| Germany
from RWE up to 125 MW(fuel input).

Different concepts that may pursusternativesto the traditional three gasifietechnologiesdescribed
above, such as including a pyrolysis step or supercritical water, are outlined below. Their technical
maturity is generally low and they are not expected to become commercially available in the coming
decade.

Table47 Other gasifier technologies

Company TRL H, RNG Lime Products Examples

Name Kiln

Cortus 8 | ++ | ++ | + | WoodRoll Syngas units applyin Koping, Sweden

(WoodRaoll) pyrolysis following by indirectly| (RNG/Syngas/Liquids
heated, lowpressure, Demo);
entrainedflow gasification of | Hogansas,Sweden
char. (syngas for steel

production)

Torrgas 6-7 | ++ | ++ | + | Three step process involving | 700 kW demonstration
torrefaction, lowtemperature | and 13 MWplanned
gasification and high plants
temperature gasification with
biochar product.

Wildfire 34| + 0 + | Horizontal batch fixed bed Ipswich, Queensland,

Energy gasification for power and Australia
hydrogen production. Oxygen
blown trials planned for 2021.

B GA2Y T 9y SNHE ¢SOKy2ft238 [F02NFXi2NBSX b9YyiNrAySR Cf 2
https://www.netl.doe.gov/research/coal/energgystems/gasification/gasifipedia/entrainedflopccessed
September 20, 2019].
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Plasco (Now | 56 | ++ | ++ | + | Multi-stage gasification based | Richmond, Ontario
OMNI) on grate gasification , fixed bed
and plasma reforming. Aimed &
engine generator, hydrogen, &
Chemicals markets . Can be o
O, or air blown

G4 Insights 7-8 | - ++ | - | PyroCatalytic Hydropyrolysis | Demo inEdmonton, AB
which converts wood to CH
directly

Genifuel 7?2 | ++ | ++ - | Hydrothermal Processing to Developed at PNNL anc

liquid fuels and RNG with 20%| demonstration planned
of input converted to methane | at Metro Vancouver

and 60%+ to biocrude WWTP
Kore N/ | ++ | ++ | + | Pyrolysis of biosolids Demonstration planned
Infrastructure | A in Los Angeles, CA
Treatech 3 | ++ | ++ | + | Hydrothermal gasification

A.4 Gas Processing to Maximize Hydrogen Content

Wood to hydrogen production is done by water shift reaction of syngas; given thieyidsegen content

of wood (around 6%), additional hydrogen is added in the form of water, which is split into hydrogen and
oxygen, which reacts with the carbon in the syngas to form T@maximize hydrogen content, gasifiers

are operated at very high temperatures above 1,200°C, requiring more expensive materials than gasifiers
used for methane production, which operate at under 900°C. In ordsrmplify gas separation, direct
gasifiation with oxygen or indirect fluidized bed gasifiers (such as FICFB or Milena) are preferred. Air
blown gasification, although low cost, is not suitable. Post gasification hydrogen content for most indirect
gasification ranges from 25 to under 50%. Samptenhanced reforming can remove £i© the bed
material, facilitating hydrogen volumetric contents of up to 75%. In all of the above cases, further
processing is needed to achieve commercial hydrogen concentrations. Hydrogen is purified using either a
pressure swing adsorption and membrane filters. Some experimental work in supercritical water
gasification has also been completed. Another technology under development is the Ways2H technology.
which combines preheating and-®ased reforming to generate dyogen Figure37).1%4

Gas Water Gas Hydrogen

Cleaning Shift separation

154Helena Tavares Kennedy (2021, Apt)l A Wasteto-Hydrogen Tokyo Edity Ready to Rookls 2021 the Year
of HydrogenBiofuels Digest#Accessed August 18th, 2021
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Figure37 Process diagram of Ways2H Biomass to Hydrogen System

Tabled8lists current projects that attempt to produce hydrogen from solid biomass and MSW. Essentially,
many of the technologies identified in the previous sections (gasifiers) can be used as part of such
endeavours.

Table48 Biomass to ktidrogen Systems

Vendor Products Deployment

Sungas GTI fluidized bed gasification system with downstream gas Chicago Ared)S

Renwables | cleaning and hydrogen production

Hyper Cranfield University based bulk hydrogen production project u§ Under development

Project DFa ¢SOKy2f23& LyaidAildziSQa § atCranfield

process University, UK

Ways2H Modular gasification technology using steam reforming of syng MSWbased project

in Tokyo, Japan

A.5 Methanation

Precommercial systemsOnce the syngas has been cleaned and particulates, water, sulfur and chlorine
have been removed, it enters a water shift reactor. This reactor adds steam, which reacts with the carbon
monoxide in the gas stream to form additionakhhggen, according to reaction (1). This hydrogen rich gas

is then further processed into methane in an exothermic methanation step (2), followed by gas upgrading
to pipeline standards.

(1 6+Q5T QS G

(2)6 6+ 30MHS "@+'Qb

Final report Pagel28



ENVINT, CBER & Associates

B.C Renewable and Lo®arbon Gas Supply Potential Study

Likewise, C&can react with surplus hydrogen to form extreethane, resulting in a gas that consists of
predominantly methane and some water vapour. Low temperatures (200°C) and high pressgoeh@0)

are required to maximize methane content in the outgoing gas mixture. The Haldor Topsoe process
converts H and CO with a ratio of 3/1 into methane. It has a chemical efficiency of about 80 % and
produces a product stream with up to 98% methapfelThe molar ratio between hydrogen and CO needs

to be close to 3 in order to maximize methane yields and minimize hydrogéhe gas. Generally, the

mass yield of methane from biomass is around €033 kg per kg(dryP® which equates to 600% of
energy. As the ratio in syngas is usually below 3, a water shift reactor needs to be added in order to adjust
the ratio and maximize methane production.

The production of RNG from biomass through gasification is not commeYeglnumerous pilot and
demonstration plants have been budtmainly in Europe. Two such project is being planned for B.C., i.e.
the REN Energy project in the Kootenays and another one in Williams Lake. The best known and most
successful (1200 operatingtirs) project has been the GoBiGas project in Sweden, which was mothballed

Ay

HAMY

R dzS§

G2 AdGa

SO02y2YAO0

dzy RSNLISNF 2 NX I yOS=

RS

project, which started in 2010 and has a demonstration unit operational since, 200 noteworthy.

Based on the Gussing gasifier technology (FICFB), the Gaya site regroups several partners working
together to make RNG production from biomass more efficient and more affordable. E.ON is also planning
a commerciakize project in Swaxh, using established technologies, and there are also several projects
being planned in the U.Sable49 lists RNG projects using gasification, mainly from the past decade, as
well as some planned projects. Note that although some projects are designated as TRL 8, this status could
only be assumed to exist once the projects will have been commissioned sfudises

Table49 Pre-commercial Methane Production from Biomass

Facility TRL Size Technology Deployment
GoBiGas, 7 20 Indirect gasification at atmospheric pressure | One successful
Gothenburg MW | (Valmet, Circulating Fluidizégkd), gas demonstration in
(SE) (input) | cleaning, methane production (via nickel Sweden, based on
catalyst) using Haldor Topsoe technology previous Chalmers
tests
REN Energy | 5 | 1 PJ/yr| Gasification at 900°C, methanation (technolo¢ Planned for B.C.
(B.C.) unknown)
Gussing (AT)| 6 | 1 MW | Dual fluidized bed steam gasifier (Fast Interng 2009 Pilot was not
(input) | Circulation Fluidized Bed=ICFB), a twetage | further pursued at
gas cleaning system; no gas injection (interng Gissing plant
use)
GayaProject | 5 0.5 | FICFB gasifier, proprietary metallic catalyst fg R&D pilot (2015)
(FR) MW | methanation. 20 MW plant planned by
(input) | ENGIE®’
ECN (NL) 5 0.8 |MILENALI &AFTASNE h[ D! 3| Laboratory pilot
MW | ESME methanation technology
(input)

155Karstensson, JohaReasibility study for gasification of biomass for synthetic natural gas (SNG) production
Department of Chemical Engineerifigculty of Engineering, Lund University, May 2016

156 Schildhauer, Tilman and Boliaz, Seggnthetic Natural Gas: From Coal, Dry Biomass, and Rov@as
Applications Wiley, 2016 (Table 2.1)
157 Sherrard, Alan: Project GAYA Passes Historic Milestioerergy InternationaNo. 1, March 2021
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Facility TRL Size Technology Deployment
Swindon 5 | 1 MW | Fluidized bed gasifier and plasma converter; | Commercial facility
(UK) (input) | uses refusederived fuel planned (see
below)
Advanced (8) | 8000 | ABSL RadGas and Wood VESTA; CO2 is Planned for 202%2
Biofuels tpy | separated and used. Uses both RDF and woq
Solutions Ltd as feedstock; produces both hydrogen and R
JaparNEDO | 3 200 | LPG production from biomass, using an 4-year R&D
project MW | entrainedflow biomass gasification and direct| project; apparently
(input) | LPG synthesis process with hybrid catalyst. | discontinued
Koping (SE) | 5 0.5 | WoodRoll technology by Cortus Energy Pilot plant; first
MW | (gasifier), combined with catalytic methanatio| RNG produced in
unit developed by Karlsruhe Institute of 2020°
Technology
E.ON Bio2G | (8) 345 | First commercial project; funding approved. | Decision to build
(SE) MW | Direct pressurized oxygen blown gasifier and| not confirmed
the adiabatic TREMP (Haldor Topsoe)
methanation
Woodland 4 | 1MW | FICFB gasifier R&D project, lab
(Us) (input) scale
SanJoaquin 7 900 | Oxygenblown pressurized fluidized bed gasifi¢ Successful pilot
Renewables tpd | and methanation (catalytic BING process) completed
(US)
Sungas 6 1000 | Bubbling fluidized bed gasifier by GTI Successful pilot
Renewables or 300 completed
(US) tpd (Stockton, CA)
AMEC FW (8) 315 | AMEC CFB and VESTA methanation Feasibility study
Vesta MW only
(input)
Ambigo, 6 1 MILENA (indirect gasifier), OLGA gas cleanin| Planned
Alkmaar (NL) tph/4 | ESME methanation unit. Currently on hétl. | demonstration
MW project
Enerkem 4 Research facility since 2003; produced liquid | Pilot; no
(CA) fuels and RNG from a mix of feedstocks, continuous
including wood and straw operation
Great Point 5 1tpd | Bluegas technology catalyticgasification in Company out of
Energy (US) fluidized bed gasifier (onstep methanation) business since
201961
191 . A2SySNHeéo® a4ClOAftAGASaEg = 1 00SaasSR ! dz3dza i

159 Cortus Energy AB (2020, MarcH"@6® & / 2 NIi dza

Tl NBGI

I | 31 yAdces3ad August 18th, 2021 from https://www.globenewswire.com/rnews
release/2020/03/26/2006761/0/sv/CortuoC3%B6rsthiosyngas-H%C3%B6gan%C3%A4s.html

160 Alkmaar Centraal (2019, Mayfis ® &t NB @Ay OA S
ot NE @AYy OS NBY2@Sa

{ OK NI LJi

oAZ2aéey3ala A

+22NB | | IMdasr
O2yRAGAZ2Y F2NJ pbcnZnnn

9 dzNR2

https://www.alkmaarcentraal.nl/nieuws/6004033provincieschraptvoorwaardevoor-960-000-euro-subsidie

investaalkmaaj

Bl | GA2Y I f
https://netl.doe.gov/research/Coal/energgystems/gasification/gasifipedia/gpe
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Facility TRL Size Technology Deployment
IHI (IP) 5 6 tpd | TIGAR fluidized bed gasifier. Can use coal arf Demonstration (50
biomass to produce methane. Successful pilo tpd) planned for
with biomass accomplishe§? Indonesia
Transition 7 n.a. | Based on GoBiGas technology Proposed for
Energy (CA) Williams Lake
G4 Insights 5 6.7 | Pyrocatalytic hydrogenation Pilot at ATCO
MW natural gas yard in
(input) EDmonton

Other emergingtechnologies:Although no wooeto-methane pathway is truly commercial, the abeve
mentioned demonstration projects have been successful in showing that the technology is technologically
viable, albeit not commercially viable without stronger policies. Whsergasification is still being
perfected and appears to be the main pathway for skherm project development, hydrothermal
gasification is one emerging technology that may offer advantages, mainly because it does not require
pre-drying of biomass feedstd.

A catalytic hydrothermal gasification process was developed at the Paul Scherrer Institut (PSI) in
Switzerland that allows for the production of methane from woody biomass. This process is carried out in
an aqueous system at conditions near or abadve tritical point of water: 647 K (374°C) and 22.1 MPa.
Whereas salts are highly soluble in subcritical water, they precipitate out in supercritical water.
Supercritical water is more like an organic solvent. With a suitable device, the salts can béeskjpasa
continuous way from the biomass stream prior to gasification. This has several advantages. Not only could
salts poison the catalyst, but once separated in a concentrated form, they can also be used as nutrients.
Products are clean water and SNQyonall possible hormones and bioactive proteins (e.g. prions) are
destroyed. There is no solid residue that needs to be dried and burnt as hazardous§#aste.

Supercritical water can also be harnessed for hydrogen production from biomass, such as.B4dgasse
tolerance to water and salts suggests the technology could also be used with problematic feedstock, such
as wastewater treatment sludge or industrial or agricultural wet residue otherwise used in anaerobic
digesters, albeit it remains unclear whilite required economies of scale would be. No demonstration
plant has been constructed yet, which leaves this technology at a TRL ar@und 3

Syngas cleaning is another area ofgmng R&D. Although commercial systems exist, they usually rely on

a cool ga to be treated with filters or scrubbers (the Swedish Bio2G project also relies on high
temperature gas cleaning at around 600°C). The ability to remove contaminants from hot syngas instead
of first cooling the gas has the potential to yield significamrgy savings, thus reducing operating costs.

RTI International has made progress in this area by developing a sdrasetl warm syngas cleanup
process for b5 and C@removal that operates at 25®%50°C. Others are using electric arcs to treat the
syngas.Supercritical water would remove the need for additional gas clealiigikewise, biological

162Yosuke TSUBOI et @NG Production from Woody Biomass Using Gasification Prdoassal of the

Combustion Society of Jap&016),Volume 58]ssue 185Pages 13144

163paul Scherrer Institute. Untitled. Access®aabjust 18th, 2021 from
https://www.psi.ch/en/cpe/projects/sngfromhydgasificationen

164H. Ishaq, I. Dincer: A new energy system based on biomass gasification for hydrogen and power production.
Energy Reporis/olume 6 (2020), Pages #7381

165 Modular CQ Capture Processes for Integration with Modular Scale Gasification Technologies: Literature Review
and Gap Analysis for Future R&D. National Energy Technology Laboratory, October 2020
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conversion to methane could reduce gas cleaning needs; some emerging technologies such as
Electrochaea and Viessmann are listed below (seeTalst=56).

Strictly speaking of methanation units, several commercial technologies exist. The best known are listed
in Table50. As these commercial systems are integrated into a full methane production facility, however,
much finetuning needs to take place and therefore, such facilities have a lower TRL as indicated above.

Table50 Commercial Methanation Technologies

Vendor TRL Products Deployment
BASF 9 BASF sells methanation catalysts which are us| China (location
in coal to methane facilities in China unknown); Likely with
DEMOSNG but this is
not confirmed
WOOD 9 Vesta system designed to simplify processing k
removing CO2 after methanation, facilitating
better temperature control and eliminating the
need for recycling compression. The VESTA
process also avoids the need for H2/CO
adjustment while reducing metal dtisg and
coking.
HaldorTopsoe | 9 TREMP system is designed to recovery the en
from the exothermic methanation reactions
while allowing high reaction temperatures as hi|
as 700 C.
Johnson 9 DAVY SNG production system prosgideal Keshiketeng County,
Matthey methanation and CO shift. Inner Mongolia
Man ES 9 Man Energy Systems has power to gas based | Audi Power to Gas
CO2+H2 methanation systems suitable for pow system
to gas, and with modification, syngas
AtmostatAlcen | 5 METAMOD System is a modular technology | No information
designed primarily to handle the high heat load| available
generated by methanation of carbon dioxide an
hydrogen in power to gas while maintaining
compactness. System uses a powdered catalys
with microchamels
Electrochaea | 7/8 | System that feeds hydrogen and carbon dioxid{ Foulum, Denmark;
GmbH to methanogenic archaea microorganisms to | Avedore, Denmark;
create methane gas. Solothurn, Switzerland
Ineratec 8 Modularcontainerized methanation systems Koping, Sweden
usable for syngas and power to gas application
MicrobEnergy | 7/8 | System that feeds hydrogen and carbon dioxids

(Viessman)

or syngas to microorganisms to create methan

gas.

Final report

Pagel32



ENVINT, CBER & Associates

B.C Renewable and Lo®arbon Gas Supply Potential Study

A.6 CarbonSequestration Technologies

Table51 presents an overview of projects related to carbon capture in the biomass energy field, including
wasteto-energy plants. Generally, commercial technologies are available, such as -lzaset
technologies currently used for demonstration projects in tlssil fuel sector. Other (amirece)
technologies are also being explored (Seenle52). Several more projects are being proposed in the U.S.

due to the 45Q federal tax credit, which rewards bioenergy projects with carbon sequestration with up to
US$50 per tonne of G extra income. Not included in this table are fossised CCS in Canada such as

the QUEST project at the Scotford Upgrader or the Bamn Dam facility near Weyburn, Saskatchewan
which produces C£20o be used for enhanced oil production (but seeble58 further below). It should be

noted that some of the CQused by Cenovus comes from the Great Plains Synfuels coal SNG plant. Due
to the purity of the waste gases, around 1/8f the carbon in the biomass can be captured with relative
ease. Around ¥ of the carbon in the biomass is lost as flue gas (unless an oxyfuel process) and the
remainder goes into the RNG.

Table51 Carbon Capture Applied to Biomasnergy Systems
Project Carbon Capture Technology Deployment
DRAX (UK) | GCapture (amindree solvent) 1 tpd pilot plant
DRAX (UK) | Mitsubishi Heavy Industries (amii@sed) Planned for 2027
Fortum (NO) | Amine scrubbers, for storage in depleted No8ba oilfields Planned for 2024
Stockholm Hot Potassium Carbonate (carbon scrubbjrahemical Pilot underway since
Energi (SE) | adsorption/pressure swing) 2019
Copenhagen| Waste incinerator; CCS for injection in depleted oilfields Demonstration
ARC (DK) planned for 2022
Twence (NL)| Aker capture technology (amirgased); wastdo-energy plant | Planned
Mikawa (JP) | Coatto-biomass conversion of power plant; CCS for storage | Planned
depleted oilfields
ZEROS (US)| Texas oxyfuetombustion plant for waste; G@r enhanced oil | Planned
recovery
Bayou (US) | Velocys project; carbon sequestration from Fiselfespsch Planned for 2025
biofuel production process
Summit Proposal to connect ~30 ethanol plants in the Midwest US to| Announced in 2021
Carbon carbon capture and storage system projected to store 10 mt
Solutions CO2 per year
(US)
Ambigo (NL) | Selexol Planned; realization

uncertain
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Table52 Carbon Capture Technologies
Technology Key points Comments
Chemical (amine) | Commercial Technology of choice for most commercial projects
scrubbing 1 Increases energy use |can use lowecost heatenergy instead of electricity
9 Creates toxic amine
residue
Physical solvent | Suitable for syngas Not suitable for postombustion due to minimum
scrubbing separation (oxyfuel) 30% C@concentration requirement
Solid adsorption | Demonstration Can be pressure demperature-swing adsorption
Membrane 1 Suitable for syngas Commercial hybrid membrane/amine technologies
separation separation (oxyfuel) exist; Air Liquide uses membranes to get to 95%
1 Better for small streamg purity;1®¢also used to remove G@om natural gas.
1 High energy cost Uses electricity as the energy source (high cost)
Cryogenic 1 Very high energy use |More suitable for fooegrade C@
Enzymatic 9 Canadian invention CQ Solutions captures G@nzymatically as
1 Low energy bicarbonate. The company had become insolvent ¢
consumption its IP was sold to an Italian company, Saipem S%P..
1 No toxic chemicals

In terms of C@uitilization, several Canadian projects are underway. The potential for these technologies
depends on the size of the product market, and often whether a market exists close enough to the point
of production. For exampldir Liquidds mainly targeting th foodgrade C@market worldwide Qantiam
Technologieare targeting methanol production from Gé@ndCarbonCurapply C@for concrete curing.
Montreal-basedCarbicretels curing ground steel slag with &@hich results in a concrete substitute.
Pondtechs using the gas to cultivate algae and Quebec com@#d¥ Solutiongses enzymes to capture

CQ. Clean@Carbon Capture Technologi@sonverts C@to sodium carbonateCapital Poweis using a
technology to turn C@into carbonnanotubes Other mtential uses would include curing concrete with
CQ, aggregate production, technical applications of ,G&g. as a working fluid), or formic acid
production.

The above means that not only isdgsirableto obtain a clean hydrogen or methane stream but also, a
CQ-rich gas stream can become a product to be sold. Applicable both to traditional biogas and synthetic
RNG made through a gasification processple 53 compares various commercial gas upgrading
technologies that can be used to convert a methaith gas stream to pipeline grade methane. More
information on these technologies and additional compans can be found in the original source.

Yo SN

(0p)

%60 ANJ [ AljdZARS® daSYONIyS ¢SOKyzfz238¢éd | 0O0SaaSR 580
https://www.airliquideadvancedseparations.com/about/membraitechnology

167/ huw {2fdziA2ya ownunI WIydz NBE HHGKO ®ScioriAvesse Retedrel 2 y a4 |y
14th, 2020 fromwww.newswire.ca/newgeleases/cozsolutionsannounceghe-saleof-its-assets844408266.html
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Table53 Gas Upgrading Technologi€$

Biogas Pressure Temp CH Methane Methane Sulfur Pre  Consumables

Upgrading (psig) (°C)  Product Slip Recovery Treatment

Process Content

Pressure 14¢ 145 | 5¢30 | 95¢98% | 1¢3.5% 60¢ Required Adsorbent

Swing 98.5%

Adsorption

Alkaline Salt 0 2¢50 78¢C 0.78% 97¢99% | Required/ Water;

Solution 90% Preferred Alkaline

Absorption

Amine 0 (<150)| 35¢ 99% 99.9% | Required/ Amine

Absorption 50 0.04¢ Preferred | solution; Anti
0.1% fouling agent;

Drying agent

Pressurized | 100-300 | 20¢ | 93¢ 98% 1¢3% 82.0¢ Not needed| Water; Ant

Water 40 99.5 |/ Preferred | fouling agent;

Scrubbing Drying agent

Physical 58¢116 | 10¢20 | 95¢98% | 1.5¢4% | 87¢99% Not Physical

Solvent needed/ solvent

Scrubbing Preferred

Membrane 100¢ 25¢60 | 85¢ 99% | 0.5¢ 20% 75¢ Preferred Membranes

Separation 600 99.5%

Cryogenic 260¢ -59to | 96¢98% | 0.5¢3% 98¢ Preferred / Glycol

Distillation 435 -45 99.9% Required refrigerant

Supersonic 1,088¢ 45¢ 95% 5% 95% Not needed

Separation 1,450 68

B. Lignin Production and Use

Lignin is a byroduct of the chemical pulping processdais produced by kraft pulp mills in their process
of separating the cellulose fromood. Lignin has been traditionally burned, partly as a fuel for the pulping
process, partly to get rid of an unwanted-pyoduct, and to recover the pulping chemicals. Instead of
burning lignin it can also be extracted from the spent chemicals.

Becausd A Ay Ay KlFa | KAIK OFt2NATFTFAO GLFtdzS AG Oly 0SS dza
Alternatively, it can be processed and sold to offsite markets liglagradesolid fuel. The report will

describe two pathways: onsite or offsite uae a natural gas replacement. Both pathways compete with

using lignin as a feedstock for various chemical processes that generally fetch higher market prices than
when used or sold as a fuel.

Pathway 1- Lignin replacing natural gas in a lime kiln: F@intenance reasons lime kilns need to be
operate at temperatures at or bove 800°C and are typically heated by natural gas burners. Wood needs
to be gasified to be burned in a lime kiln. Dry lignin, however, in the form of dust can be burned in injection
burners with the flame injected directly into the kiln.

168 0Ong, Matthewet al. Comparative Assessment of Technology Options for Biogas-Qpeédraft). California
Biomass Collaborative, October 2014 (Table 17)
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Pathway 2 - Lignin replacing natural gas in other undetermined energy producing processes: because
lignin has a rather high calorific value @@ajouleg HHV) it is a more valuable fuel than comtienal

woody biomass (17 to 1§igajoule# HHV). Just as for the onsite lime Kiln it could be burned with little
technical modifications in the secondary wood processing industry, e.g. in direct fired lumber drying kilns,
veneer dryers or immersion heateused in veneer mills.

Kraft lignin is an emerging product with potential in binders, bioplastics, carbon fibre, resins and other
products. Kraft lignin has different properties than lignosulfonates produced by sulfite pulping or further

sulfonation ofkraft lignin. Markets for lignosulfonates include dispersants, oil well drilling fluids and as

binding agents.

West Fraser currently operates a commercial facility in Hinton, Alberta. Most of the demand for lignin is
for lignosulfonates, with volumes afound 88 million tonnes per year, wilttaft and Organosolv Lignin

being 9% and 2% of the market, respectively. The total market value of lignin products is estimated at US
730 million16°

Lignin of lower quality has energy potential beyond its current combustion in recovery boilers, such as for
lime kilns and even export to other energy users, due its high energy value (26 MJ/Kg compared to 18
MJ/Kg for typical biomass fuels). Some resedrab also occurred into thermochemical treatments to
develop aviation fuels from lignin feedstock.

CeLAOFfteesy dzLd G2 wmr: 2F (GKS tA3IyAy Oly 06S NBY2OSF
Lignin removal can even boost production in reagvieoiler constrained plants by 25% and with
operational changes, around 70% of the lignin can be remé{ddowever, some mills might require a

small amount of additional fuel in the power boiler to offset the energy loss from lignin.

As kraft lignin des contain sulphur, impacts of sulphur dioxide and othiiphur compounds need to be
considered due to their acidification and odour potential. Lignin has been used as fuel in district heating
plants in Sweden, suggesting it could be transported and asealfuel to displace natural gas and other
fuels. Lignirrich pellets made from Russian woody methanol productiompimducts is traded as a coal
substitute 1 in some European markets, including Verdo CHP plant in Randers, Défmarkle54
identifiesa few recent projects related to lignin extraction and use.

%, F2gl SO It wamdpd a! /2y0AaS wS@GASE 2F / daNdeBnyeidt [ AIYAY
L Y LJ- IAviistrigd Crops and Products, 18801:10.1016/j.indcrop.2019.111526

Wr L fAYFTA SG FEd wanmn a! /&S {(ddzRe 2y (GKS 9FFSOla 27
the International Chemical Recovery Conference 2010, Williamsburg, VA, USA. Accessed Aug021 fdom
https://www.researchgate.net/publiation/267755440_A_Case_Study_on_the_ Effects_of Lignin_Recovery_on_R
ecovery_Boiler_Operation

11 These black pellets do not involve torrefaction but the hydrophobic natural of the lignin allows it to be stored in

the elements similar to coal and used simifarl

2t SNR2 O0YyRO 6. fFO1 t St Sihaén@or:fonmazk peliorardirSe 3 NEESA aF SRR AL
or replacement to biomass and coal (verdo.com)
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Table54 Lignin Production Systems

Vendor Products Deployment

Valmet Lignoboost uses G@ precipitate lignin Domtar Plymouth, NC; Enso Sunil
where it is then washed and filtered. Finland

FP Innovations Lignoforce uses oxidization prior to £0 | Hinton, Alberta
precipitation reducing sulphur and
increasing solidsize and percentage

Pure Lignin Dilute acid technology to produce lignin,
Environmental cellulose and sweet liquor (suitable for
Technology fertilization)

Fibria Innovations | Formerly Lignol Innovations, Organosolv | Pilot plant
extractionprocess held as part of Brazilian
O2YLI y&Qa CAONRI Q&
with some kraft lignin activities

C. Biogas and Landfill Gas

C.1 BestAvailableTechnologies

The production of Renewable Natural Gas (RNG) from organic matetigesters typically consists of
four key process stages. These are:
Feedstock prdreatment;

Digester tanks;
Biogas upgrading; and
Digestate management.

PN

LFG projects consist of two key process stages. These are:
1. Landfill gas capture; and

2. Landfill gas upgwing.

Digester and landfill gas technologies are vesliablished, commercial technologies. The prediction of
future trends can be based on existing technologies and incremental improvements. Feedsteck pre
treatment technologies are fully commercial andnche deployed based on the specific feedstock
qualities. They may be provided by anaerobic digester vendors as part of their product range, or may
come from thirdparty providers within an overall engineering and design concept. Mechanical pre
treatment technologies enable biogas plants to accept food waste; food waste not only generates a large
amount of biogas per tonne, but comes with a tip fee. For these reasons, mechanical feedstock pre
treatment technologies are often financially viable and could bestered BAT. Prgeatment of
feedstock that is difficult to digest is usually not economically feasible since the increased gas yields do
not justify the pretreatment expense.

Upgrading biogas/landfill gas to RNG is also commercial. This step recsrbes dioxide and other
impurities (such as nitrogen, hydrogen sulphide and water) to increase methane content from
approximately 5585% to approximately 98%. Applicable technologies are listédfine53 above.

In cases where the nutrients in digestate are greater than the nutrient needs in the immediate vicinity of

biogas plants, nutrient recovery technology is often used. Nutrient recdeehnology extracts nutrients
from digestate into a more concentrated form. The extracted nutrients can be transported away from the
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biogas plant more cheaply than digestate, while any remaining, nutdepteted liquid digestate can be
spread locally.

There are dozens of different nutrient recovery technologies available, from simple large fibre removal
(such as slope screen, screw press, rotary drum separator and roller press) to small fibre removal (such as
dissolved air flotation, centrifuge, fibeittér and spiral filter) and almost complete nutrient recovery (such

as mechanical vapour recompression and vacuum evaporation).

As with feedstock préreatment, digestate management technologies can be grouped into one of the
following categories:

- Mechanical: such as screens, screw, belt presses, centrifuges and membranes;

- Chemical: such as flocculation and struvite precipitation; and

- Biological; such as ammonia stripping and use of nutrient accumulating organisms.

As with most feedstock prgeatment technologies, nutrient recovery technologies are also considered
uneconomical. The reason for this is that the end products of these technologies (a form of nutrient more
concentrated than digestate) are almost always worth less than the cost to produce. the such,
nutrient recovery technologies are only used when absolutely necessary (i.e., when significant
transportation cost savings are possible).

Table55 lists several vendors of equipment relevant to RNG production that are active in Canada. These
vendors will often sell equipment both for conventional biogas production and for gas upgrasling t
pipeline standards.

Table55 Commercial Anaerobic Digester/RNG Systems*
Vendor Products Deployment
Air Liguide Biogas/landfill gas upgrade Widely deployed
Adicomp Biogas/landfill gas upgrade Widely deployed
Bio-en Power Biogas plants Widely deployed
Bioferm Biogas plants & upgraders Widely deployed
Bright Biomethane Biogas/landfill gas upgrade Widely deployed
DMT Biogas/landfill gas upgrade Widely deployed
Dorset Green Machine Digestate Management Widely deployed
France Evaporation Digestate Management Widely deployed
Greenlane Biogas Biogas/landfill gas upgrade Widely deployed
Host Biogas plants Widely deployed
Smicon Feedstock prdareatment Widely deployed
Vincent DigestateManagement Widely deployed
Waga Energy Landfill gas upgraders Widely deployed
Wartsila Biogas/landfill gas upgrade Widely deployed
Weltec Biogas plants Widely deployed
F b23SY ! @SNEB avlftf al YL S 27 indésty. H @SYR2 NE

C.2 PreCommercial Technology

While there are ultrasound, electrochemical, chemical, biological and combined process feedstock pre
treatment technologies being developed, these technologies are either TRL 6 or below, or are deemed to
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be uneconomical for the reasons provided above. Bigetanks and landfill gas capture systems are
mature technology, and as such, subject to incremental improvements, and little sign of any significant
pre-commercial technology developments.

Biogas/landfill gas upgraders are also mature technologywdmié small advances are being made, these
improvements are as a result of minor modifications to existing upgraders to improve energy
consumption, reduce methane slip, etc., rather than development of new upgrading technology. The
same is also true forigestate management technologies; improvements are as a result of minor
modifications to existing technologies, rather than development of new technology.

One TRL 7/8 technology is-situ power to RNG technology. This tstep process starts with the
production of hydrogen through water electrolysis using electricity. The hydrogen is then combined with
carbon dioxide (from the exhaust stack of a biogas/landfill gas upgrader) and fed into a reactor with
specialty micreorganisms that convert the hydrogeand carbon dioxide into RNG. This technology is
different to in-situ power to gas (which is TRL 5) because it requires a separate reactor with specialty
micro-organisms; irsitu power to gas feeds hydrogen and carbon dioxide into the same digester tank
used for digesting organic feedstock, and where a wide range of roigyanisms exist.

The economic feasibility of esttu power to RNG technology depend heavily upon stranded electricity
that has zero, or very low cost. This is electricity that has n@ausee of production and cannot be easily
stored, such as wind power in evenings or on particularly windy days. Once electricity has to be purchased
for production of hydrogen through electrolysis, the economic feasibility of this technology quickly
diminishes!”® Therefore, until significant technology cost savings can be made, operatiosaligoower

to RNG plants are financially viable only when inexpensive electricity is available.

As of 2019, there were an estimated 38 pilot and demonstratiositexpower to RNG projects across 22
countries!’* Of these, approximately half were able to inject RNG into the grid. Of these, a handful were

2F aAIYAFAOLYyG aAal S o6AdSods St SOGNAROIE t2FR 2F St
prototype demonstration. Most of these were conducted by research organizations or energy consortia.

Of the most advanced and wettgarded technology supply companies, the following three stand out:

Table56 Pre-commercial powefto-RNG technlogies
Viessmann 7/8 | Renewable natural gas
Uniper Energy Storage 7/8 | Renewable natural gas
PFI Biotechnology 7/8 Renewable natural gas
Electrochea 7/8 | Renewable natural gas

D. LowCarbon Hydrogen Production

D.1 GreenHydrogen

The electrolysis of water is the primary manufacturing process used in the production of Green Hydrogen.
The two most commonly used technologies are the alkali membrane and PEM technolagjiess7

173 For this reason, it is unlikethis technology will play a major role in BC. BC has ksléairicity, which can be
turned on/off to meet fluctuating demand, resulting in very little stranded electricity.
174Thema, M., Bauer, F., and Sterner, M. (20R&newable and Sustainable EneReviewd 12, 775787.
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identifies commercial and preommercial technologies to produce green hydrogen, including several

early-stage technologies.

Table57 Green Hydrogen Productiomechnologies
Vendor Products TRL Deployment
NEL Hydrogen| NEL Hydrogen, based in 9 | NEL Hydrogen serves many different
Norway, offers electrolysers markets. By way of example but not limited
that use two different types of to the production of ammonia fertiliser to
membrane technologies. Alkali hydrogen a coolant in power station
and Proton® PEM electricity generation. NEL Hydrogen
technologied’. manufactures hydrogen refuelling stations
that are deployed imumerous European
countries, California, and other parts of the
world.
ITM-Power ITM is based in Sheffield in the] 9 | The company has partnered with Linde AG
UK. The organisation produces to serve large electrolyser market
PEM technology electrolysers. opportunities. ITM is constructing the large
PEM manufacturing plant in Sheffield, UK.
is planned to have a production capacity of
1GW per annum. The largest European
electrolyser plant, 10MW was supplied
recently by ITM to Shell GmbH in Germany
Delivering hydrogen to the Shell refinery.
The REFYNE project.
CUMMINS ¢KS 2NBFYAal Al 9 | CUMMINS has supplied both alkali and PE
and fuel cell technologies base multi megawatt systems for numerous
is in Mississauga Ontario. applications, and in the recent past for
Cumminsacquired Hydrogenics power to gas energy stage projects in
and manufactures, besides fue Europe. The largest power to gas
cell systems both alkali and PE demonstration project in North America wa
electrolyser technologie¥® conducted together with Enbridge in
Markham, Ontarid’”” CUMMINS
manufactured the largest PEM electrolyser
plant assembly, 20MW, that was installed t
Air Liquidein Bécancour, Quebec.
Siemens Siemens centre of excellence | 9 | Siemens Energy and Messer Group have
Energy for PM electrolyser entered into a cooperation agreement with
development is based in the goal towork on green hydrogen project:
Munich, Germany. in the 5to-50-Megawatt (MW) range. The
largest power to gas project in Mainz was
supported by a Siemens PEM electrolyser.
h o[ | @8RNRIASYyd Gl @eRNRIASY thNRfia@iA2yéd | O0OSaasSR

https://nelhydrogen.com/market/hydrogesmproduction/.

76 dzY YAy a® a9t SOUNER{ &2024 fiohttps V@ uinBiRs.condravdzi

power/applications/abouthydrogen/electrolysis

My

W dzYYAyad a9f SO0 NPR & a0REmdmhitpS /MvEnd. duRrRins lcontafhelzss/A0 200 ¢/1 Jits-
secondyearnorth-americasfirst-multi-megawattpower-gasfacility-shows
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Products Deployment

Messer ligrica has already submitted
three clean hydrogen projects in the
chemical complex of Tarragona to the
Spanish government. Thepeojects will
have a totaklectrolysercapacity of 70 MW.

McPhy This company is a manufacturg 9 | Numerous milestones of the deployment
of alkali technology and growth of the company span the last
electrolysers and is based in Lz decade and moré’®

Motte-Fanjas, France. The
organisation also supplies
hydrogen refuelling equipment,

NeXT This company ismanufacturer | 9 | NeXT Hydrogen manufactures state of the

Hydrogen of alkali technology art alkali technology electrolysers and has
electrolysers and is based in deployed units at Canadian Tire in Canada
Mississauga, Ontario produce hydrogen and power fuel cell

powerplant forklifts.
Pre.Commercial Technologies \

Enapter Enapter, headquartered in Italy >X | AEM technology is used mainly for small
uses an alkali electrode electrolysers. 2 to 3kW
membrane (AEM) technology

lonomr This company also used AEM | XX | AEM technology is used mainly for small
technology and is based in electrolysers. 2 to 3kW.
Vancouver

Haldor Topsoe| Solid Oxide Electrolyser Cell | X | This technology is interesting in that it offer
(SOEC) up to 30% greater efficiency than do the

incumbent electrolyser technologies in use
The disadvantages include that the produc
operate at 700°C and most effectively in a
steady state mode.

EarlyStage Technologies |
Electrolysis from renewables. | 9 Done.

Thermo chemical water splittin¢ XX | Thermochemical water splitting uses high
solar temperatures that are concentrated from
solar power to split water.

Thermo chemical watesplitting | XX | Thermochemical water splitting uses high
nuclear temperatures that are concentrated from
the waste heat of nuclear power reactions.
Photoelectrical water splitting | >X | PEC water splitting process converts watel
to hydrogen and oxygen using specially
designed semiconductor materials. The
materials used in the PEC process are sim

1783 Ot Kéd adaAf SadzySs a2l ftoth@sS:AnicihiRcom/dafindgiyimilesipnes
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Vendor Products TRL Deployment

semiconductor materials to those used in F
electricity generatior’®

Photobiological water splitting | >X | Photobiological hydrogen production uses
microorganisms and sunlight in a process 1
turn water into hydrogeri&®

D.2 Blue Hydrogen

Blue hydrogen is produced from grey hydrogen that is manufactured using a process called steam
methane reforming (SMR). It is essentially hydrogen that is created from any fossil fuel while capturing
carbon dioxide. The main kgroduct of steam methane refming is carbon dioxide and when this gas is
separated from the SMR production stream, its capture, utilization and/or storage (CCUS) turns it into
blue hydrogen. There are numerous pathways that have been and will be evaluated for the sequestration
and uilization of the emitted biproduct carbon dioxide. Blue hydrogen is better described as a low carbon
intensity hydrogen as the SMR process does not fully prevent the emission of greenhousé galses.
identifies commercial and preommercial blue hydrogen production technologies, as well as related
carbon capture technologies.

Table58 Blue Hydrogen Production and Carb@apture Technologies

Vendor Products and TRL Deployment
CCuUs

Numerous producers of | Large SMR plant§ 9 | The large SMR plants are found worldwide
grey hydrogen including and produce about 60 million tonnes of
the industrial gas hydrogen per annum. A smaller amount of
companies by way of hydrogen is produced from coal gasificatiol
example but not limited to The primary use is the production of
- Air products, Air Liquide, ammoniafertiliser and in oil refineries to
Praxair, Linde, and upgrade the refining process.
manufacturers of ammonig
fertilisers.
There are several small Small SMR 9 | These companies all offer small SMR units
modular SMR products that are modular and offer remote and
manufacturers. Including ir localization use siting opportunities.

the past some of the
industrial gas companies,
BayoTech (USA), ONEH2
(USA) and HyGear

(Netherlands).

Large Scale Carbon Capture Plants in Canada
Canadian Natural Horizon project, 9 | CO2 captured and combined with the
Resources (CNR) Alberta tailings feed into the settlement ponds to

179DOE Hydrogen and Fuel Gel§ OKy 2f 23A S48 hF¥FFAOS® al @RNRBISY t NEPRdzOGA2Y"
Accessed August 182021 from https://www.energy.gov/eere/fuelcells/hydrogeroduction
photoelectrochemicalvater-splitting.

180 DOE Hydrogen and Fuel Cell Technologigs O @ &1 @ RN2 ISy t NPRdzOUA2YY t K2{(20A ¢z
18", 2021 from https://www.energy.gov/eere/fuelcells/hydrogegaroductionphotobiological.

Final report Pagel42



ENVINT, CBER & Associates

B.C Renewable and Lo®arbon Gas Supply Potential Study

Vendor Products and TRL Deployment
CCUS
react in situ and form carbonates. 438,000
tonnes CO2 captured annually.
CRN Quest project 9 | CO2 captured using amines and then
with Shell in LJdzY LJSR & | f AljdzAR
Alberta. Known as crust. 5 million tonnes of C02 a year.
the Quest CCS
facility is part of
the Athabasca Oll
Sands Project.
CRN is a 70%
shareholder in
this project
CRN North West 9 | Carbon dioxide is captured from the SMR
Redwater (NWR) feeding hydrogen to the refinery, injected
Sturgeon into the Alberta carbon trunk line and used
Refinery. CRN is for the process of enhanced oil recovery
50% sharkolder EOR.
in this project
The CO2 is injected deep irdabterraneous
reservoirs, and this helps recover a billion
barrels of light oil. Approximately 14 billion
tonnes of CO2 are captured and stored.
Boundary Dam coal power SaskPower 9 | The boundary dam coal fired powglant
plant. Estevan, has been retrofitted to capture 1,000,000
Saskatchewan tonnes per annum of carbon dioxide the
carbon dioxide is sold to Synovis before th
use of enhanced royal recovery.
New technology Carbon Capture Organisations
Fluor Solvent 4-6 | Gaseous CO2
separation
Carbon Clean Solvent 4-6 | Gaseous CO2
separation
Blue Planet Mineralisation 4-6 | Carbonates. CaCO3

D.3 Turquoise Hydrogen

Beyond green, blue and grey hydrogen we also now have a new member of the hydrogen rainbow family
- turquoise hydrogen. This is a-pyoduct of the pyrolysis of methane in natural gas. Pyrolysis splits this
gas into hydrogen and solid carbon. Turquoiserbgén is becoming more popular, and it is anticipated
that this production technology can also offer competitive hydrogen at a low carbon intensity. This,
however, still is dependent upon the high cost of the thermal process that is required for methane
pyrolysis. The major benefit that this technology pathway may offer is the sale and supply of carbon black
used in applications such as rubber pigments. The carbon black industry is very large and complex. About
80 million tonnes are currently produced gldlya most of which is used in rubber applications. The
organisations developing this technology pathway to manufacture very low carbon intensity hydrogen
include both small startip companies and large organisations, such as BASKe38 provides further
information on turquoise hydrogen development.
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Table59

Turquoise Hydrogen Production Technologies

Vendor Technology TR Deployment

Monolith Materials. | Plasma Emphasis on the supply of hydrogen to various

Based in Lincoln NE| Pyrolysis applications including clear ammonia production.

Mitsubishi is one of Target markets for the solid carbon-pyoducts

azy2f AGKQ includes tire rubber and speciality black& First

commercial production unit started up in 2020.

Hazer Group. Based| Fluidised bed| 4-6 | Startup

in Australia Pyrolysis

BASF, Germany Moving bed 7 | Alarge German chemical company that has tested a
pyrolysis scale production unit.

CZero. Based in Molten 1-3 | Recently received as a starp US$11.6 million dialrs

California. metal for a pilot plant. Working with the Californian Pacific
technology Gas &Electric and Southern California Gas.

TNO using Ember | Molten 1-3 | Startup.

Technology. Based i| metal

the Netherlands technology

EKONA Power. Bas¢ Pulse 5 Startup.

in BC, Canada Methane
Pyrolysis

_ Fluidized Bed Moving Bed Molten Metal/Salt Pulse Methane Pyrolysis

Process

Reference: Turquoise Hydrogen
from Methane Pyrolysis,

Methane np  Graphite

i‘ Granules

H2 View, March 2021. EKONA -‘
July 2021 -
H2 « Carbon ’
Granules Methane
Company Monolith Materials Hazer

H2 Production

Carbon Production
Reactor Type
Catalyst Required No

Heating Mechanism

Reactor Temperature
Reactor Pressure

Figure38

~95%

Carbon black as
powder or granules

Steady-state

Direct plasma

~92%

80-95% graphite on
catalyst dust

Steady-state
Iron-oxide

Indirect reactor heat

Blaz2y2fAlK

2,000 C 900 C 1,00071 1,400 C 650-1,100 C 1,20071 1,500 C
~Atmospheric ~Atmospheric ~Atmospheric Up to 5 bar Up to 20 bar
Methane Pyrolysis Pathwalf?
al GSNAIfad Gt dzNBZ | AIK t § vl yOS
rhttps://monolithmaterials.com/solutions/cleascarbonblacks.
182EKONA Power and H2 View, March 2021 edition
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BASF
~92%

Carbon black as
powder or granules

Steady-state

Carbon bed

Electrodes heat bed +
Indirect reactor heat

H2 T Carbon

Methane
C-Zero, TNO
Up to 95%

Carbon black as
powder or granules

Steady-state

Molten Nickel-Bismuth
Manganese Chloride

Electrodes heat melt +
Indirect reactor heat

H2+Carbon

Heated CH4
CH4 O2/Air

Ekona
Up to 95%

Carbon black as
powder or granules

Rapid-batch
Constant volume

No

Pulsed combustion of
methane with O2/air
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D.4 Waste Hydrogen

Waste lydrogenisRSTAY SR a4 GKe@RNRB3IASYy 3l & LINRPRAzZOSR o6& | 02
GKAOK A& y20 GKS LINPRtdepiodugey at 2vo sitésdirRBIB@hSoynedby & @ ¢
Chemtrade. The first of which is in North Vancouver at their ealkeili plant that produces chlorine for

numerous markets such as the production of sodium hypochlorite. Whste hydrogen produced

amounts to approximately 10 tonnes per dayrganisations have in the past attempted to buy this
hydrogento liquify and deliver the gas for local consumption. In October 2005 it was announced that

Sacre Davy Engineerifitogether with partners were awarded $12rillion to construct a cryogenic

hydrogen plant using thavaste hydrogen. Insufficient demand was identified and the project was
dropped.

Chemtrade also producesaste hydrogen at its Prince George sodium chlergdant. Some of this
hydrogen will be used by Hydra Energy that has developed a hydrogen diesel dual fuel Call 8 truck power
plant. Hydra Energy has partnered with Chemtrade to capture, clean and deliver the hydrogen for mobility
applications, includingheir retrofitted Class 8 trucks. It is estimated that the Prince George sodium
chlorate plat emits about 10 tonnes of hydrogen per day.

183 https://www.canlii.org/en/bc/laws/regu/bereg-291-2010/latest/bc-reg-291-2010.html
184 https://www.ic.gc.caleic/site/ito-oti.nsf/eng/00683.html
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Table60 comparessomerecent cost estimates for RNG production from biomass. The numbers are only
partially comparable as they are based on different parametiegs,feedstock energy input, feedstock
amount, or output. Efficiencies areom output energy in relation to woodypiomass input, omitting
process energy input€apital costs and gas costs have been normalized for better comparisoninl 8.

Table60 Cost Estimates on RNG Production from Solid Biomass

# Facility Technology Size Energy Gascost Capital Source

yield cost
1 | Conceptual | Haldor Topsoe 200 MW | 47.2% C$19/GJ | US$92 M| Karstensson
(input) (2016)

2 | GoBiGas Haldor Topsoe 100 MW 70% €ETHKaAaA| € op n | Thunman
(input) (LHV) (2018)

3 | ECN MILENA, ESME | 1000 MW | 70% 14-24 US$1.5 | ECN2014)
(input) (LHV) US$/GJ Bn

4 | Sungas Andritz & Haldor | 945tpd | 3 BCF/yr, US$13 US$340 | LeFevers
Renewables | Topsoe 15/MMBtu M (2020)

5 | Undefined Gasification & 315 MW 67% $2339/GJ | € on n | SysEne

methanation (2016)
6 | E.ON Bio2G | Sweden 345 MW | 60-65% - € npn|lEA2019)
(input)

7 | Conceptual | AMECCFBand | 6.1 MW 65% |emMpnkda € md | Kraussler
VESTA 12.2 MW €EMONKJ €0n (2018)
methanation 49.1 MW € bpka| €T1p

8 | Conceptual | Milena, G4, FICFf 30 MW | 50-70% | C$1940/GJ| C$60 M | Cheney

(2018}%5

9 | Conceptual | G4 Insights 6.7 MW 70% EHOKA| € MO Renewtec

(input) (2018)

10 | Swindon Advanced Plasmg 132 MW 60% £21/MWh | £151 M | GoGreen
(UK)¢ RDF | Power, Progres 84 MW (2017ys8e
as feedstock | sive Energy and | (output)

Carbotech
11 | B.Cpulp Generic (Repotec| 200,000 65% $1520/GJ | C$400 | Browne
mills Carbona or odt/yr, (variable 500 M | (2019¥%%°
Thyssen gasifier) | 2.5 PJ/yr only);
of RNG $50/GJ
output w. profit

12 | REN Energy | Not published >100,000f 67% <$30 C$130 M| Boyd

tonnes (2020¥°

13 | CHAR Hightemperature | 76 odt/yr 33% Unknown | C$30 M | Ross
Technologieg pyrolysis (202187

185Cheney, Thomas: Wood to Renewable Natural Gas Technology Assessment for Nelson Hydro. Thomas Cheney
Consulting, November 2018.
186 BioSNG Demonstration PlarBummary of Commercial Results (Commercial models of full scale BioSNG plants).
Gogreengas, June 2017.
187 https://www.northernontariobusiness.com/industmews/green/companmeyeskirklandlake-asbaseto-

convertforestwasteto-greennaturalgas4478260(Accessed November 2, 2021).

Final report

Pagel46


https://www.researchgate.net/publication/303549805_Feasibility_study_for_gasification_of_biomass_for_synthetic_natural_gas_SNG_production
http://www.ieabioenergy.com/wp-content/uploads/2018/06/GoBiGas_Webinar_20_june_final.pdf
https://www.ecn.nl/publicaties/PdfFetch.aspx?nr=ECN-E--14-008
https://ucanr.edu/sites/swet/files/321600.pdf
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https://link.springer.com/article/10.1007/s13399-018-0333-7
http://www.renewtec.se/resources/Renewtec_Report_008.2018.pdf
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A. Types of Forest Biomass

®/ ® Qsiprowde Waddy fieedstock for a variety of activities of the forest products industry, including
sawlogs, pulp logs, and feedstock for wood pellet productiarn/e61 describedog and residue streams
and the terminology used. It impossible to determine the amounts available of each residue stream
exactlyas they are often usejintly under existing fibre purchasiragreements

Table61 Types of Woody Feedstock

Fibre type Description

Highvalue trees that are used to manufacture dimensional wood products. The hig
Sawlogs value of these logs warrants the cost of building logging roads, felling and replantir
This resource is not used to produce energy but the residue from processing these |
Lowervalue trees that can be harvestedgether with sawlogs. This isutinely done
by forestproductcompanies and the pulp logs are sold to pulp and paper mills at fa
lower pricing than sawlogs. Whenever pulp logs are not used by pulpapet mills,
they can be used to produce energy but amere expensive than other sources of fibr
Wood chps can be made of pulp quality or for combustion in chip boilers. The latte
Chips remains exceptional in Canada, whereas large amounts of pulp chips are produce:
either by the pulp mills themselves or bgw orchip mills selling to pulp mills.

Also called harvesting residubjs fibreconsistanainly of the limbs and tops of trees
Roadside | that are removed to obtain sawlog and pulp loBsoken, smaltliameter or deciduous
residue(for |G NBS& | NB ¥FNBFBI dzS.grhid résiduslcadbe lett i thafarést baths |
slash) often collected and piled up on the roadsideisltroutinelyburned though sometimes
recovered as a fuel for mills or as a feedstock for pellet production.

Hog fuelis the residue; mainly barkg left over from debarking stems at pulp and
paper mills. The term is also used to refer to any type of woedrbguct or waste that
Oy ©0S 0dz2NYSR FT2NJ FdzSt odzi OFyQiG 0S5 ¢
high in ash and irregular in size. It is the loweslue fuel and is often burned in
recovery boilers at the mill where it is produced. Excess hog fuel is sold to other fo
products companies at low pricing (sometimes for fréexoastalregions, bark may
have been in contact with saltwater, which may require adapting processes or a pr
wash of such feedstock.

Shavingdrom planer mills are a clean fuel that can be used for pellet or pulp
production.

White sawdustfrom sawmills is a sougtafter residue for pellet production. It is more
costly than hog fuel because of its higher quality (lower ash content, lower une)st
Mill residue data is not statistically collected in B.C. but can be estimated. It is only
referred to as a combination of the above three streams in this report.
Construction, land clearing and demolition wood waste is a mixture of woodmstrea
from construction activities. Removed trees to prepare the site, woody bits left ove
from construction, or wood separated out during deconstruction is included. Only ¢
CLD wood can be used, which requires an efficient process to remove anything that is
contaminated, covered with plastics or painted/treated woddhis separation process
increases the cost of this fuel and it is often used in urban applications such as dis
heating, or by the cement industry if too contaminated.

Pulp logs

Mill residue
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B.

Previou€stimates

The 2019 estimateshiTable62 are taken from the reporRevitalization of the B.C. Bioenergy Sector
produced for BCBN in 2019. They are based on a commercial fibre supply (thed®IC.Fibre Model)
taking the Annual Allowable Cut (AAC), mill activity, imports and exports of fibre between regpons,
estimate surplus residue at mills and in the for&dte numbers represent the amounts available for new
activity without negatively impacting existing uses of these resources by the forest products indihstry.
main conclusions from this work are:

T

TheB.C. Fibre Model results are projected
out to 2028. These results are further
developed below, taking into account
expected changesn the AAC and the

impacts ofrecent mill closures. Whereas
the B.C. Fibre Model uses specially
defined regions, the analysisthis report

relies on the B.C. Resource Regions a

Little surplus mill residuésavailable in B.CGome regions have a fibre deficit and are importing residue

from neighbouring regions. Only small pockefith residue are still available in the western parts of

the Skeena and Kootenay/Boundary Natural Resource Regions. These pockets may be exhausted by a
single new project, such as a new pellet mill.

Also, few pulp logs remain unharvested in most areas. By, 2088 small amountwill remain in few
areas, which may be insufficient to sustain a new bioenergy facility on their own.

The main resource available is forest roadside residageamountsexistin some areas, especially
when combined with other residu Yetthis resources currentlynot fully recovered in B.C. There are
issues with(physical and legaccess to and transport of this fibse the cost will be higher than for

mill residue. Fibre recovery zones have been set up to rselpasiduals fopulp wood and bioenergy.

The amount indicated is based on costs up to $90 per dry tonne and omits regions that would require
barging or other highly expensitansportationapproaches.

Stands of nommerchantable timber could be harvesed for energy prodation. Most non
merchantablefibre consists of smaller trees with insufficient diameters to be used in mills. This may
be recovered as roadside residue. As

the AAC is usually defined for
softwood, some regiong mainly in
northern B.C¢ havedeciduousstands
not covered in the AA(Qn the South
Peace, deciduous wood is already par
of the AAC)Thesestandsare not part
of this inventory but may be obtained
if close enough to relevant
infrastructure. This would require a
specific harvesting license from &h
Ministry.

Boundary

ROM: Omineca; RSC: South Coast; RNO: Northeast,

RTO: Thompse®kanagan; RKB: KooterBgundary;
RCB: Cariboo; RSK: Skeena; RWC: West Coast.

commonly used in most government
documentation and statisticé-igure39).  Figure39 B.C. Resource Regidfs

188 hitps://wwwz2.gov.bc.ca/gov/content/environment/naturatesourcestewardship/cumulativesffects
framework/regionalassessments/kootenalyoundary(Accessed AugugB, 2021).
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Table62 FibreAvailability in B.C. in 2019 and 2028, @dt, According to the B.Cribre Model

A B C D
Non-sawlog timber Residuakawmill
AAC (standing timber) (pulp logs) not Net roadside residue hog fuel not
not harvested consumed not consumed consumed
2019 2028 \ 2019 2028 2019 2028 2019 2028

Coast 1,526,753| 1,298,067 0 0| 320,733| 237,917 5,085 0
East Kootenay 60,515 4,228 0 0| 116,848| 116,427 0 0
West Kootenay | -448,384| -481,677 0 0| 174,331| 175,296| 311,898| 314,102
Kamloops

Okanagan -81,658| -292,029| 175,331 0 0 0 0 0
Cariboo -1,825| -367,056| 441,306 0| 403,239| 169,993 0 0
Prince George -270,780| -691,946 0 0 75,019 0 0 0
Mackenzie 369,643 29,838| 383,880 0 0 0 0 0
South Peace 385,172 17,502| 115,167| 143,337 69,295 69,295 0 0
East Prince

Rupert 331,409 11,161| 307,777 7,150 0 0 0 0
West Prince

Rupert 1,010,806| 977,830 95,912| 96,264 63,953 62,387 | 32,097 32,097
Northeast 812,500 812,500 0 0 0 0 0 0
Northwest 98,000 76,000 0 0 0 0 0 0
TOTAL 3,792,151| 1,394,417| 1,519,373 246,751| 1,223,419 831,315| 349,080 346,199

Note: Negative numberindicate a deficit of fiboreWood has to be imported from other regions.

In total, the model projects that an equivalent of 1@étajoulesof unallocated woody biomass is available
in B.C. todayTable63). The model predictthat this amount is reduced to 52etajoulesin 2029.These

numbers refer to feedstock input and not to the amount of foarbon fuel produced, which will vary by
technology. Amounts available are strongly reductea a mix of reasons, such as reduced AACs, expiring
uplifts (temporary increases of the AAC to address the beetle epidemic), mill cl@ddbe resulting
redistribution of wood residue within the forest products industry.

Table63 Total Woody BiomassAvailable in B.C. in 2019 and 2028

A + B + C +:nallocated woody

Calorific content (LHV) of unallocated

biomassin odt/yr woody biomass; in PJar

2019 2028 2019 2028
Coast 1,852,571 1,535,984 33.9 28.1
East Kootenay 177,363 120,655 3.2 2.2
West Kootenay 37,845 7,721 0.7 0.1
KamloopsOkanagan 93,673 -292,029 1.7 -5.3
Cariboo 842,720 -197,063 15.4 -3.6
Prince George -195,761 -691,946 -3.6 -12.7
Mackenzie 753,523 29,838 13.8 0.5
South Peace 569,634 230,134 10.4 4.2
East Prince Rupert 639,186 18,311 11.7 0.3
West Prince Rupert 1,202,768 1,168,578 22.0 21.4
Northeast 812,500 812,500 14.9 14.9
Northwest 98,000 76,000 1.8 1.4
TOTAL 6,884,022 2,818,683 126.0 51.6
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C. Annual Allowable Cut through 2050

Generally, the AAC is set for 10 years for each Timber Supply Area and Tree Farm'®itemoest

Resource Regions, Timber Supply Areas (TSAs) provide about ten times more volume than Tree Farm
Licenses (TFLs). The exception is Vancouver Island, where TFLs iiasticethe allowable cut. On

average, the actual timber harvest has been aln& lower than the allowable cut, particularly on the
coast®191Harvesting levels have been affected in ihierior by the pine beetle infestation and wildfires.

Whereas wildfires initially affected the dead pine beetle forests, the 2018 wildfirestaffbarvestable

areas, especially the Cassiar (5.6% losses of harvestable areas), Lakes (5%), and Morice (2.9%) TSAs. This
did not, however, lead the Ministry of Forests to revise the AZ@Vhether this will be necessary after

the 2021 wildfire season mains to be seen. Recent wildfires have mainly affected the Cariboo and
ThompsorOkanagan region$?

Current government projections do not foresee any increase in the AAC before the year207640).

¢KS 11/ Aa SELISOGSR G2 Frtft (G2 o0S8St26 pp YAfttAzy (
horizon (2050)** Thisis equal to88% ofthe 2021 AAC and 100% of tB819 actual harvest (see below).

Table64 and Figure41 show current AACs as of August 2021 and make projections to reflectttive fu

harvesting level of around 40 million®mer year for theinterior. Theg AACsconsiderthe areas most

affected by the pine beetle and by wildfires.
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Figure40 B.C. Timber Supply Foreca®t

189 hitps://www2.gov.bc.ca/gov/content/industryforestry/managingour-forestresources/timbersupplyreview
and-allowableannuatcut/allowable-annualcut-timber-supplyareas/cascadissa (Accessed August 20, 2021).

190 https://lwww.env.gov.bc.ca/soe/indicators/land/timbeharvest.html(Accessed August 23, 2021).

W5 GAR 9t &a02yS 6HAMPL I & ¢ [hitps://wNB WobdbusiBeRsecg/undegstiddisigh NBE W20 |
forestindustry-job-loss4376/ (Accessed August 28, 2021).

192|mpacts of 2018 Fires on Forests and Timber Supply in British Columbia. Office of the Chief Forester British
Columbia Ministry of Forests, Lands, Natural Resource Operations and Rural Development, April 2019.

193 hitps://vancouversun.com/news/locahews/b-c-wildfiressmap-2021-updateson-fire-locationsevacuation
alerts-orders?r(Accessd August 23, 2021).

194 Nussbaum, Albert: Personal communication. Ministry of Foréstsds, Natural Resource Operations and Rural
Development, October 15, 2021.
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Annual Allowable Cut, ifQubic Metres perYear (TFLs and TSAY)
August 2021, TFL Total AAC 20302050 AAC

Table64

TSA (estimates)

South Coast RSC 2,893,089 329,040 3,222,129 3,000,000
West Coast RWC 4,463,356 7,191,646| 11,655,002 12,000,000
East Kootenay RKB 4,166,643 1,069,000 5,235,643 4,500,000
West Kootenay RTO

KamloopsOkanagan RTO 6,948,405 585,700 7,534,105 6,000,000
Cariboo RCB 6,574,805 592,500 7,167,305 5,500,000
Prince George ROM 13,213,559 631,500/ 13,845,059 11,800,000
Mackenzie ROM

East Prince Rupert RSK

West Prince Rupert RSK 5,994,000 506,059 6,500,059 5,300,000
Northwest RSK

Northeast RNO

South Peace RNO 6,557,350 871,000 7,428,350 7,000,000
TOTAL 50,811,207 11,776,445 62,587,652 55,100,000

Total AAC in 2021; 62.6 million m3
Total AAC 2030 to 2050: 55.1 million m3

Northeast & South Peace RN (iijsininisisisieieieininieieieie e e iainliele
West & East Prince Rupert & Northwe Sl
Prince George & Mackenzie RO I
Cariboo RCB il
West Kootenay & Kamloops-Okanagan R hhhhhhhhhhhhhiia
East Kootenay RK Bkl
West Coast RWCinmmRRR R -
South Coast RS(uiiiiiiaiaiis

0 2,000,000 4,000,000 6,000,000 8,000,00010,000,000L2,000,000
Annual Allowable Cut (AAC), in m3/yr.

m August 2021, TSA mTFL 112030-2050 AAC (estimates)

Figure4l Annual Allowable Cut, Based chable64

AsTable65indicates, the six largest forest products companies control almost half the allowable cut in
B.C. This is important when trying to access harvesting residue, since users must negotiate with these
companies to gain access to roadside residue.

195 Ministry of Forests, Lands, and Natural Resource Operatidpportionment System, August 12021¢ see
https://www?2.gov.bc.ca/gov/content/industry/forestry/forestenures/foresttenure-
administraion/apportionmentcommitmentreports-aac
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