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Amendments after publication date
All updates made after the publication date will be listed in the amendment sheet below.

Date Ref. Description

04 2021 Chapter 104 Methane pyrolysis added

042021 Chapter86,87,88 The three chapters on electrolysB6(Solid Oxide Electratgr Cell, 87
Low Temperature Proton Exchange Membrane Electrolyzer Ce
PEMEC), and 88 Alkaline Electrolyzer Gal¢ beemreplaced withone
chapter(Chapter &). Both text and data sheets have been updatec

02 2021 Chapter 103 Green Ammonia production added

07 2020 Chapter 102 Minor adjustment in DH outpufior hydrogen to jet, note letters fixe«
and noteadded

052020 Chapter 102 Power to Jet added.

022019 Minor corrections to text in all chapters. New figures and table:

introduction.
Version number added to front page.
02 2019 Chapter 101 Financial data added for configuratior{catalytic hydropyrolysis)
02 2019 Chapter 85+96  The two chapters 8&and 96 on biofuels from gasification + Fiscl
Tropsch have been merged to one chapter that is now Chapter 8¢
12 2018 Chapter 101 Catalytic Hydropyrolysis added
12 2018 Chapter 89100 Datasheets revised
09 2018 Chapter 89, 90, Large update, with addition of 11 technologies.
91, 92, 93, 94, 95
96, 97, 98, 99,
100
03 2018 Chapter 83,84,85 Thermal gasification added.
03 2018 Chapter 86,87,88 Electrolysisadded.

The newest version of the catalogue will alwaydb@l A f  6f S FTNBY (KSvelbsltey A &K 9y
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Preface
The Danish Energy Agen@nd Energinet the Danish transmission system operatpublish catalogues

containing data otechnologiedor energy arrier generation and conversiomhis current catalogue includes
technologies foenergy carrier generation and conversion
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Introduction

Introduction

This catalogue presents technologies for generation andversion of energy carriers. In particular:
production of hydrogen by means of electrolysis, biofuels from biomass and production/upgrade of
biogas/syngas.

Most of the process are characterised by multiple inputs and multiple outputs, which includeaompée
different fuels/feedstocks, electricity and process heat (recoverable or lost).

Upstream and downstream processes are not includbeé datasheets do not provide information on prices
for fuels, environmental impact from fuel procurement, or theoeomic consequences of the substitution
of fossil fuels with liquid fuels produced from biomass.

The main purpose of the catalogue is to provide generalized data for analysis of energy systems, including
economic scenario models and hitgtvel energy planing.

These guidelines serve as an introduction to the presentations of the different technologies in the catalogue,
and as instructions for the authors of the technology chapters. The general assumptions are described in
section 1.1. The following sectiofk.2 and 1.3) explain the formats of the technology chapters, how data
were obtained, and which assumptions they are based on. Each technology is subsequently described in a
separate technology chapter, making up the main part of this catalogue. Thedlegynchapters contain

both a description of the technologies and a quantitative part including a table with the most important
technology data.

General assumptions
The data presented in this catalogue is based on some general assumptions, mainly aits tegthe
utilization and stardups of plants and technologies.

On the one hand, plants for biofuel production and production/upgrade of biogas and syngas are assumed
to be designed and operated on a continuous basis along the year, except for mairdesrashoutages.
Therefore, they feature a high number of full load hours (around 8000 h/y) and a reduced number -Of start
ups (5 per year).

On the other hand, electrolysers are assumed talbsigned and operated for approximately 4000 full load
hours annudy. In particular, use the advantage of lower power prices by producing e.g. in hours of high
renewable energy production (similarly to heat pumps). The assumed number olipgend consequent
shutdowns forelectrolysers unless otherwise stated, is p@r year.

Any exception to these general assumptions is documented in the relative technology chapter with a specific
note.
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Qualitative description
The qualitative part describes the key characteristics of the technology as concise as possiloldovimeg
paragraphs are included where relevant for the technology.

Contact information
Containing the following information:

1 Contact information: Contact details in case the reader has clarifying questions to the technology
chapters. This could be the Biah Energy Agency, Energinet.dk or the author of the technology
chapters.

1 Author: Entity/person responsible for preparing the technology chapters

1 Reviewer: Entity/person responsible for reviewing the technology chapters.

Brief technology description
Brief description for norengineers of how the technology works and for which purpose.

An illustration of the technology is included, showing the main components and working principles.

Input
The main raw materials and other forms of energy consumed (e.gtrieiey, heat) by the technology or
facility. Moisture content of the fuel and required temperature of the input heat is specified.

Auxiliary inputs, such as enzymes or chemicals assisting the process are mentioned and their contribution
described, if considered relevant.

Output

The output energy carrier as well as-g@ooduct or byproducts, for example process heat. Temperature of
the output heat is specified as well. Neanergy outputs may be stated as well, if relevant.

Energy balance
The energy balance shows the energy inputs and outputs for the technology. Here an illustrative diagram is
shown based on data for the year 2015, thus currently available technology.

For process heat losses and produced energy carrier, it is importapetofy information about temperature
and pressure.

The first important assumption is that the energy content of all the fuels, both produced and consumed, is
always expressed in terms of Lower Heating Value (LHV). As a consequence, because of thegbssaece
latent heat of vaporisation, the energy balance may result in a difference between total energy input and
total energy output.
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Wood pellets 90 BIONG 57
BioSNG
Heat 16
RME 2 Plant (high temp.)

Process Heat 30

Hectricity 8 (low temp.)

Figure 1 Example of Energy balanédl.inputs sum up to 100 units.

For comparison, 100 units of total input aneed to standardize the diagrams. This choice allows the reader
to easily calculate the efficiency for each of the output, which will be directly equal to the energy value in the
balance.

Each of the inputs and outputs has to be accounted for in the diagiacluding auxiliary electricity
consumption in input and process heat losses in output

Auxiliary products, as for example chemicals and enzymes, will in general only assist the process and are then
not relevant for the energy balance. They should justncluded asuxiliary producinput data.

Typical capacities

The capacity, preferably a typical capacity (not maximum capacity), is stated for a single plant or generation
facility. In case different sizes of plant are common, multiple technologiedeaoresented, e.g. Large,
Medium and Small.

Regulation ability

Mainly relevant for hydrogetechnologieswhere electricity is used as main input. Description of the part
load characteristics, how fast can they start up and how fast are they able to regpsngply changes and
does partload or fast regulation lead to increased (or lower) wear and hence increased cost.

Space requirement

Space requirement is specified in 1,006 per MW of thermal Typical plant capaci)y The space
requirements may for exaple be used to calculate the rent of land, which is not included in the financial
cost, since this cost item depends on the specific location of the plant.

Advantages/disadvantages
A description of specific advantages and disadvantages relativeqtovalent technologies. Generic
advantages are ignored; e.g. renewable energy technologies mitigating climate risks and enhance security of

supply.
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Environment

Particular environmental and resource depletion impacts are mentioned, for example harmfgi@msiso

air, soil or waterconsumption of rare or toxic materials; issues with handling of waste and decommissioning
etc.

The energy payback time or energy s#dpreciation time may also be mentioned. This is the time required
by the technology for th@roduction of energy equal to the amount of energy that was consumed during the
production of the technology.

Research and development perspectives

This section lists the most important challenges to further development of the technology. Also, théigloten

for technological development in terms of costs and efficiency is mentioned and quantified. Danish research
and development perspectives are highlighted, where relevant.

Examples of market standard technology

Recent fullscale commercial projects, which can be considered market standard, are mentioned, preferably
GAGK fAylad ! RSAONARLIIAZ2Y 2F 6KFdG A& YSFIyd o0& avYl!l
description section (Section 1.3).rRechnologies where no market standard has yet been established,
reference is made to best available technology in R&D projects.

Prediction of performance and costs

Cost reductions and improvements of performance can be expected for most technolotfieduture. This
section accounts for the assumptions underlying the cost and performance in 2015 as well as the
improvements assumed for the years 2020, 2030 and 2050.

The specific technology is identified and classified in one of four categories ofoteghoal maturity,
indicating the commercial and technological progress, and the assumptions for the projections are described
in detail.

In formulating the section, the following background information is considered:

Data for 2015

In case of technologieshere market standards have been established, performance and cost data of recent
installed versions of the technology in Denmark or the most similar countries in relation to the specific
technology in Northern Europe are used for the 2015 estimates.

If consistent data are not available, or if no suitable market standard has yet emerged for new technologies,
the 2015 costs may be estimated using an engineering based approach applying a decomposition of
manufacturing and installation costs into raw matesjalabor costs, financial costs, etc. International
references such as the IEA, NREL etc. are preferred for such estimates.

Paged | 315- Technology Data for Renewable Fuels



Introduction

Assumptions for the period 2020 to 2050
According to the IEA:

annovation theory describes technological innovation through twir@gches: the technologyush model,
in which new technologies evolve and push themselves into the marketplace; and the-pudirkeddel, in
which a market opportunity leads to investment in R&D and, eventually, to an inndvatignNBE ¥ ® ¢ 0 @

¢ KS f S@rketlJd2fF ¢6¢ Aa (2 | KAIK RSINBS RSLISYRSyid 2y i
a future with strong climate policies, demand for e.g. renewable energy technologies will be higher, whereby
innovation is expected to take place faster thamisituation with less ambitious policies. This is expected to

lead to both more efficient technologies, as well as cost reductions due to economy of scale effects.
Therefore, for technologies where large cost reductions are expected, it is importantctuuratc for
assumptions about global future demand.

f

¢KS L9!Qa bSg t2t{A0ASa {OSYylINR2 LINPOARSAE G(KS TFNI

international fuel prices and G@rices, and is also used in the preparation of this catalogue. Thas, t
projections of the demand for technologies are defined in accordance with the thinking in the New Policies
Scenario, described as follows:

GbSg t2t AOASa { OS yWohNdAERergy Outlodiias tykiesNadecdunt Ao/ broadKpSlicy
commitments andlans that have been announced by countries, including national pledges to reduce
greenhouse gas emissions and plans to phase out fossil energy subsidies, even if the measures to
implement these commitments have yet to be identified or announced. Thidlpreerves as the IEA

0l AaStAYS(reaDSY | NR 2 d¢

LEGSNYFGADBS LINE28OGA2YE YIe 068 LINBASYGSR a 6Stt
OfAYIGS LREAOASAED 2NJ GKS L9! Q& / dINNByid t2fA0AS8a {

Learning curvesrad technological maturity

Predicting the future costs of technologies may be done by applying a cost decomposition strategy, as
mentioned above, decomposing the costs of the technology into categories such as labor, materials, etc. for
which predictions akady exist. Alternatively, the development could be predicted using learning curves.
Learning curves express the idea that each time a unit of a particular technology is produced, learning
accumulates, which leads to cheaper production of the next urihaff technology. The learning rates also

take into account benefits from economy of scale and benefits related to using automated production
processes at high production volumes.

The potential for improving technologies is linked to the level of techncédgnaturity. The technologies are
categorized within one of the following four levels of technological maturity.

Pagel0| 315- Technology Data for Renewable Fuels



Introduction

Category 1Technologies that are still in thresearch and development phaskhe uncertainty related to
price and performance today arid the future is highly significant (e.g. wave energy converters, solid oxide
fuel cells).

Category 2 Technologies in theioneer phase The technology has been proven to work through
demonstration facilities or semgommercial plants. Due to the limitedpplication, the price and
performance is still attached with high uncertainty, since development and customization is still needed. The
technology still has a significant development potential (e.g. gasification of biomass).

Category 3 Commercial techrlogies with moderate deploymenfThe price and performance of the
technology today is well known. These technologies are deemed to have a certain development potential
and therefore there is a considerable level of uncertainty related to future price anfbqmance (e.qg.
offshore wind turbines)

Category 4Commercial technologies, with large deploymertie price and performance of the technology
today is well known and normally only incremental improvements would be expected. Therefore, the future
price and performance may also be projected with a relativigigh level of certainty(e.g. coal power, gas
turbine).
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Cat. 1
R&DD
A
phase
Cat. 2
Price Pioneer phase.

Limited application

Cat. 3
Commerecial
Significant development
potential

Cat. 4
Commercial
Limited development

potential

»
»

Accumulated
production

Figure 2 Technological development phases, correlation between accumulated production volume (MW) and price.

Uncertainty

Thecatalogue covers both mature technologies and technologies under development. This implies that the
price and performance of some technologies may be estimated with a relatively high level of certainty
whereas in the case of others, both cost and perforoetoday as well as in the future are associated with
high levels of uncertainty.

This section of the technology chapters explains the main challenges to precision of the data and identifies
the areas on which the uncertainty ranges in the quantitative cdpion are based. This includes
technological or market related issues of the specific technology as well as the level of experience and
knowledge in the sector and possible limitations on raw materials. The issues should also relate to the
technologicadevelopment maturity as discussed above.

The level of uncertainty is illustrated by providing a lower and higher bound beside the central estimate,
which shall be interpreted as representing probabilities corresponding to a 90% confidence intervalldt sho
be noted, that projecting costs of technologies far into the future is a task associated with very large
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uncertainties. Thus, depending on the technological maturity expressed and the period considered, the
confidence interval may be very large. Ithe case, for example, of less developed technologies (category 1
and 2) and longtime horizons (2050).

Additional remarks
This section includes other information, for example links to web sites that describe the technology further
or give key figures on.it

References
References are numbered in the text in squared brackets and bibliographical details are listed in this section.

Quantitative description

To enable comparative analyses between different technologies it is imperative that datacaally
comparable: All cost data are stated in fixed 2015 prices excluding value added taxes (VAT) and other taxes.
The information given in the tables relate to the development status of the technology at the point of final
investment decision (FID) the given year (2015, 2020, 2030 and 2050). FID is assumed to be taken when
financing of a project is secured and all permits are at hand. The year of commissioning will depend on the
construction time of the individual technologies.

A typical table of quatitative data is shown below, containing all parameters used to describe the specific
technologiesThe datasheet consists of a generic part, which is identical for all technologies and a technology
specific part, containing information, which is onlyesant for the specific technology¥he generic part is
made to allow for easy comparison of technologies.

It has to be noted that, in case a technology has more than one input or output, rows will be added to the
datasheet.

Each cell in the table contairenly one number, which is the central estimate for the market standard
technology, i.e. no range indications.

Uncertainties related to the figures are stated in the columns naomezkrtainty To keep the table simple,
the level of uncertainty is only spified for years 2020 and 2050.

The level of uncertainty is illustrated by providing a lower and higher bound. These are chosen to reflect the
uncertainties of the best projections by the authors. The section on uncertainty in the qualitative description
for each technology indicates the main issues influencing the uncertainty related to the specific technology.
For technologies in the early stages of technological development or technologies especially prone to
variations of cost and performance data, theunds expressing the confidence interval could result in large
intervals. The uncertainty only applies to the market standard technology. The uncertainty interval does not
represent the product range (for example a product with lower efficiency at arlpwee or vice versa).

The level of uncertainty is stated for the most critical figures such as investment cost and specific output
shares. Other figures are considered if relevant.
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All data in the tables are referenced by a number in the utmost righinoo (Ref), referring to source
specifics below the table. The following separators are used:

; (semicolon) separation between the four time horizons (2015, 2020, 2030, and 2050)
/ (forward slash) separation between sources with different data
+ (pls) agreement between sources on same data

Notes include additional information on how the data are obtained, as well as assumptions and potential
calculations behind the figures presented. Before using the data, please be aware that essential informati
may be found in the notes below the table.

The generic parts of the datasheets &arergy carrier generation and conversion technologiespresented
below:
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Technology

name/ decription

2015

2020

2030

2050

Uncertainty
(2020)

Uncertainty
(2050)

Note

Ref

Energy/technical data

Lower | Upper

Lower | Upper

Typical total plant size (MW output)

- Inputs

A) Energy input share
(% total input(MWh/MWHh))

B) Energy input share
(% total input(MWh/MWHh))

C) Energy input share
(% total input(MWh/MWHh))

X) Aucxiliary products inputs (kg/MWh)

Y) Aucxiliary products inputs (kg/MWh)

- Outputs

A) Output share
(% total input (MWh/MWh) )

B) Output share
(% total input (MWh/MWh))

C) Output share
(% total input (MWh/MWh))

X) Non-energy outputs (kg/MWh)

Y) Non-energy outputs (kg/MWh)

Forced outage (%)

Planned outage (weeks per year)

Technical lifetime (years)

Construction time (years)
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Financial data

Specific investment

- hereof equipment (%)

- hereof installation (%)
Fixed O&M (0 / MW of
Variabl e O&M (input)MWh

Startup cost
(4 / MW of total inp

Technology specific data

Energy/technical data

Typical total plant size
The total thermal capacity, preferablytgpical capacity, is stated for a single plant or facility. It represents
the sum of all input and is expressed in MW thermal.

Input
All inputs that contribute to the energy balance are includedrasn energy inpuaind are expressed as
percentage in reléon to the total energy input, or equivalently as MWh/MWh of total input.

The energy inputs (and outputs) are always expressed in lower heating value (LHV) and moisture content
considered is specified if relevant.

Auxiliary inputs, such anzymesor chemicalsthat are assisting the process but do not contribute to the
energy balance are included asxiliary productgunderinput) and are expressed in kg/MWh of total energy
input.

Output
Similarly to the energy inputs, energy outputs agressed as percentage value in relation to the total
energy input, or equivalently as MWh/MWh of total input.

Any energy cgproduct or byproduct of the reaction has to be specified within the outputs, including process
heat loss. Since fuel inputs areeasured at lower heating value, in some cases the total efficiency may
exceed or be lower than 100%.

The output shares represent the partial efficiencies in producing the different outputs.

The process heat (output) is, if possible, separated in recove (&l example for district heating purposes)
and unrecoverable heat and the temperatures are specified.
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Forced and planned outage

Forced outage is defined as the number of weighted forced outage hours divided by the sum of forced outage
hours andoperation hours. The weighted forced outage hours are the sum of hours of reduced production
caused by unplanned outages, weighted according to how much capacity was out.

Forced outage is given in percent, while planned outage (for example due to remm)asaiven in days per
year.

Technical lifetime

The technical lifetime is the expected time for which an energy plant can be operated within, or acceptably
close to, its original performance specifications, provided that normal operation and maintetakes

place. During this lifetime, some performance parameters may degrade gradually but still stay within
acceptable limits. For instance, power plant efficiencies often decrease slightly (few percent) over the years,
and O&M costs increase due to weaidedegradation of components and systems. At the end of the technical
lifetime, the frequency of unforeseen operational problems and risk of breakdowns is expected to lead to
unacceptably low availability and/or high O&M costs. At this time, the plarderdmissioned or undergoes

a lifetime extension, which implies a major renovation of components and systems as required making the
plant suitable for a new period of continued operation.

The technical lifetime stated in this catalogue is a theoreticalevalherent to each technology, based on

experience. As explained in tli&eneral Assumptionglifferent types of plants are designed for a different

annual utilization and typical number of starps a year. The expected technical lifetime takes into adcoun
these assumptions.

In real life, specific plants of similar technology may operate for shorter or longer times. The strategy for
operation and maintenance, e.g. the number of operation hours, 4tpg, and the reinvestments made over
the years, will lagely influence the actual lifetime.

Construction time
Time from final investment decision (FID) until commissioning completed (start of commercial operation),
expressed in years.

Financial data

CAYlI )/C))\ I £ RI Gl I NB | f f -fewél aBdazidBde @abeﬁaﬁde&téxésMT)hﬂthl@éé >
taxes.

{SOSNI f RIEGE 2NAIAYLFGS Ay 5FyAdaK NBFSNByOSad C2NJ
used.

The previous catalogue was in 2011 prices. Some data have been updated bygpiti@ygeneral inflation
rate in Denmark (2011 prices have been multiplied by 1.0585 to reach the 2015 price level).
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European data, with a particular focus on Danish sources, have been emphasized in developing this
catalogue. This is done as generalizatiohsosts of energy technologies have been found to be impossible
above the regional or local levels, as per IEA reporting from 2015 (ref. 3). For renewable energy technologies
this effect is even stronger as the costs are widely determined by local corslit

Investment costs

The investment cost is also called the engineering, procurement and construction (EPC) price or the overnight
cost. Infrastructure and connection costs, i.e. electricity, fuel and water connections inside the premises of a
plant, arealso included.

The investment cost is reported on a normalized basis, i.e. cost per MW. The specific investment cost is the
total investment cost divided by thEypical total plant sizdescribed in the quantitative section.

Where possible, the investmembst is divided on equipment cost and installation cost. Equipment cost
covers the components and machinery including environmental facilities, whereas installation cost covers
engineering, civil works, buildings, grid connection, installation and coriumisg of equipment.

The rent of land is not included but may be assessed based on the space requirements, if specified in the
gualitative description.

¢tKS 2¢gySNRQ LINBRS@GSt2LIVSyld O2adGa ol RYA grapardtiol, G A2y .
approvals by authorities) and interest during construction are not included. The costs to dismantle
decommissioned plants are also not included. Decommissioning costs may be offset by the residual value of
the assets.

Cost of grid expansion
The costs for the connection of the plant to the system are included in the investment cost,nettlest of
grid expansion or reinforcement is taken into accoumthe present data.

Economy of scale

The main idea of the catalogue is to provide technical aconomic figures for particular sizes of plants.
Where plant sizes vary in a large range, different sizes are defined and separate technology chapters are
developed.

For assessment of data for plant sizes not included in the catalogue, some genesaholgdd be applied
with caution to the scaling of plants.

The cost of one unit for larger power plants is usually less than that for smaller plants. This is called the
wSO02y2Yeé 2F a0ltSQd ¢KS o0FaAl Sljdz2r GA2Yy ONBFTP HO A
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Where: G = Investment cost of plant 1 (e.g. in million EUR)
G = Investment cost of plant 2
P. = Power generation capacity of plant 1 (e.g. in MW)
P> = Power generation capacity of plant 2
® = Proportionality factor

Usually, the proportionality factor is about8; 0.7, but extended project schedules may cause the factor to
increase. It is important, however, that the plants are essentially identical in construction technique, design,
and construction time frame and that the only significant difference is & siz

For technologies that have a more modular structure, such as electrolysers, the proportionality factor is equal
to 1.

The relevant ranges where the economy of scale correction applies are stated in the notes for the capacity
field of each technology tdb. The stated range represents typical capacity ranges.

Operation and maintenance (O&M) costs

¢KS FTAESR &4KINB 2F hga Aa O f Odz)lwhe3eRhe kypical @gakpiant LIS NJ
size is the one defined at the beginning of tbifmpter and stated in the table#t. includes all costs, which

are independent of how the plant is operated, e.g. administration, operational staff, payments for O&M
service agreements, network use of system charges, property tax, and insurance. Anyarecess
reinvestments to keep the plant operating within the scheduled lifetime are also included, whereas
reinvestments to extend the life beyond the lifetime are excluded. Reinvestments are discounted at 4 %
annual discount rate in real terms. The cost dhvestments to extend the lifetime of the plants may be
mentioned in a note if the data has been readily available.

¢KS @FNAIOES hgiaclud® 2ansudption efkaaxdlidy materials (water, lubricants, fuel
additives), treatment and disposal of residuals, spare parts and output related repair and maintenance
(however not costs covered by guarantees and insurances).

Planned and unplanned maanance costs may fall under fixed costs (e.g. scheduled yearly maintenance
works) or variable costs (e.g. works depending on actual operating time), and are split accordingly.

All costs related to the process inputs (electricity, heat, fuel) are naided.

It should be noticed that O&M costs often develop over time. The stated O&M costs are therefore average
costs during the entire lifetime.
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Start-up costs

The O&M costs stated in this catalogue includes atprtosts and takes into account a typioaimber of
start-ups and shutlowns. Therefore, the staip costs should not be specifically included in more general
analyses. They should only be used in detailed dynamic analyses of thbyhloour load of the technology.

Startup costs, are stated @2 4G & LISNJ a2 2F GeLAOIT LIXIyd aArAl S oe
direct and indirect costs during a starp and the subsequent shut down.

The direct starup costs include fuel consumption, e.g. fuel which is required for heating up$aitedrwhich
does not yield usable energy, electricity consumption, and variable O&M costs corresponding to full load
during the startup period.

The indirect costs include the theoretical value loss corresponding to the lifetime reduction for one start up.
For instance, during the heating, thermal and pressure variations will cause fatigue damage to
components, and corrosion may increase in some areas due to e.g. condensation.

An assumption regarding the typical amount of stapts is made for each techlogy in order to calculate

the O&M costs. As a general assumption, biofuel production and production/upgrade of biogas features 5
start-ups per year, while for electrolyzes 50 stafs a years are assumed. Any change with respect to this
general assumpbin, e.g. for a specific technology which is characterized by a different utilization, is specified
in the notes.

The stated O&M costs may be corrected to represent a different number ofigparthan the one assumed
by using the stated staitip costs wittthe following formula:

0 Q0 0QD YO 01 0 @D YO 01 & D

where¢ is the number of starups specified in the notes for the specific technology and is
the desired number of staitips.

Technology specific data
Additional data is specified in this section, depending on the technology.

For examplepperating temperaturesare indicated for electrolysis and other processes in which it is a
relevant parameter.

Whenever process heat is available as outputigitsperatureis specified as well.
For electrolysis technologies, parameters regardingrdgpilation ability are spedied as follow:

1 Ramp up time, linear to full load (minutes)
1 Ramp down time, linear from full load (minutes)
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i Startup time (minutes)
1  Minimum load (%)

Relevaniemissions to the environmentincluding emissions to water and air, are reported in g per MWh of
total input of fuel at the lower heating value.

All plants are assumed to be designed to comply with the environmental regulation that is currently in place
in Denmark and planned to beplemented within the 2020 time horizon.

Definitions
Thelatent heat of vaporizationis theheat absorbed when a substance changes phase from liquid to gas.

Thelower heating valug(also known as net calorific value) of a fuel is defined as the amohedteleased

by combusting a specified quantity (initially at 25°C) and returning the temperature of the combustion
products to 150°C, which assumes the latent heat of vaporization of water in the reaction products is not
recovered. The LHV are the usealorific values in boiler combustion plants and are frequently used in
Europe.

Using the LHV for efficiency definition, a condensing boiler can achieve a thermal efficiency of more than
100%, because the process recovers part of the heat of vaporization.

The higher heating valugalso known as gross calorific value or gross energy) of a fuel is defined as the
amount of heat released by a specified quantity (initially at 25°C) once it is combusted and the products have
returned to a temperature of 25°C, wdh takes into account the latent heat of vaporization of water in the
combustion products.

When using HHV for thermal efficiency definition, the thermodynamic limit of 200% cannot be exceeded.
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Overview oftechnologies for renewable fuel production

A shat overview of the technologies and pathways for renewable fuel producttoat areincluded in the
catalogueis presented in the followingrheaimis to ease the use of the catalogd#e pathways hze been
dividedinto four overallcategories, achof whichis depicted in the following figures and tables. The tables
elaborate the pathways in slightly modetail than the figures.

The four overall categories are as follows.

Biomass to gaus productand synthetic naturagjas(Figue 1 and Table 1)
Electricity to hydrogeifFigure 2 and Table 2)

Qils and fats to liquid fuels

Biomass and GQ electricity to liquid fuels

PR

The categories are divided in respect to the inputs and outplibe relevant chapter reference number is
given for each output in figures and tables.

Short descriptions of selected terms are included in this section. For more information about the pathways
please refer to the respective chapters.
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Thermal

Anaerobic

Gasification

Digestion

Process

(intermediate)

Producer Gas
[ch 83]

Upgrading Methanation

output

Synthetic Natural Gas [ch 82, 84, 99]

Figurel Pathways for liomass to gaseous products and synthetic natural gas

. . . . SNG from
Biogas Biogas Biomass  Biomass :
. e ... . Methanation of
Plants  Upgrading Gasification Gasification )
Biogas
Organic Raw biogas  Solid Solid Biogas
waste Biomass  biomass
Inputs Ag res. Wood chips Wood chipsHydrogen/Wate
Energy Energy Cror Ag waste Electricity
Crops
Anaerobic Upgrading Thermal Thermal  Methanation
Method digestion gasification gasification

Fixed bed Cleaning
Biogas BiomethaneProducer ga Bio-SNG Bio-SNG
Digestate
Chapter 81 82 83 84 99

Tablel Biomass to gaseous products and synthetic natural .gas
1: Agricultural residues?2: agriculturalwaste.

Outputs
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1 Biogas; A mixture ofmethane and carbon dioxide.

1 Producer gag A mixture of hydrogen, carbon monoxide, carbon dioxide, methane, and C2 to C4
hydrocarbons.

1 SN Synthetic Natural Gas. Chemically the same asrigihane.

91 Digestatec Material remaining after anaerobic digestiomsually high in nutrients.

1 Ag resg agricultural residues

1 Ag wasteg agricultural waste
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Solid Oxide PEM Alkaline
Electrolysis Electrolysis Electrolysis

Hydrogen [ch 86, 87, 88]

Figure2 Pathways forhydrogenproduction from electricity PEM Polymer electrolyte membrane or Proton exchange membrane

SolidOxide Low Temp PEM Alkaline
Electrolyzer Cell Electrolyzer Cell Electrolyser Cell

Water Water Water
Inputs Electricity Electricity Electricity
Heat
Method High temperr?lture PEM electrolysic  Electrolysis
electrolysis
Hydrogen Hydrogen Hydrogen
Outputs Oxygen Oxygen Oxygen
Heat Heat
Chapter 86 87 88

Table2 Electricity to hydrogen(PEM Polymer electrolyte membrane or Proton exchange membrane
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Esterification Hydrotreating

Biodiesel (FAME)
[ch 89, 90]

Figure3 Pathways for dls and fats to liquid fuels

Vegetable Oil UCO and Anim: Hydrogenated

HVO Jet Fuel
FAME fat FAME  Vegetable Oil .
- Vegetable Oil uco Vegetable Oil Vegetable Oil
nputs
g Animal Fats Hydrogen
. Acid catalyzed : :
Esterification e Hydrogenation Hydrogenation
esterification
Method o
o Isomerization/
Isomerization .
Hydrocracking
Biodiesel Biodiesel HVO HVO Jet
Outputs ; .
Glycerine Glycerine
Chapter 89 90 91 92

Table3 Oils and fats to liquid fuels

Esterification Biodiesel reaction.

Biodiesel (FAME)Fatty acid methyl ester. Fuel contains oxygen.

HVO¢Hydrogenated Vegetable Qil, also known as renewable diesel. Fuel is oxygen free.
Hydrotreating covers both deoxygenation and decarboxylation reactions.

UCQq Used ooking oil.

= =4 =4 4 =4
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Thermal Syngas

Hydrolysi
LelretEs Gasification Compression

Hydrothermal
liquefaction

Bio-producer gas

Catalytic :

. Fermentation
hydropyrolysis
Fischer Methanol

Tropsch Synthesis

Bio-0il Ethanol Renewable Diesel Methanol
[ch 94, 100, 101] [ch 93, 95] and Jet [ch85] [ch 97, 98]

Figure4 Pathways for lomassto liquid fuelsand CQ + electricity to liquid fuels

Methanol from

Biomass Cellulosic Methanol Hydrothermal  Catalytic

Gasification S L SN A O Ethanol Blc_)r_nas_s from Power Liquefaction Hydropyrolysis
Gasification
Corn . Ul Biomass Biomass
Inputs Solid biomas Dry Biomas! ciellulesite Biomass Hydrogen
P Wheat ry " feedstock cO2 Hvdrogen Hvdrogen
Grains Electricity ydrog ydrog
Thermo .
Th_grmz_il Fermentation Pyrolysis  Hydrolysis  Gasification Syngas_ chemical Thermoch(_am|c'
gasification Compressiol . conversion
conversion
Method
. Methanol Methanol
Fischer . . Methanol .
Tropsch Synthesis + Fermentation Synthesis Synthesis +
Distillation Distillation
Renewable
Diesel .. .. ..
Ethanol Bic-oil Ethanol Methanol Methanol Bio-oil Bio-oil
Outputs Renewable
P Jet fuel
Renewable
Naphtha DDG Char Heat
Chapter 85 93 94 95 97 98 100 101
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Table4 Biomasgo liquid fuelsand CQ + electricity to liquid fuels

Renewable Diesel from Fischer Tropsch is chemical similar to HVO.

Renewable Naphtha a mixture of various hydro carbons with a boiling point range between 30 °C

and 220 °C which can be used f@asoline production.

Syngag A mixture of hydrogen, carbon monoxide and carbon dioxide.

DDGc5AaGAE €t SNEQ RNASR IANIAyas | KAIK LINRGSAY |y
Bio-oil ¢ A mixture of organichemicalscontains varying amounts of oxygeBio-oil can be refined

to various fuels, such as gasoline, diesel and jet.
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Numerous reference documents are mentioned in each of the technology sheets. Other references used in
the Guideline are mentioned below:
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[2]
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[4]
[5]
[6]
[7]

[8]
[9]

Danish Energy Agencys C2 NHzZRan i A YIBHNRFRN2Yy2YA&1S ylfeas
(Generic data to be used for so@gonomic analyses in the energy sector), May 2009.
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higherheatingvaluesfuels
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International Energy Agency. Availablelsitp://www.iea.org/. Accessed: 11/03/2016.
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Amendments after publication date
Date Ref. Description

Quialitative description

Brief technology description

Biogas plants produce a methane rich gas on the basis of biodegradable organic material. The feedstock is
transported to the plant by road or pumped in pipelines. At the plant, it undergoes an anaerobic process,
which generates biogas.

The technology dataheet covers larger plants. It does not include biogas from wastewater treatment plants
and landfill sites.

The residual biological material can be recycled as a fertilizer in agriculture and may be separated into solids
and fluids.

The biogas can be uséditectly in a natural gas engine for local CHP generation, in a local gas boiler or it can
be upgraded to bio SNG (synthetic natural gas). Upgrading of biogas to bio SNG is treated in a separate
chapter of the technology catalogue.

The biomass is receivethd stored in prestorage tanks and later processed in digestion reactor tanks. The
digesters are normally heated to either 3540 °C (mesophilic digestion), or 5055 °C (thermophilic
digestion). After being processed in the main reactor, the materistored in posprocessing tanks where

further gas is produced and collected. Typical processing time in the digesters is less than 25 days in Danish
plants, but many plants have longer retention time in order to increase the gas yield.

Danish plants se continuous digestion in fully stirred digesters. This implies removing a quantity of digested
biomass from the digesters and replacing it with a corresponding quantity of fresh biomass, typically several
times a day.

Finally, the gas is treated to redmevater and sulphur contents to the desired concentrations.
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The figure below shows the typical components and flow in a biogas plant.

Slurry

Deep bed litter Post-digestion tank

Digestien reaction
Straw Biomass Pre-heater tank Gas treatment
handling Heat-exchanger ? facilities >
I Biogas

Industrial

organic waste
i

Storage
Energy crops facilities

I

e

- 0@ .
Digestate

Digestion
residue storage

Figurel: Typical conponents in a biogas plant.

Input
i Biodegradable organic material such as animal malistugy, organic waste from food processing
and households, agricultureg¢sidued(e.g. straw), energy crops, etc.
i Electricity for mechanical processing equipment.
i Process heat fopreheatingand heating theeactor tanks.
Output
i1 Biogas.

i1 Digestate e.g. fa use as fertilizer.

The biogas gas typically contains B methane (CH4), 2% carbon dioxide (CO2) plus a minor content
of hydrogen(H2), nitrogen (N2), oxygen (02), hydrogen sulphide (H2S) and ammonia (NH3). The composition
of the biogas varies witthe specific mix of the input.

Energy balance

It is not practicahor usual to measure the energy content of the input material as a calorific value, as for
20KSNJ SySNHeé O2y@SNEA2Y (SOKy 2 hAlkhd doespontmdichtbuR § K S
capacityis used to define theizeof the plant. Accordingl the efficiency of the plant is not calculatigdthe

same wayas for other conversion technologiesxcept for straw where the lower calorific energy of the

straw input is used.

The volatile soliqVS)content of the biomassrepresents the fraction oftte solid material that may be
transformed into biogaskor animal slurry the VS share is approx. 75 %sdarce separated household
wasteit is approx. 80 % and for maize and grasses around 90 %. The methane production achieved in practice
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depends on proessing time and the organic loading rate among other factors. For further information on
the methane output from different types of biomass, see reference [14].

The digestatel contains the nutrients atite long term stable carboof the input material ad has a high
value as agricultural fertilizer. Drained fractions of the wligested residual material might be useful for
combustion or thermal gasification.

Theproductionof biogas, as well as the content of methane in the biogas; withthe amountand quality

of the organic waste usedlethane has a lower heating valud 35.9 MJ/Nni. Biogas with 65% methane
thus has aeating value of 23.3 MJ/NInTo allow comparisons it is practical to measure the output if Nm
methane.

The data sheets in this chger comprisea basic plant with input of a proportional mix of resouressessed
available in Denmark in year 2012 and 2096, but excluding eney crops and straw.

¢CKA& LI FYGd YIe NBLNBaASYy(d |y al @SNI 3 SsforabdsicpaatR S
shown in table 1.

Basic biogas plant Input share Methane production Methane production
(2015) (by tons) (GJlton)* (% of total)
Pig and cattle slurry 79.8% 0.44 44%
Deep litter 8.0% 2.00 20%
Manure, stable 6.1% 1.57 12%
Straw 0.0% 7.27 0%
Industrial organic waste 1.0% 4.83 6%
Household waste 1.6% 341 7%
Energy crops 0.0% 15-35 0%
Other 3.5% 1-5 11%
Total 100% 0.80 100%

Tablel: Energyproperties for basic biogas plarwith a mix of input material, 2015. *Based on references [8] and [9].

As seerin table 1the potential energy (methane) production per tongifaw and industrial waste &pp.1G

17 times higher tharthe potential energy (methane) production per ton afimal slurry. iis means that,

the methane output of a plant with a certain input capadityeasured in tons)an be increased by increasing
the share offeedstock with relative high energy production potential. The differences in methane output is
mainly due to varying water content of the different resources.

The possibilities for increasing the share of straw and deep litter material depend on the dégng plant
and the pretreatment of the feedstocks. Experimental work indicates that relatively high shares of straw

! Interpolations are made for year 2015
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may be possible [5]. The possibility of pumping the biomass puts on upper limit on the amolans of
assumed that the total amount aftraw and deepitter material can contribute with upo 50% of thetotal
methane productiorf9].

A plant withmaximuminput share of straw and dedjiter material could have mix of input material and
corresponding outpugas shown in table 2.

Increased straw share Input share Methane production Methane production

(2015) (by tons) (GJfton) (% of total)

Slurry (pig and cattle) 73.5% 0.44 26%

Deep litter 8.0% 2.00 13%

Manure, 6.1% 1.57 8%

Straw 6.3% 7.27 37%

Industrial organic waste 1.0% 4.83 4%

Household waste 1.6% 3.41 4%

Energy crops 0.0% 15-35 0%

Other 3.5% 1-5 7%

Total 100% 1.20 100%
Table2: Input mix and expected output for a basic plant where input of straw and déiger material contribute to 50 % of

output.

Similarly, theenergyoutput from the plant can be increased by a higher share of industrial organic waste,
which typically origia from slaughterhouses and other food industri€able3 shows the expected methane
gas production of the basic plant with a 5% share of industrial organic waste

Increased industrial organic waste Input percentage Methane production Methane production
share (2015) (by tons) (GJ/ton) (% of total)
Slurry (pig and cattle) 75.8% 0.44 34%
Deep litter 8.0% 2.00 16%
Manure, 6.1% 1.57 10%
Straw 0.0% 7.27 0%
Industrial organic waste 5.0% 4.83 25%
Household waste 1.6% 341 6%
Energy crops 0.0% 15-35 0%
Other 3.5% 1-2 9%
Total 100% 0.97 100%

Table 3: Input and expected methane gas production from the basic plant but with 5 % industrial organic waste

While feedstocksvith higher dry matter content may yield higher methane contenthe biogas they also
set additional requiements to transport and pr@rocessingsystemsand may increase thauxiliary energy
consumption Feedstocks such atraw and energy cropwith higher contents of lignocellulosmust be
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mechanically choppedround or otherwise treatedefore beingfed into the digesterin order to obtain an
acceptable processing timB][ Thus, higher yields when using alternative feedstocks are usually followed by
increased investment and O&M costdso, the purchase of high yield feedstocks will increase the praafucti
costs.

Typical capacities

In 2015 there were about 25 centralised biogas plants in operation in Denmark] a larger number of
smaller plantgapp. 50 farm scale biogas plants and app.anaerobic digesters at waste water treatment
plants and aew plants for treating waste water from industries) centralised biogas plant in Denmark
typically has a input capacity from 70.000 to 700.000 tonnes per y§&{r andraw materialis, typically
deliveredfrom 10to 100 farms. In a study based on dé&tam 16 existing Danisiplants p] an average yield
of approximately 28Nm3methaneper tons input was reportecdcorresponding to around 1 GJ/ton, however
with large variations from approx. 17 to Bdn3methane/ton. The tend is towards larger plantgiriven by
cost reductions related t@conomyof-scaleeffects for the biogas plant and in particular the upgrading
facilities.

Regulation ability

Biogas production in the same reactor can be increased by adding organic materials with high methane
potential, however, there is a biological limit to how fast the production can be regulated. For example, a
biogas plant digesting only animal slurry during summer, may increase the gas yield {i@gn® 14 methane

per tonne to about 450 n¥ methane pertonne during a period of 3 to 4 weeks if biomass with a higher
methane production potential is added [3].

Regulation of the production may require additional feedstock storage capacity, e.g. in case of a constant
supply of biomass from stables. But the athal income from gas sales may not balance the extra costs of
storing feedstock and digested biomass. Also, the emission of greenhouse gasses may increase [3].

A typical smaller plant with CHP production has a gas storage of approximatelyRath&jfduction to
accommodate price and demand variations.

Regulation is not relevant for biogas plants with upgrading plants and connection to the central natural gas
grid.

Space requirement
The space requirements will vary depending on the designiandut. Biogas plants are typically placed in
open farm land

Advantages/disadvantages

Advantages:
1 Methane emission is mitigatedvith relatively lowCQ abatement coss [6] fossil fuels are
substituted

1 Saved expenses sturryhandling and storage.
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1 Envionmentally critical nutrients, primarily nitrogephosphorusand potassium can be
redistributed fromintensefarmlands to other aread he risk of leaching of nitrates is reduced

1 The fertilizer value of the digested biomass is better than the raw rreseiThe fertilizer value is
also better known, and it is therefore easieradminister the right dose to the crops

i For waste fractions with a high water content-digiestion of manure and waste can often provide
a low cost option compared to other fors of waste handlingsuchasincineration.

1 Comparedo other forms of waste handlinguch as incineratigrbiogas digestion of solid biomass
has the advantage of recycling nutrients to the farmlarid an economically and environmentally
sound way.

91 Application of digestate reduces smell compared to application of raw slurry

i1 Using straw in biogas plants does not deplete the content of carbon in the topsoil compared to
using straw for heating (combustion)

Disadvantages:

1 Use of straw and other solid biomass resources in biogas production yields a lower energy output
thanif the same feedstock was used thermal gasification and/or combustion.

1 The successful operation of biogas plants is relatively complex and requgeskperience

1 The consumption dfarge quantities of biomass with low dmgatter content (manure) makes
transport and sourcing radius a critical parameter.

1 Use of heat from biogas fueled decentralized CHP plartependenbn the heat demand in the
local district heating systermf low heat demand can otherwidienit operation during summer
season.

Environment
Biogas can substitute fossil fuels in the energy system and thereby avoid emissions of CO

Furthermore, biogas can prevengasificantemissionsof the greenhouse gas methane to the atmosphere
when the biomass igligested in biogas planduring storage and application on the field. However, an
amount of biogas risks to leak from the plants.

In astudy of B Danish plantsit was assessed th#hese hogasplantscanreduce greenhouse gas emission

by 60-180 kg C@equivalent per ton of biomasdigested[5]. This assessment includes the substitution of
fossil fuels, reduced methane loss due to digestion and colleetiola methaneleakagefrom the plantsof

2% of the producethiogas The figures include methane reductions from relatively large amounts of waste
(28% of input)which is assumed treated as manure (stored anaerobicly and afterwards spread out in the
fields) Thesubstitution of fossil fuelsaries, depending on the energy system and on how the plants are
operated.

Thegas leakageshall be reduceds far as possib during the entire procest avoid emissions of the
greenhouse gas (methane) and odour problems in the neighbouring environfemvestigation in 2015,
covering nine Danish biogas plants showed an average emission as high as 4.2%. Through bwticsystem
effort to stopping leakages it was, however, possible to reduce emissions to 0.8% b [12]. 2 % is assessed to
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be a realistic average level in the future for existing plants. The goal of the biogas industry in Denmark is to
reduce total methane leakages 1 % by 2020, including losses from upgrading facHities

Odour problems from biogas plants is often reported as a problem, but can be avoided with proper filtering
of the off-gasses and good management during operatiime anaerobic treated organic st@ product is
almost odourfree compared to raw organic waste.

Biogas contains sulphur, which may represent an environmental problem due to emiss®@s of

The content of sulphur ¢$) in the biogas will vary depending on fhedstockmaterial When animaklurry

is the main source, the raw gas typically consa300010.000 mg/ni[2]. The sulphurcontent can be
reducedfully or partiallyby a number of technologies, or a combinatiaf these including precipitation with
iron chloride in the digester tanks, adsorption with activated carbon filters, or by a biological scf@pber

Biogas engines toleratemallamounts ofsulphur in the gaswhich however cause$Q emissions to the
environment When the gas is used for upgrading to bio SNG compldpdur removal may be necessary
but this is normally included in the upgrading plahlhe cost osulphur removaisin the range 0.005 0.07
DKK per rhbiogaswhen the gas is used for enginemnd 0.03-0.13 DKK per for complete removal,
depending on the flow and the.H concentration?].

Research and development

The Danish biogas R&D activities focus on a number of aréasré@ase energy producticend improve the
economy of the plantsAmong these ardhe possibilies of reducing storage of animal slurry before
digestion, reduction of methane leakage from tanks and processing equiprbiehdgical optimisation,
additional processing time, and use of material witgher drymatter contente.g. deep litter material and
straw[5], [6].

Further development activities areelated to optimisation of control systems and logistics, for instance
transport systems integrated with larger stable systemrsd possibilities for higher deynatter content in
the animal slurry[6].

Examples of market standard technology

The current market standa in Denmarksrelatively large plants, which supplies upgraded gas to the natural
gas grid. An example is ti¢GF Nature Energy Holsted plant, which is commissiimé&16 The plant
produces 13 million Aupgraded biogas with an input of approximatd0.000 tons per year [13].

Prediction of performance and costs

Data for 2015

Over the recent years there has been a considerable growth in the number of biogas plants in Denmark as
well as neighboring countries, arlmlogas technology is in general pldcen development categorg;
Commercial technologies, witmoderate deploymentHowever there are major differences in the
technologiedrom country to countrywith respect to thefeedstock, the sizes of the plants well as the use
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of the gasln Germaly, the focushasbeenon the use of energy crogis smaller plantswhich supplygas for
heat and power productionSweden has a larger number of plants based on sewage watenarskhold
waste and focuss on upgrading the ga® supply the transportsector [6] In Denmarkthe growth in biogas
production hagocused orthe use ofanimal slurryand agriculturatesidues whichtodayaccounts for some
75% of the productionThere is an expected potential for a considerable further girofv].

Older plants producing cmed but not upgraded biogder usein gas engines for electricity production is
well provenin Denmark but the current development increasingly focses plants for production of
upgraded gas (SNG) for use in the naltgas networK5].

The basis for cost and performance for the years 2015 and 2020, as shown in the data sheets, is the larger
Danish plants intended for upgraded biogas production.

Assumptions for the period 2020 to 2050

It is expected that the investmerdosts will decrease gradually due to learning curve effects, but not as
significant as for other technologiesince many elements of a biogas plant is related to general industries,
e.g. civilconstructionworks andgeneral process equipmentvhere leariing curve effects are limitedAs
described the technology is expected to be defined by a relatively nationally defined developameht
learning curve effects shall be seen in that cont&xr the period 201% 2020the total biogas production

in Denmarkis expected to double from 7 PJ t6 BJ [D]. It is estimatedhat such a doubling of installed
capacitya learningcurve progressate of 0.9 will lead to a 10 % reduction in codter the periods 2020 to
2030 and 2030 to 2050espectivelythe accumulated build production capacity is atsgected todouble

[11], considering a combination of installation of new plants and retrofit/replacements of old plants. Thus,
similarreductiors in costsare expected for each of these periodsis important to notice thathe further
construction of biogas plantfter 2020is dependenbn thefuture political framework conditions.

Operation costgexcluding costs of feedstocije expected talecrease with half of theates expected for
investments. The O&M costs are measured per ton input, so a higher energy yield will further affect the
energy price.

The biogas production is assumed to remain constant with constant input shares of thesvi@aaistock.
This may not be true if, for instance methods for improved energy yield are developed and implemented.

Uncertainty

The general uncertainty when calculating energy generation costs for a biogas plants is high, but the
investment costs seem tooatribute less than the operation costBata fromexisting biogas plants in
Denmark show that the energy production per ton input as well as other cost determining factors is quite
different from plant to plant [5]. Key parameters in relation to the erygogtput are composition of the input
material and the processing time. The data in this technology catalogue consider a fixed composition of the
input and a fixed processing time.
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In relation to the costs, biomass purchase, transportation, auxiliaryggneand labor costs are important but
may vary widely [5].
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Data sheets

Thecapacity obiogas plants is commonly stated as tons per year and for most of the input material a calorific
value is not relevant (e.g. manure). For compatibility with téaplate the energy of the biogas output is
assumed to be 100%. Thus, the stated auxiliary energy consumptioteid Btgercent of the output energy.

The data sheets consist of a sheet for a basic plant using a mix of available feedstock sdistedsratable
1 anddescribed in§] and P], but excluding straw, energy crops, garden waste and aquatic biomass.

The supplementary data sheet contaivalues for input of stravand industrial organic wasté.he values

refer to a part of a total plant praxssingonly the straw or waste It is thereby possible to model the
production and costs of plantwith input ofstrawor wasteby adding abasicLJt -GN Yy R | WA G N
Ay Llzi Q LI NI o
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Data sheet Biogas plant, basic configuration

Technology Biogas plant, basic configuration
2015 2020 2030 2050 Uncertainty Uncertainty Note | Ref
(2020) (2050)
Energy/technical data Lower Upper Lower Upper
Typlcal total plant size (MW OUtpUt) 92 87 87 87 8.3 9.6 83 96 A
- Inputs
Biomass (tons/year) 365.000 | 365.000 | 365.000 | 365.000 | 365.000 | 365.000 | 365.000 | 365.000 | AB | 5/8/9
AuX. electricity (% of OUtpUt energy) 317 3,8 3,8 3,8 1,9 6,7 1,9 6,7 A 5/8/9
Aux. electricity (kWh/ton input) 82 80 80 8.0 4.3 14.0 4.0 14.0
Aux. process heat (% of output energy) 8,4 8,9 8,9 8.9 7.2 12,0 7,2 12,0 A 5/8/9
Aux. process heat (kWh/ton input)) 18,6 18,6 18,6 18,6 16,0 250 150 25,0
- Outputs
Biogas (%) 100 100 100 100 96 110 95,8 110 F
Biogas (GJ/ton input) 080 | 075 | 075 | 075 | 072 | 08 | 072 | 083 | G 9
Forced outage (%) 0 0 0 0
Planned outage (days per year) 10 10 10 10
Technical lifetime (years) 20 20 20 20
Construction time (years) 1 1 1 1
Financial data
Specific investment 181 | 171 | 154 | 139 | 154 | 1,90 | 125 | 154 ACH 8/5
- of which equipment ; ;
- of which installation i i}
Totall &M ( 4/ MW/ year) 198.785 | 194.715 | 197.702 | 195.722 | 154.398 | 245.575 | 150.001 | 252.439
Total O&M (G/(ton in| 503 | 463 | 470 | 466 | 352 | 643 | 342 | 661 |ADI| 865
-of which O&M, excl ¢
inputlyear)) 4,11 3,67 3,49 3,31 2,81 5,05 2,54 4,56 ADI 8/5
-of which electricity g5 0,55 0,80 0,93 0,29 0,97 0,47 1,64 K
-of ~which heat (0/(tq om 0,41 0,41 0,41 0,41 0,41 0,41 0,41
Technology Specific data
Methane emission (Nm3 CH4/ton 0,44 0,42 0,42 0,42 0,17 0,88 0,17 0,88 J 12
input/year)
Notes:
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A The production, investment- and operation costs are based on a plant with a yearly input of 365,000 tons and a mix
of available feedstock sources as described in [9] and [8], but excluding straw, energy crops, garden waste and
aguatic biomass. The available feedstock composition for 2015 is obtained by interpolation of 2012 and 2020
potentials. The feedstock composition after 2020 is assumed constant.

The output of a specific plant will vary depending on the actual feedstock composition.

B Values are assumed valid for a range 200,000 - 400,000 tons per year
The investment includes a straw fired boiler for process heat.

D All O&M considered fixed, assuming 8760 hours operation per year. Does not include costs for biomass
purchase and transport. Data for biomass included in biogas plant, basic configuration, 2015, is inluded
below. Source: Reference [5].

Share, Share, t NAOS LJ
Biomass 2015 2020 incl transport
Manure (pig and cattle) 79,8% 83,8% 3,36
Deep bed material 8,0% 8,5% 6,71
Manure, stable 6,1% 0,2% 6,71
Straw 0,0% 0,0% 67,4
Industrial organic waste 1,0% 1,2% 40,3
Household waste 1,6% 1,2% 18,9
Energy crops 0,0% 0,0% 34,9
Other 3,5% 5,1% 27,9

F For compatibility with the template the energy of the biogas output is assumed to be 100%. (For most of the input
material a calorific value is not relevant)

G A calorific value of methane of 35.9 MJ/Nm3 is used. The input material composition and the output is assumed
constant after 2020.

H Learning curve effects have been assumed 2015-2020: 10% reductions, 2020-2030: 10% reductions, 2030-
2050: 10% reductions

| Learning curve effects have been assumed 2015-2020: 5% reductions, 2020-2030: 5% reductions, 2030-2050:

5% reductions
Corresponding to 2% of the produced biogas, wit lower value 0.8% and upper value 4.2%. This will vary and

J can be reduced.

K The cost of auxiliary electricity consumption is ¢
63, 2020: 69, 2030: 101, 2050: 117. These prices include production costs and transport tariffs, but not any
taxes or subsidies for renewable energy.
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Data sheets Biogas plant, additional straw input

Technology Biogas plant, additional straw input in the feedstock mix
2015 2020 2030 2050 Uncertainty Uncertainty Note Ref
(2020) (2050)
Energy/technical data Lower | Upper | Lower | Upper
Biogas from additional straw
(MW output) 1,00 AB
- Inputs
- - —
iltjrt;‘ﬁt;”p“t (%ofadditional | 19905 | 18205 | 18206 | 182% AB | s5/8/9
Straw input (tons per year) 4.337 3.957 3.957 3.957
— = J
’gf;‘g'('j‘}‘t%r‘f;‘fgtﬂt‘;%'”p“t | 31206 | 2.85% | 285% | 2,85% 5/8/9
ﬁ(‘xw}fgz ;'f;x;c'ty nput 63,00 | 6300 | 6300 | 6300 A
— o
Addiional %fﬁ;jt;‘eat ® | 0029 | 084% | 084% | 084% 5/8/9
Auxilliary process heat
(kWhiton straw input) 18,60 18,60 18,60 18,60 A
- Outputs
Biogas (%) 100,0% 100,0% 100,0% 100,0% AC
Biogas (GJ/ton straw input) 7.3 8,0 8,0 8,0 AC 9
Residual organic material D
Forced outage (%) 0 0 0 0
Sézrrl;ed outage (days per 10 10 10 10
Technical lifetime (years) 20 20 20 20
Construction time (years) 1 1 1 1
Financial data
| nvestment (| 407.676 | 371.930 | 371.930 | 371.930 AEG 8/5
iln;ut\//ys;)t ment (0} 9400 | 9400 | 9400 | 9400 AEG
Total O&M (/| 47387 | 44727 | 52704 | 56.692 AFG 8/5
;;utt/yga'r) O&M (0l 459 11,3 13,3 14,3 AFG
| of wich O(&OM’/@(‘C'te'c') and | 6,55 6,55 6,55 6,55
i'n(”)uft/yee‘f;);‘ tch eled 397 4,35 6,36 7,37 K
i'n?)lfuye;‘;);‘ beh heath ¢4 0,41 0,41 0,41
Technology Specific data
E"ﬁj‘ﬁ]”;uf}%;f)'on (Nm3 4,0 4.4 4,4 4,4 18 | 92 | 18 | 92 | H 12
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Notes

A The data sheet shows the expected energy output and values for the input of industrial organic waste specifically.
The values refer to a virtual part of a total plant processing the straw. A plant including increased share of straw
may be composed by adding a basic plant part and straw processing part.

Values are assumed valid for adding a smaller part of straw to a total plant. Maximum share not assessed.

O

For compatibility with the template the energy of the biogas output is assumed to be 100%. (For the input
material a calorific value is not relevant)
The energy content of residual organic material has not been evaluated due to lack of sources.

m O

Investment in straw preparation equipment (57 Eur/ton/year) and proportional share of basic plant
included. Biogas processing time is 25 days

F All O&M considered fixed, assuming 8760 hours operation per year. Does not include fuel for process heat,
electricity, biomass purchase and transport, see e.g. [5] and [8].

G The value will vary with the quality of the input. Assumed average value used corresponding to 320 Nm3 CH4 /
ton VS, TS 42%, vs/ts 90%. [8].
Learning curve effects have not been considered. Will depend on actrual deployment of technology.

J Corresponding to 2% of the produced biogas, wit lower value 0.8% and upper value 4.2%. This will vary
and can be reduced.

K The cost of auxiliary electricity consumption is cal
2020: 69, 2030: 101, 2050: 117. These prices include production costs and transport tariffs, but not any taxes or
subsidies for renewable energy.
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Data sheet Biogas plant, additional industrial organic waste input

Technology Biogas plant, additional industrial organic waste in the feedstock mix
2015 2020 2030 2050 Uncertainty Uncertainty | Note| Ref
(2020) (2050)
Energy/technical data Lower | Upper | Lower | Upper
Biogas from additional ind. organic o
waste (MW output) 100% AB
- Inputs
Ind. organic waste input (% of 125- 125- 125- 125- L
additional output) 200% 200% 200% 200%
Ind. organic waste input (tons per year) | g 5og 6.529 6.529 6.529 5
Aux. electricity (% of additional output) | 9770 | 077% | 077% | 0.77% 5
Aux. electricity (kWh/ton waste input) 10.30 10.30 10.30 10.30 A
Aux. process heat (% of additional 139% | 1.39% | 139% | 1.39% 5
output) ' ’ ' '
Aux. process heat (kWh/ton waste 18.60 18.60 18.60 18.60 A
input)) ' ) ) ,
- Outputs
Biogas (% of total input) 100,0% | 100,0% | 100,0% | 100,0% AC
Biogas (GJ/ton ind. org. waste input) 4.8 48 4.8 4.8 ACG | 5/9
Residual organic material D
Forced outage (%) 0 0 0 0
Planned outage (days per year) 10 10 10 10
Technical lifetime (years) 20 20 20 20
Construction time (years) 1 1 1 1
Financial data
Investment ( 04/ MW 0376050 | 276050 | 276050 | 276050 AEH | 85
Investment (04/ton | 4308 | 4228 | 4228 | 42,28 AEH
Total O&M ( G/ MW/ yel 49500 | 49904 | 52056 | 53132 AFH | 8/5
- of which O&M, excl el. and heat
( G/ (nputyear)) 6,5 6,5 6,5 6,5
-of whi ch el ectrici 0.65 0.71 1.04 1.21 K
-of whi ch heat ( al 0,41 0,41 0,41 0,41
Technology Specific data
Methane emission (Nm3 CH4 40 a4 a4 a4 18 9.2 18 92 H 12
input/year) ' ’ ' ' ' ’ ’ '
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Date Ref. Description

Quialitative description

Brief technology description

Biogas produced from various kinds of organic material, such as organic waste and residuespanumal

or energy crops, can be upgraded to biomethane using different technologies. After upgrading, the gas can
be injected into the natural gas grid.

The input for upgrading facilities is raw biogas from an anaerobic digester with a typical methape (CH
content of 5070% and a content of 380% carbon dioxide (G)Jplus a minor content of hydrogen, nitrogen
(N), oxygen (O), hydrogen sulphide$Hand ammonia (NH The composition of the biogas varies based on
the specific mix of the input.

Before injeting the gas into the natural gas grid, it is necessary to remove the content oftl&Deby
AYONBI AAYy3 6adzLJANI RAYIEOD GKS KSFGAYy3 @FtdzS 2F GKS
also necessary to remove water moisture, particlagjrbgen sulphide (¥6), ammonia (N§land nitrogen

(N). As it is rather expensive to remove nitrogen (N), this is rarely done. Hydrogen sulphide needs to be
removed before further use as it is a corrosive gas. Upgrading can also take place by catalgtisiaoiof

the CQto methane by adding hydrogen. This technology is described in another chapter.

Quality requirements for biomethane is described @asreglementet section-L2. Bestemmelser om
gaskvaliteter. (14. december 20%2)

Typically, the investment costs for a complete upgrading system connected to a natural gas grid can be
categorised using the following main components excluding the biogas plant itself,

i The upgrading plant
i Additional equipment to treat the methane slip l@re necessary)
1 Compressor units (where necessary)

2 https://www.retsinformation.dk/Forms/R0710.aspx?id=144715
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i Grid connection plant,

The heating value of upgraded biogas is approximately 10% lower than the heating value of natural gas, which
causes challenges for example in relation to proper billing of costur@ers approach to solving the problem

is to add propane to the upgraded gas thereby increasing the heating value. Propane addition is however
associated with considerable costs and the Danish gas distribution companies have therefore decided to
solve the poblem through measurements of the gas quality rather than adding propane. By connecting the
upgrading plants at MR stations, gas companies are able to keep track of the gas quality in different parts of
the distribution network and thereby also ensuresoper billing of costumers. Therefore, costs related to
propane addition are not considered in this technology sheet.

Upgrading

The main purpose of upgrading is the removal of,@@d the capacity of the upgrading plant is usually stated

in N raw biogasThe grid connection plant encompasses equipment for measuring gas quality, odorisation
of the gas and the concrete mechanical grid connection. Other options include further measurements of the
gas quality within distribution grids.

Today there are fivevailable upgrading technologies but some are less commercially mature than others:

Water scrubbing

Amine scrubbing

Pressure swing adsorption (PSA)
Membrane separation

Organic physical scrubbing

=A =4 =4 4 =9

Another technology, cryolithic separatiorg is underdevelopment and little data is currently available. Also,
enzymatic upgrading technology is under development.

Currently, the most common upgrading technology is water scrubbing, followed by chemical/amine
scrubbing and PSA. Today, there are no PSA paafseration in Denmark. The vast majority of the existing
upgrading facilities are located in Germany and Sweden.

In a water scrubber, the absorption process is purely physical. The biogas is put in contact with water by spray
or bubbling through to waslut the CQ but also hydrogen sulphide, since the gases are more soluble in
water than methane. The pressure in a water scrubber plant is typically higher than the natural gas
distribution grid pressure at a connection point, in which case no further cessjwn is necessary for grid
injection of the biomethane.

Amine scrubbing uses chemical absorption of iBCamines, which are regenerated in a stripper when
heated. This process has the highest efficiency in terms of methane conservation. Amine scrabbieg
integrated using highemperature excess heat (12060°C) from other processes and the excess heat from
the upgrading plant itself can also be used in d@mperature (65°C) applications, for example biogas
digesters. In addition, electricity is neiged for compression for grid connection.

Page46| 315- Technology Data for Renewable Fuels



82 Biogas Upgrading

The PSA separates some gas components from a mixture of gases under high pressure according to the
molecular characteristics of the components and the affinity for an adsorbent material (often active carbon).
Theprocess then swings to low pressure to desorb the adsorbent material.

The membrane separation method utilises membranes, which consist of hollow fibres bundled together. The
membranes are permeable to ammonia, water and carbon dioxide. Nitrogen and metrdneasses
through the membrane to a very low extent while oxygen and hydrogen sulphide pass the membrane to
some extent. Typically, the process is carried out in two stages. Before reaching the membranes the gas
passes through a filter that catches wagmnd oil droplets that would otherwise affect the efficiency of the
membranes. Besides that, hydrogen sulphide is typically removed by means of active coal.

Organic physical scrubbing is like the water scrubbing technology with the difference that:tlseaG&brbed
in an organic solvent such as the traded solvents Selexol or Genosob.

The figure below shows the specific investment costs per raw biogas inlet for the water scrubber, amine
scrubbing, PSA, membrane separation (Membrane) and organic phgaichbing (Genosorb). As the figure
clearly illustrates, the economy of scale is significant up to a certain point.

The technology data sheet in this catalogue only focus on the water scrubbing plant, but as seen from the
figure below it is expected thdhe investments costs of the five different technologies are at comparable
levels [2].

6000

E emms\/\/ater scrubber
% 5000 ' \ @==s Amine scrubber
9 \ P SA
B Membrane
g 4000 +——
k= Genosorb
[=
[«}]
E 3000+ —°
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>
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S \_/
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» 1000

0 ) ! ! T
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Capacity raw biogas (Nm?3/h)

Figure 1:Specific investment costs for different biogas upgrading technologies. Genosorb is organic physical scrubbing. Source:
SGC (2013).
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Treatment of offgases

The waste gases from an upgrading plant contain methane in a small concentration, but seldom enough to
maintain a flame without addition of natural gas or biogas. One way of limiting the methane slip is to mix the
off-gas with air used for combustidior heating the biogas digesterdlternatively, the methane can be
oxidized byregenerativethermal or catalytic oxidation.

The need for offyas treatment depends on the methane slip from the specific plant. Plants using water
scrubbing technology or P$&chnology would often requir&il-end solutions to decrease the methane slip

[2].

Grid connection plant

In conjunctionwith the gas treatment planta grid connection facility shuld be established. For larger
upgrading plants the local distribution tveork will in many casesot be able to take all thproducedgas at

all seasonslin these situationghe gasneeds to be further pressurised from-4 bar to 40 barto be fedinto

the natural gas transmission network. In addition, measurement regulatiah odorgation equipment is
required. Further to this, but not included in the data sheet costs, is the connection pipeline to the gas grid.

(Effluent gas cleaning)

7 g "
1 o

Figue 2 Principle of the water scrubber planSource: SGC (2013).

Input
1 Raw biogas from a biogas plant.
i Electricity (or heat depending on the technolofiy) upgrading process
i Electricityfor compression
1 Smaller amounts of water and various chemicals

Output
1 Upgraded biogas with 999 vol. % methane, carbon dioxide as@me nitrogen and oxygen [7].
1 Waste gas containing mostly £0
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Energy balance

As shown in the figure below, thwer consumptiorof the upgrading processes variésit it rangesfrom
approximately0.2 to 0.3 KWh/Nn? raw biogas. As an exception, the amine scrubber has a heat demand of
around 05 KWh/Nn¥ raw biogas, but a lower electricity consumption. The heat should be suppli&20at
150°C and 80% of the heaainbe reused in lowemperature

(65°C) applicationg].

0.6
0,5 B

0,4 R

Energy demand [kWh/Nm?]

0,2 _— *
[ |
0,1 _
0
Water scrubber Amine scrubber PSA Membrane Genosorb

Figure3: Electricity consumptior(kWh/Nm3 raw biogas, indicated as box and lin&r the upgrading technologies, water
scrubber, chemical/amine scrubber, PSA, membrane separation amgnic physical scrubbing (Genosorb). Heat consumption
shown as calmn. Source: SGC (2013).

In the upgrading process, there is typically a methane slip of up to around 1%, meaning that approximately
99% of the inlet methane exits as product [2]. Details for each technology are given in the section about
environmental isses below.

When comparing the energy balance of the upgrading technologies it is important to consider excess
pressure compared to required grid connection pressure.

Typical capacities
Different upgrading facilities are available from several supplieasiroad range of capacities.

Typical capacities vary from upgrading technology and from location to location. In Sweden, the most
common sizes are around 600, 900 and 1,80C¢° Maw biogas/h, while the most common in Germany is
around 700 and 1,400 Ntnaw biogas/h.
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Denmark has in 2016 around 18 biogas plants that supply biomethane to the natural gas grid. Typical sizes
for newer plants in Denmark are in the range of 1.Q@D00 m?biomethane per hour.

Regulation ability
Biogas upgrading plants can down regulate to 50% of full load [5].

Advantages/disadvantages

Upgrading of biogas to biomethane and injection in the natural gas grid makes it possible to decouple
demand and consuption. Local use of raw biogas for CHP has until now made production dependant on
local heat demand. Upgrading to biomethane creates a renewable fuel which can be transported and stored
in the central gas grid and used where and when needed throughoupEimaonventional gas applications.

A disadvantage is the electricity consumption and relatively large investments connected with the upgrading.

Compared with another green gas technology, namely Bio SNG based on thermal gasification of biomass,
upgradedbiogas production is easier to decentralize, has less environmental impacts (emissions from
chimneys), and the residuals has a good value for agriculture. Biomethane is a more mature technology
where Bio SNG is still at demonstration level.

The different pgrading technologies each have their advantages and disadvantages respective to each other,
but this will not be further discussed here.

Environment

Besides the energy consumption for operation, biegpgrading technologies have two other major
environmental issues depending on the technology: the consumption of water and chemicals and a methane
slip/emission.

Only the water scrubber and the amine scrubber use watesspectively 0.00040.004 n#/Nm?and 0.00003
m3Nm?3 raw biogas. The chemical consumptifom the water scrubber and amine mainly consist of anti
foaming. Furthermore, the amine scrubber has a demand for amine to account for the loss of amines in the
process. During normal operation only minor amounts of amine arg2pst

The removal of hyabgen sulphide requires active charcoal for both PSA, physical scrubbing (Genosorb),
membrane separation and amine scrubbing. The highest reported chemical requirement is 0.00008 kg/Nm

The highest methane slip among the technologies is reported todertle from PSA with 1.8%286, followed

by the water scrubber with 1%, 0.5% for membrane separation and the lowest slip from amine scrubbing of
0.1%. In principle, psychical scrubbers have a higher slip than the other technologies but the methane is
utilizedinternally. The methane slip can be eliminated if thegdf from the upgrading plant is treated in a
regenerative thermal oxidation (RTO) plant.
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Research and development

As noted above it is expected that the research and development ancbilhgetition between the different
upgrading technologies will lead to incremental improvements of the technology and, to some extent, a
reduction of costs.

Cryogenic upgrading

Regarding biogas and biomethane there may be a potential in the developmentogfenic treatment for
upgrading biogas and for the condensation of upgraded biomethane to liquefied biogas. However, today the
technology deployment is limited by operational problems.

Compared to other upgrading technologies cryogenic upgrading may &dewer energy demand for
upgrading, no contact between gas and chemicals, production of pua€@ side product and the
possibility to produce liquefied biomethane (LBG) and to remove nitrogen from the gas stream.

Enzymatic upgrading

The Danish Enerdghechnology Development and Demonstration Program (EUDP) supports new enzymatic
dzLJANI RAYy 3 G(SOKy2f238 Ay (KS LINRB2SOG a5SY2yaiNy GA?Z2
upgrading process has been developed and will be demonstrated irscéld biogas upgrading plant using
biogas from waste water treatment. The demonstration plant has been in operation frorR204di8l.

The CQis captured in a nowolatile solvent with a biocatalyst in an absorber column. The biocatalyst
accelerates the CQ@bsorption using enzymes. Afterwards the;@demoved from the solvent in a stripper
column. The technology integrates enzymes to create an industrial biocatalyst that can be readily
incorporated into conventional chemical absorption processes for&@@oval. The demonstration includes
large-scale production of enzymes and biocatalyst. The enzymatic upgrading process is anticipated to be
more energyefficient and coseffective than commercially available upgrading technologies. A reduction in
biogas pgrading cost by 25 % is expected.

Examples of market standard technology
NGF Nature Energy Holsted Water scrubber upgrading plant 2015, 13 nfidibimethane per year.
http://holsted.natureenergy.dkAnlaegget

Sgnderjysk Biogas Bevtoft, 2016, 21 mio®NMiomethane per year. Applies amine upgrading technology.
http://www.soenderjyskbiogas.dk/biogasanlaegdet

Bigadan Horsens Bioenergi, 20149 mio Nn? biogas per year. Water scrubber and amin based upgrading
plants.http://bigadan.com/c/cases/horsenbioenerqi

Assumptions and perspectives for further development
On a global scal¢here has been a significant increase in the number of plartspecially since 2006. In
Denmark, the market took of in 2014.
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Until around 2008 PSA and water scrubber plants were dominating, but since then also the chemical scrubber
(mainly amine scrufers), the organic physical scrubber and membrane technologies have played an
increasingly important role (see figure below).

250
Cryogenic separation
Membrane

200 - » Organic physical scrubber

® Chemical scrubber
u PSA
= Water scrubber

150

100

Number of plants

50 -

0
<2001 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012
Year of commissioning

Figure4 Global development in the number of upgrading plants and year of commissioning for the various technologies. Source:

SGC (2013).
Currently, the biomethane production costs for the different mentioned commercially available technologies
are around the same level. Just a few years back, amine systems were still only used as demonstration plants,
whereas today the systemseasold and constructed in different standardized sizes. Water scrubbing and
PSA have been mature technologies for many years, and only incremental technology development is
expected, while cryogenic upgrading is a technology under development and dentmmstra

An important aspect of biomethane market deployment is technical standards. Therefore, work is ongoing
to establish a common European standard for injection of biomethane into the natural gas grid systems and
for use as vehicle fuel within tHeuropean Biogas Association (EBA) and CEN project committee CEN/TC 408.

In Denmark, there is still relatively few upgrading plants but it is assessed that most new biogas plants will
have upgrading facilities, so that the total production of upgraded tsogii amount to 8 PJ in year 2020
out of a total biogas production of 14 PJ [6].
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Based on the above, the upgrading technology in general is considered to lie in between the two categories
& oCommercial technologies with moderate deploynéent I y Romiecial technologies, with large
RSLX 28YS8Syi¢

It is assumed that the growth will continue so that the Danish production of upgraded biogas will double in
the period 2015 to 2020 and in the period 2020 to 2030. However, the total growth rate of the industry is
likely to be smaller, considering less growth potentials in other countries where many plants are already
operating. Thus, a moderate learning curve rate of 0.90 for investment and O&M costs is here assumed for
each of the periods 2018020, 2022030 and2030-2050.

Further, it is here assumed that one or more of the newer and currently less developed technologies (e.g
cryogenic and membrane technologies) will take over from 2030 and that this can lead to lower methane slip
(close to zero) and 50% reduction of theateity consumption, which is already achievable today with the
amine scrubbing technology [2, 7].

Additional remarks
Methanation of biogas by addition of hydrogen is an alternative technology, in which tie @Dverted to
methane instead of releaginit to the atmosphere.
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Data sheets

Data for an upgrading plant with a biogas input of 1.000° Mnpresented belowtor the projection years
2015 and 2020, the data sheet is based omager scrubber plant. By 2030, one or more of the newer and
currently less developed technologies (e.g. cryogenic and membrane technologies) are expected to take over

f SIFRAY3 G2 + NBRdOGA2Y Ay GKS LI FydQa St SOGNAOAGR
Technology Biogas upgrading
2015 2020 2030 2050 | Uncertainty (2020) Uncertainty Not | Ref
(2050) e
Energy/technical data Lower Upper Lower Upper
Typical total size (MJ output/s) 5,92 5,92 5,92 5,92 AG
Typical total size (Nm3 biogas/h) 1000 1000 AB| 1/4
1.000 1.000
Capacity (NmBiomethane/h) 594 594 594 594 AB
- Inputs
Biogas (% of biogas input) 100% 100,0 100,0 100,0
Auxilliary electricity for upgrading (% 4,3% 4,3% 2,2% 2,2% 3% 4,3% 1,6% 32% |AD| 1/2/4
of biogas input) J 17
Auxilliary electricity for compression (%4 1,0% 1,0% 1,0% 1,0% 2/4
of biogas input) AE
0, 0, 0, 0,
Heat (% of biogas input) 0,0% 0,0% 0,0% 0.0% 214
- Outputs
Biomethane (% of biogas input) 99,0% 99% 100% | 100% | 2
Waste gas (% of biogas input) 1% 1% 0,1%| 0,1% |
Waste heat (% of biogas input) 5,3% 5,3% 32% | 3,2%
Forced outage (weeks per year) 1 1 1 1
Planned outage (weeks per year) 1 1 1 1
Technical lifetime (years) 15 15 15 15
Construction time (years) 0,5 0,5 0,5 0,5
Financial data
Specific investment, upgrading and CD| 1/2/5
met hane reduct i on|335000| 302.00 | 272.000 | 245.0 | 268.000 | 318.000 | 172.000 | 287.000 17
0 00
Specific investment, grid injection at F 5
40bar (a/ MJ/ s i n|134.000 | 121.00 | 109.000 | 98.00 | 107.000 | 127.000 | 69.000 | 115.000
0 0
Fi xed O&M (al MJ /4
11.800 | 10.600 9.500 8.600 | 9.400 11.200 | 6.000 | 10.100 2
- of which fixed O&M costs upgrading
and methane reduction, excl. el. 8.400 7.600 6.800 6.100 6.700 8.000 4.300 7.200
(0/ MJ/ s input [ yq 2
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- of which fixed O&M costs grid
injection, excl.el. (4/ MJ/ s i 3.400 3.000 2.700 2.500 2.700 3.200 1.700 2.900
year) H 2
Variable O&M ((0/ |
0,93 1,03 0,88 1,02 H
-of which electric E | 2/417
0,93 1,03 0,88 1,02
Technology specific data
Methane slip / emission (%) 1% 1% 0,1% 0,1% | 2
Minimum load (% of full load) 50 ;
CO2 removal, % 98,5 1

Notes

Corresponding to 1.000 Nm3 biogas input, assuming a methane content of the raw biogas of 60% and an average
gross conversion efficiency of approx. 98,5%.

B Values are assumed valid for a range 500-1,500 Nm3 biomethane per hour

C Values include upgrading, methane reduction and grid injection facilities

D Based on a water-scrubber technology based plant, alternative technologies have comparable values in terms of
total upgrading costs.

For a plant of double capacity (2000 Nm3/h) the realtive price is expected to be 20-25% lower [1,3]

E The cost of auxiliary electricity consumption is cal
2020: 69, 2030: 101, 2050: 117. These prices include production costs and transport tariffs, but not any taxes or
subsidies for renewable energy.

F Injection in natural gas grid at 40 bar

G Based on a lower calorfic value of 36 MJ/Nm3 and 8760 hours per year

H O&M costs are estimated to 2.5% of investment per year, in accodance with [2]

I Assuming that, by 2030, methane slip can be reduced to levels seen today for amin scrubbing technology. Methane
slip is assumed to be the same as waste gas assuming that the plant is not equipped with a regenerative thermal
oxidation (RTO) plant. If the the off-gas from the upgrading plant is treated with a regenerative thermal oxidation
(RTO) plant the methane slip can be eliminated.

J Assuming that, by 2030, one or more of the newer and currently less developled technologies (e.g. cryogenic and
membrane technologies) will take over.

This can lead to a 50% reduction of the electricity consumption, which is already achievable today with the
amine scrubbing technology.
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This is a general introduction to thermal gasification of biomass. Different technology tracks are further
described in separatehapters, including the further processing and use of the gas.

Biomass can be gasified thermally to extract the energy to a gas for further use in different processes. The
raw material will typically be solid biomass with a high content of lignocellulosie & wood chips, wood
pellets, straw, or other solid residues from agriculture, forestry or industry.

Gasification takes place by heating the biomass in an atmosphere with less oxygen than required for
complete combustion, and possibly adding aother gasification agent. The product of a gasification
process is a mixture of mainly hydrogen, carbon monoxide, carbon dioxide, methane, water, and smaller
FY2dzyda 2F KAIKSNI KERNROFNbz2yad .SaiARSa (KA (KS
feedstock or gasifying agent such as sulphur, nitrogen or chlorine as well as impurities such as tar and dust,
depending on the temperature and properties of the process.

After gasification the gas can be cleaned in various steps that may includeiltrasiof/washing, tar
conversion/separation, sulphur and chlorine removal. The necessary degree of cleaning is determined by the
further use of the gas.
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The raw gas can then be converted and used in different ways. It can be used directly in combbstiensin
or gas engines for heat and power production, or it can be further processed to serve as raw material in the
production of synthetic natural gas (SNG) or various liquid biofuels.

Gasification principles
A basic segregation is made betwadirect and indirect gasification.

In direct gasificatiorheat is formed in the gasification process itself by partial combustion of the biomass. In
such processes, flue gasses and product gas will be mixed. In case atmospheric aitais gessification
agent, the gas will contain nitrogen, which makes it unsuitable for SNG production.

In direct gasification one principle is to use air as gasification media in combination with steam, from the
feedstock material itself, or added. This represents a tradtigrasification technology, which is well known
and used in smaller scales to produce a-tpwality combustible gas. Since air is used, the gas contains
nitrogen. Another principle in direct gasification uses pure oxygen mixed witloiC&eam. Here nitrgen

can be avoided in the product gegich makes itnore suitable for SNG production.

Inindirect gasificatiorheat is transferred to the gasification process by means of a media such as a gas or a
movable bed material. But the heat is formed outside tkactor doing the gasification itself, often in a
parallel combustion process. Thus, flue gas and product gas can be separated.

Indirect gasification can be done by pyrolysis where the biomass, when exposed to heat, will degrade to a
gas with relatively lgh methane content, a fraction of tar and a solid residue of char (in parallel to the coke
left from coal gasification) with a high content of carbon. If steam and/ara&t®added to the process the
biomass can be fully converted to gas hydrogen fronthe steam and carbon from G@ake part in the
formation of hydrogen and carbamonoxide gasses.

Gasifier designs

Gasification technologies can also be classified by different designs of the gasifiers. There exists a large variety
of different designs ibenmark and abroad of which many are still at a demonstration scale, and a description

of these is not provided here. Such designs can use one or a combination of therabotiened principles

for biomass gasification. Further descriptions can be fouredgnp].

Here it is chosen tdistinguish amonghree main technology tracks which mostly accounts for the scale and
likely applications. Bearing in mind that each of these contains a variety of different solutions and
combinations, it will be possible generalize some of the properties of these in terms of main characteristics
such as, efficiencies, possibilities forsgaling and financial properties:

9 Biomass gasification, fixed bed, for producer gas
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0 Small scalél - 25 MJ/s inpu}
o Mainly for heat ad power generation (without methanation)

1 Biomass gasificatigrior bioSNG
0 Medium to large scale (20400 MJ/s inpul
o Circulating fluid bed gasifiers (CFB), or similar

1 Biomass gasificatigrentrained flowfor production of liquid fuels
0 Largescale (>500 MJ/s input)
o In this cataloguefocus is on production of bio diesel by the Fischer Tropsch process.
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83 Biomass gasification, fixed bed, for producer gas

Contact Information
91 Danish Energy Agenclacob Hijerrild Zeuthen and FitBamborg
1 Author: Ea Energy Analységalthe JacobserMorten Tony Hansen
1 Reviewer:

Publication date
March 2017

Amendments after publication date
Date Ref. Description

Qualitative description

Brief technology description)
Fixed bedgasifiers are smaller scale plants (<10 MW output) with direct gasification processes that can be
either updraftor downdraft, andthat can be staged into different process steps.

The primary use of the gas will be ingeneration of heat and power (CHB},in heatonly boilers.In this
catalogue the device for conversion of the producer gas is not included.

For the fixed bed technolags, it is assumed that atmospheric air is used as gasifying agent in direct
gasification. Thus, the gas will contain agen. The nitrogen content and the limited possibilities for
upscaling make the fixed bed technologies less interestindaiger plants withfurther upgrading to
synthetic natural gas (SNG) or production of liquid biofuels based on syngas.

Biomass

pre-treatment Gasification Cleaning
: —>

and drying

1

: Gas engine /
—>: boiler
1
1

The updraft (or counter current) gasifieas been used for the last 780 years with fossil fuel for electricity,
heat, steam and industrial processes such as burnimgmimics, glass making, drying and town gas.

It is characterized by the biomass feedstock and the gas having opposite flow directions. The biomass is
converted through several stages. Up to 10Qhe water is vaporized. By pyrolysis (extra heating antetimi
addition of oxygen) the dry fuel is converted to a tarry gas and a coke residue. Subsequently, the coke residue
is gasified at 80Q,200°C, while water vapour and/or oxygen (air) is added.
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The gas has lowemperature (5°C) but a large content of tar,

typically 30100g/Nn¥. Depending on the process, the tar shall either

—

be incinerated or cracked before it is cleaned of particles etc.

Producer gas primarily consists of the componenisHy, CO, Cg&

Biomass

A ///,/'"A _:> GaS

CH, and water. The use of atmospheric air and direct gasificati
limits the calorific values of the gas to about 6 MJANor the dry

Drying

cleaned gas from an updraft gasifier [8].

Pyrolysis

For internal combustion engine applications, gas from updr
gasifiers needs tar reaval and possible effluents from the cleani
step need to be handled.
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The downdraft (or cecurrent) gasifiehasthe same flow direction of the biomass feedstock and the gas. The
biomass is converted through several stages. Up t6dQ 0@ water is vapdeed. By pyrolysis the dry fuel is
converted to a tarry gas and a char residue. Subsequently, the char residue is gasified 20800 while
water vapour and/or oxygen (air) is added. By adding air to the char zoméatltontent in the producer
gas is reduced and amongst fixed bed gasifiers the _

. Biomass
downdraft type produce gas with the lowest level of tar.

!
In staged downdraft gasificatigmyrolysis and gasification » &

are separated in two reactors, enabling a panigidisation
of tar products between the stages. Thus, staged gasifiers Drying
are producing a gas with low tar content, which is essential
for engine operation. The tar content is often below 100 i

Pyrolysis

Air == —e= Ajr

mg/Nn?® and can be below 10 mg/Nin
Reduction

The pyrolysis process can bewer by either internal or
external heating. Internal heating is performed by addition AR |
of air/oxygen consuming a part of the energy content in the e = Gas
fuel, while external heating utilises waste heat from the \l ’/7
produced gas and from the engine to dry and pyrolyse |
fuel. Ash
The data in the table are valid fexternal heatingas this Downdraft gasifier, principle

results in higher efficiencies.

Producer gas primarily consists of the componentsHy CO, C@ CH, andwater. The use of atmospheric
air and direct gasification limits the calorific values of the gas t&6AM/Nn? for the dry, cleaned gas from
a downdraft gasifier [8].

For internal combustion engine applications, producer gas from downdraft gasifieraeasdyonly cooling
and dust removal.

Input

1 Solid biomass such as wood chips, pellets, chunks and briquettes, industrial wood residues, demolition
wood and energy crops can be used

1 Auxiliary electricity for process machinery.

Requirements to moisture conte and size of the fuel depends on the design of the reactor and the process
Updraft gasifiers can take fuels with up to 50% water content, whereas downdraft gasifiers require fuel with
a maximumof 15-20% water. In practice, artificial drying is oftemegrated with the gasification plant to
ensure a feedstock of constant moisture content [Bjwndraft gasifies typicallyneed homogeneous sized
biomass input to avoid packing of badd subsequent pressure loss across the fuel bed.
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Output
1 Producer gasistable for combustion in gas engines, gas turbines or boilers.

1 Recoverable heat for domestic heating.

9 Ash slagand possibly tar and/or effluents from cleaning step
The range of composition of the producer gas is rather broad according to technologyodaeational
conditions etc. Levels from two concepts appear from the table below [8].

Component vol%
Ho 19-31
CO 18-23
80} 12-15
CH 1-5

Ranges of composition of producer gas from fixed bed gasifiers.

Energy balance
Updraftgasifier:

Based on an energy input of wet biomass (100%), a producer gas energy outpisé4a@nd a heat output
of 10-20% can be obtainel@].

Staged downdraft gasifier:

Based on an energy input of wet biomass (100%), a producer gas energy outpis8f78nd a heat output
of 10-20% can be obtained [8].

\ I‘\, :) Producer gas 77
) Biomass 98 |  Fixed bed gasification plant / /
/

/ ,

/ |
' | — Heat 9 >

/
I J
> Process heatloss 14 >

_
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Sankey diagram of fixed bed gasifigr 2030.

In many cases, a fixed bed gasifier will be part of a CHP system with an ICE genset that provides electricity
also to cover the internal electricity deand. In this case, where the gasifier is standing alone and the system
output is product gas and heat, an electricity input is needed.

The heat loss may in many cases be lowered by condensation of the producer gas and circulation of the heat
to drive the @sification process.

Typical capacities
Updraft gasifier: 0.0& 10 MWe (0.225 MJ/s fuel)

Downdraft/staged downdraft gasifier: 0.042 MWe (0.155 MJ/s fuel)

Capacitesabove these levels atgpically increased by parallel installation of unj8, [2].

Regulation ability

Gasifier output can be regulated within few seconds for downdraft gasifiers, and within minutes for updraft
gasifiers. Startip time from cold condition depends on plant sizes and design, in any case several hours to
days. Minimumloads of 1620% can be obtained for updraftand 5-30% for downdraft gasifiers [6
Gasifiers are typically to be kept in continuous operation.

Space requirement
The main space requirements typically relate to the storage and handling of biomass feedstock, which can
be assumed to correspond to biomass boilers.

Advantages/disadvantages

Compared with other gasification technologies, fixed bed gasifiarsd espedlly the downdraft types

provide a simple way of generating a gas clean enough to be used in an internal combustion engine for CHP.
However, they generally have limited possibilities for upscaling, especially the downdraft types, as
maintenance of a stdb bed becomes increasingly challenging in larger cross secflibissis the reason
behindparallel installation of unitt increasecapacity of a sited~urthermore, air as gasification media makes

the gas unsuitable for methanation.
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The updraft gasifiethas limited requirements to fuel quality, i.e. the contents of moisture and ash.
Furthermore, the gasifiecanramp up and down thereby offering flexibility both electricity generation and
for supplying heat to district heating grids.

Thedowndraft gasifiers can also be tailored to a large variety of fuel qualities and capacity demands, and
generally produces less tar.

Gasification of biomass for use in decentralized combined heat and power production can decrease the
emission level compackto power production with direct combustion and a steam cycle.

Compared with alternative smadkcale biomasbased electricity generation technologies, the gasifier /
engine plants can readfighernet electrical efficiencies, typically up t0% in CHmode P]. Existing natural

gas fuelled engines can be converted to run solely on producer gas, or on a combination of producer gas and
natural gas. When a spark ignition engine is converted to operation on producer gas its energy input capacity
is deratedto about 4050% due to the loer calorific value of the gas][fOne disadvantage compared to a
natural gaspowered engine is the long stamp time of the gasifier (from cold). Also, excessive soot
formation may occur at start/stop.

Environment
Emissiondrom generation of biomass gasese very limited. Emissions from utilisation of gases from
gasifiers may occur at each process step:

1 gaseous emissions (exhaust gas, possible leakages)
1 liquid emissions (scrubbing water, scrubbing wastesdensates, bioil)
9 solid emissionsash dust)

Generally, the environmental aspects of biomass gasification are comparable to those of biomass combustion
processes; however, as the producer gas from fixed bed gasifiers is filtered thoroughly béfdaelitnto

the 1Gengine, the standard emissions are CO, B UHCFrom a stable operation of a demonstration

plant utilising a twestage gasifier at DTthe belowemissions have been measured]:

CO (mg/Nrhat 5% Q) 970.0
NQ. (mg/Nn? at 5% ©) 11970
UHC (mg/Nrat 5% Q) 21.4

TableO-1: Example of emissions from a plant with a two stage down draft gasifier

This performance does not comply with the current emission regulations in Dénigossible commercial
plant would apply primary or secondary emission reducing measures to comply with regulations.
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Dependent on technology, trace metals, especially cadmium contained in the biomass, may be entrained
with the gas or end up in the astofn the biomasgasifer. Further, theashmay contain polycyclic aromatic
hydrocarbons (PAHs). Therefore, spreadingsfin forests or on agricultural land must be carried out with
considerable caution. It has been demonstrated that in some cases thermal gasification may as a side effect
entail the possibility to extract trace metalst Denmark utilisation of the ash isg@ated by a ministerial

order for biomass ash.

No emission data is stateth the data sheets belowgs thespecificutilisation of the producer gas is not
covered by this technology data sheet.

Research and development perspectives
Updraft:

Up-draft gasification technology with CHP has been demonstrated over a long time in Denmark and abroad.

R&D is carried out, aiming at solving operational problems such as corrosion, process regulation etc. The
main issues to be addressed include:

9 Ability to handle a wider range of fuel propertiés particular waste wood and other biomass
residues

1 Establishing references of ujraft gasification plants for waste wood and other biomass residues
to drive the incremental development

9 Establishing updraft demaitration plants with oxygen and steam as gasification agent to be able

to produce bieSNG.
Other issues that should be addressed to support ss@le biomass gasification:

9 Purification of wastewater containing tar; in particutapital cost reduction
1 Meeting emissions regulations
1 Reactor calculations; kinetic models of significance for design and control

Downdraft;

There exist a number of suppliers of smaller down draft gasifier plants for CHP, rangingOfkilg to 2
MWe, and as such the technologgems to have reached a level where it enters technological maturity [15]

Research and development activities seem to focus on incremental operation and design optimisations,
including better process regulation and automation for unmanned operation, gcapinand improving gas
engine operation with gasification gas.
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Examples of market standard technology
Updraft:

At Harbogre Fjernvarme a 3.6 MJ/s updraft courtarrent moving bed gasifier was installed in 1994. The
gasifier is used for CHP productiorddmas a gross electrical output of 1.0 MW. The gasifier is fuelledeby
forestwoodchips. The gasifier ssipplied andperated byBabcock & Wilcoxaiund A/S [2]

Downdraft

Biosynergi Proces Hanstalled a300 kW and 750 kJ/s hea€HP dmonstration plantat Hillerad district

heating company. The placame online in 2016. Theoncept is designed supply a clean gas on basigbf
forestwood chipsthat are dried on site as an integral part of the proce@sitput heat is used for district
KSFiAy3ad ¢KS LINRPOSaa Aa |y ahLlSy [/ 2NBé R2yRNI Fi
project @50 kJ/s fuel)[2], [5]. The plant has been dismantled by the end of 2017 due to lack of financing to
solve minor technical statip problems.

In Innsbruck, Austria, SynCrdifas installed 260 kWe and600kJ/s heatCHPplant at the municipal water
treatment company, IKW. The plant is a staged downdraft type with an innovative floating fixed bed char
gasifier vessel and canoaline in 20%. The plant use wet wood chipghat is dried on siteOutput heatis

used for district heating.

Anumber of suppliers and projects outside Denmark are mentioned iarf@]in [30]

Prediction of performance and costs

Smaliscale gasification plants for CHP production based on biomass are offered by many suppliers worldwide
on a commercial basis [2]. However, commercial deployment is for larger plants still moderate and the
technology can be characterized as being in a ttemmsbetween demonstration and commercial maturity
(Category 3).

Further development potentials exisfpr examplefor using new fuels types, technical optimizations,
upscaling and better control of umanned installations. Many suppliers tailor their gguent to certain

fuels and needs and offer turnkey solutions. A larger commercial deployment may lead to incremental price
reductions [2].

The projection of investment cost assagthat the accumulated production capacity will increase by 40 %
between 2A5 and 2020, double between 2020 and 2030 and further double between 2030 and 2050.
Applying a typicdkarningcurve progressate of 90 % this yields a 5 % decrease in investment costs between
2015 and 2020, a further 10 % reduction between 2020 and 20@0additional 10 % reduction between
2030 and 2050. It should be stressed that this projection is associated with considerable level of uncertainty.
The statistical data on existing plants is very limited, impairing more detailed analyses. O&M costs are
assumed to follow the same trend as investments costs.
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Due to the limited possibilities for upscaling it is not expected that applying fixed bed gasifiers to production
of bio-SNG or other synthetic fuels will be commercially interesfirigs would requé small to medium scale
oxygen production and methanation to reach commercial level. In that case, small to medium scale
gasification combined with biogas production for{86IG production could become an attractive solution

Uncertainty

Even though seval plants have been in successful operation for several years the uncertainty regarding
price and performance for future developments remains considerable. The data assumes considerable
learning curve effects. However, there is a widespread number adrdiff principles and variants of the
technology, of which many are pioneer projects, and it is not clear which improvements can be realized, and
how far.

Additional remarks

Today, fixed bed gasifieme usually integrated with an internal combustion araigenset. Besides the
described fixed bed gasifiers, a number of suppliers offer CHP technologies based on bubbling fluid bed
gasifiers in the 2 MW, range, e.g. the Spanish Eqtec. [2].

References
Please refer to paragraph in chapter 85 for commonnexfiees for chapter 83, 84 and 85.
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Data sheets

The capacity of the plant is stated as the lower calorific value of the input biomass)(NMWi the output
efficiencies refers to the lower calorific value of the producer gas and heat.

Technology Gasifier, biomass, producer gas, small - medium scale

2015 | 2020 2030 2050 Uncertainty Uncertainty | Note Ref.
(2020) (2050)

Energy/technical Lower | Upper | Lower | Upper
data
Typical fuel input 20 20 20 20 A 1,2,8
capacity, one unit
(MWin)

- Input
Biomass (% of input 98 98 98 98
capacity)
Electricity (% of input 2 2 2 2
capacity)

- Output
Producer gas (% of fuel 74 75 77 83 60 80 80 90 C 345811
input)
Heat (% of input) 10 10 9 5 B |3,45,8,11

Unplanned outage (%) 5 5 5 5 12,8
Planned outage (weeks 3 3 3 3 1,2,8
per year)
Technical lifetime 20 20 20 20 1,2,8
(years)
Construction time 15 15 1.5 1.5 1,2,8
(years)

Financial data

Specific investment D 1,345
( MG/ W 1,4 1,3 1,2 1,1 0,9 1,8 0,7 1,4

- of which equipment -

- of which installation -

le,ed O&M 21.000 | 20.000| 18.000 | 16.200 | 15.000 | 24.900| 12.100| 20.200 D 1.3.4,5
(0 / Mydar)

Variable O&M D 1,3,45
( G/ MWh 2,6 2,5 2,2 2,0 1,7 3,3 1,4 2,7

Technology

specific data
Minimum load (% of full 20 20 20 20 8
load)

Notes:
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oe]

The stated capacity is the upper range, down scaling is possible.
With flue gas condensation, considering lower heating value of biomass fuel.

C Producer gas primarily consists of the components Nz, Hz, CO, CO2, CHa, and water. Calorific value 5 - 6 MJ/Nm?.

For some references ([3], [4]) the electric efficincy has been used to calculate gasifier efficiencies, assuming an
engine efficiency of 42%.

Fixed bed gasifiers are usually integrated with an internal combustion gas engine gen-set. Sources are for total
project including gas engine and the engine part hasts
It is assumed that the accumulated production capacity will increase by 40 % between 2015 and 2020, double
between 2020 and 2030 and between 2030 and 2050. A learning curve progress rate of 90 % is assumed this
yields a 5 % decrease in investment costs between 2015 and 2020, 10 % reduction between 2020 and 2030 and
between 2030 and 2050. Similar progress ratios have been used for O&M costs.

The values in [9] have been used (sh. 85) but adjusted to keep overall yearly O&M costs at 3% of investment

The values in [9] have been used. Variable O&M for a Staged down draft gasifier (sh. 85) have been subtracted
O&M of a gas engine (sh. 06).

Efficiencies are expected to improve gradually from presently demonstrated levels, to cold gas efficiencies of 85%
in 2050. It is assumed that a total efficiency of 90% can be obtained in 2050.
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84 Biomass gasification for bi®NG
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1 Author: Ea Energy Analységalthe JacobserMorten Tony Hansen
1 Reviewer:
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March 2017

Amendments after publication date
Date Ref. Description

Qualitative description

Brief technology description
Biomass can be converted to synthetic natural gas (SNG) by gasification followegraging.

After gasificationupgrading can be done hyascleaning, C@removal, drying, and methanation of the
syngas, to reach a methane content of approx98%o, as required for compatibility with gas in the natural
gas grid.

Methanation processesan take place catalytically by conversion of syngas to methane and water. Since the
methanation process produces heat it is most often an advantage to integrate the gasification and
methanation processes in one plant. The methanation process can alspladeby biological processes.
The methanation process itself can theoretically reach an efficiency of 80%, the rest converted @lheat [
however the raw gas may contain1s% methane already [15]. Therefore, the highest efficiency can be
obtained by sarting with a gasification process that directly outputs a relatively high share of methane, which
is obtained by gasification at moderate temperatures.

Pretreatment Methanation
) I . CQremoval and
and drying of Gasification N Cleaning N drvi .
biomass ving w to BioSNG

Pretreatment and gasification
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84 Biomass gasification for BBNG

The gasification can take place by different principles using both indirect and direct gasification but aiming
at aproducergas without nitrogerand a high proportion of methanehich reduces the proportion of gas
that needs to be methanised

Fluidised bed gasification may offer these possibilities as they do not show some of the operational
limitations seen with fixed bed gasifiers. As such, fluidised beds may be more compact and

- have an ability to handle fuels with a high ash content and high particle size distribution as well as
low bulk density

- prevent bridging, channels and hot spots in the fuel layer

- provide easier scaling up possibilities

Fluidisation is a unit operationytwhich solid particles through contact with a gas behave as a fluid. The bed

in such a reactor may consist of more or less inert solid particles (sand) that become fluidised when a gas,
such as ambient air or another agent is blown through the bed. The&les entrain possible fuel particles

and the fluidisation enables efficient heat exchange between fuel, sand and

fluidisation gas. Due to the fluidisation, the various steps of
the gasification process (drying, pyrolysis, oxidation,
reduction) that ae quite separated in fixed bed
gasification, are mixed in a fluidised bed reactor. This /
char/sand
biomass

product gas

ot

enables a uniform temperature distribution and control
opportunities and thus control over the process and
output. Drawbacks compared to fixed bed conversion
comprise alower carbon conversion ratio (with unburnt T
fuel in the ash). gasifying agent

Usually, a prdreatment of the feedstock is necessary

including drying, for which excess process heat can be used
g drying P CFBoiomassgasifier, principle[8]

One typical design with indirect gasification uses a duraulationtiuidisedbed reactoras shown below
where fast circulating bed material (for instance sdimdestoneor oliving is heated in an air blown reactor
by conventional combustion and sulageently returns its heat to the gasification process in the other
reactor, where the pradried biomass is feth and which is typically blown by steam. The combustion is
primarily fed by the char residues of the biomass feed stbakcirculates to the cambustor. The gasification
can take place at relatively low temperatures (around ®)Owvhich outputs a gas with relatively high
methane contentwhich is relevant for the subsequent methanation proceSarther, the low temperature
prevents theashfrom mdting and form corrosive slag.
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Flue gas

product gas flue gas

: | I heat I
—  Ash - gasification - <=
- AS

~ . additional
| biomass ﬁ w o fuel

1 1 circulation
Steam Air

Biomass ==

steam air

The dual CFB (circulating fluggtdbed) process (Gussing type desigai]

An alternative typical process design uses direct gasification with a pressurised CFB (circulating fluid bed)
reactor blown by oxygen and steaamd reaches performance data comparable with the indirect dual CFB

type [14], [15].

Oxygen for the direct gasification may be produced by air separation (ASU) powered by electricity generated
from process excess heat. This may account for 4% of outputyefiief]. Alternatively, oxygen obtained as
a byproduct of electrolysis in future hydrogen generation plants could be used.

Both the direct gasification and the oxygen blown gasifier process types are able to use wood as feedstock
material and can (expect® be upscaled to reach an output in the range 200 MW3iNS5. There are as well
other variants of the circulating fluid bed technology intended for, or possibly useful f&8N¥& production.

A bioSNG plant may utilise some of the high temperature epetgeams to generate electriciti ], [21].
However, the electricity production is not significant, and is for future plants assumed to outbalance the
electricity demand for internal processes.

Further description of projects, processes, and techno®gan be found inl{], [15] and [2].
Gas cleaning

Tar removal is necessary due to the relatively low gasification temperatures. Several options exist, including
scrubbing with water or oil, catalytic or thermal cracking.
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In addition, sour gasggrimarily HS) and Céneed to be removed by chemical and/or physical absorption,
and the syngas composition may be adjusted by a partial shift for obtaining the required ratio of H2 to CO as
suitable for the methanation process.

Methanation

There exist sveral different procesdesigns for catalytic methanation of syngas, many of which have been
demonstrated in full scale or as pilot plants5] [20].

Further, it is possible to convert the excess, @&sses to methane by adding hydrogen gas to the psoces
This optional process step is not included in this technology sheet.

Input
9 Solid biomass such as wood chips, pellets, and agricultural waste products.
1 Auxiliary electricity (may be generated by internal processes)

Requirements to moisture content drsize of the fuel depend on the design of the reactor and the process.
Fuel with high water content is usually dried prior to gasification in a CFB gasifier. In addition, many
demonstration projects have aimed at using waste fractions as a feedstocadificgtion 1L5].

Output
9 The output is bieSNG
9 Further output is low temperature process heat, which is assumed valid for district heating
1 The main waste product output is ash.

Energy balance

The overall efficiency from solid fuel to BBNG ranges between 80% in present demonstration projects,
and theoretically could babove 80% [B By integration of the gasification and methanation processes and
by use of excess heat to district heatiagd, possibly, electricity production to cover internal electricity
demand, the overall efficiency can be high, likely up to 90%0[1G], [21].

In the G@iGas 20 MW demonstration project, the following efficiencies were measured and reported,
though notaccounting for an electricity demand of some 3 MW anddii@lemand of 0.5 MWZL]:

Fuel to cold gas efficiency (syngas): 76.5%

Fuel to methane efficiency: 62.7%
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Total efficiency, fuel to methane and heat: 85.4%

These numbers refer to the plant fuelledtivwood pellets, and the results cannot directly be transferred to
fuels with higher water content, though.

BioSNG 63

Biomass 100 BioSNG plant

Heat 22

Process heat loss 15

Sankey diagram oBio-SNG gasifier plant in 2030.

Typical capacities
The capacity of current (2016) demonstration plants is in the range 2gMW

With a further technical development and the necessary investments, it is expected that the commercial
plant size will be up to 200 Myéby 2020.

Regulation ability

The CFB gasification and associated methanation process plants generally have limited regulation and part
load capabilities, depending on the process types thougths #ssumed that plants are in continuous
operation for 8000 hours per year

Space requement
The main space requirements typically relate to the storage, handling, and possibly drying of biomass
feedstock, which can be assumed to correspond to what is required for biomass power plants.
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Advantages/disadvantages
A major advantage abio-SNG generation is the possibility to use existing natural gas infra structure for
transport and storage of biomadssed energy in a form, which can be utilized for multiple purposes.

Compared with fixed bed gasification technologies, the CFB techaslagth methanation are more

technically complex process plants, which in turn can reach higher efficiencies and are more suitable for
upscaling. This requires, however, an infrastructure for biomass procurement, handling, and storage. A
substantial heatlemand from e.g. district heating systems is an advantage to reach high overall efficiencies.

The CFB gasification processes are typically relatively robust with regard to feedstock quality and can use
much larger particle sizes than e.g. entrained flowifigrs.

The relatively low temperatures of CFB gasification makes it possible to recychstitte forests and
agricultural land, however tar content and concentration of certain heavy metals such as cadmium may be
an environmental problem.

The direct, aygen blown, CFB technologies may have an advantage over the indirect due to higher
throughputs, leading to smaller relative investments, and higher methane rates.

Environment

Generally, the environmental aspects of biomass gasification are comparahtestoof biomass combustion
processes in general. Depending on the further processes involved in a specific plant, waste products might
include condensation waste watershwith used bed material, used catalytic material, and other waste from
chemical reators etc.

In the case of the pilot plant GoBiGas phase |, [22] mentions annual emissions of 15 tonnesiod 96
tonnes of sulphur as well as a small amount of methane from the methanation process. This must, however,
be planning data as the plant was not yet commissioned in 2012. The environmental report from operations
in 2015 [23] mentions an emission 033 kg N@ 2,997 kg S as well as 1,516 kg Biltl 65 kg BD from
production of 30,000 MWh of biomethane. This corresponds to an average emission of 0.1, KgIN@ S,

0.05 kg Nkland 0.002 kg D per MWh gas produced.

[23] also mentions a number ofaste streams containingarmful components such aash waterbased
streams with chemicals, active coal etc.

Research and development perspectives

Process integration and optimisations, including energy optimisations in the integration of gasification, g
treatment and methanation processes. This includes the handling and reforming of tars and preservation of
methane from gasification. A specific area of R&D is the methanation process, where several proprietary
technologies seem to competéj]. Experieces from pilot and demonstration plants are expected to lead
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to further innovation and development that will allow upscaling. It is also expected that such optimisations
can eventually lead to improved gas efficiencies comp#mautesent technologyq].

The treatment of biomass fuels is another area for further development, as large quantities of wood and
other material shall be transported, handled, stored and dried.

Examples of market standard technology
Indirect, dual CFB:

Valmet is a major supplier &FB gasification plants in the range -B0D MW for both combustion in
power plants, and also for the Bitsas demonstration bicSNG plant.
http://www.valmet.com/products/energyproduction/gasification/

GoBi@s is a 20 M\j¢stechnical demonstration project in Goteborg, Sweden, aiming at 65% conversion
efficiency, 90% overall efficiency. The plant is fueled by wood pellets and has experienced campaigns of
continuous operation since December 2014. [2]. The pilot plant has tedeafitted for wood chips and is

in summer 2016 being recommissioned on wood chips. An informative film about the concept can be
viewed athttp://goteborgenergi.streamingbolaget.se/video/156153/link

Direct BFB:

Another major supplier of CFB biomass tedbgy is the company Andritz Carbona which has supplied the
bubbling fluidized bed gasifier to the Skive plant in Denmark, commissioned in 2009.
https://www.andritz.com/productsen/group/environmentalsolutions/powergeneration/gasification

Direct, oxygen lown CFB:

Amec Foster Wheelgr &SN& proobf-02 y OS LI ¢  F éxgenfsteamiblovenPressurized (4 bar)
CFB plant in Varkaus, Finland [2]].

Prediction of performance and costs

As of todaythe integrated biomass CFB gasification and methanation technologies are in a pioneer phase
(Category 2), and the uncertainty regarding future performance and price data is high. Data far2D15
2020are mainly based on demonstration projects.

Assumptiaisfor the period 2020 to 2050

It is assumed that the present demonstration scale plants using CFB and methanation in the capacity range
10-20 MW, will eventually be scaled up and can reach commercial maturity in year 2030 with a capacity in
the range of 200 MW gas output. Even though the potential scaling and learning curve effects appear to be
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significant the estimated future values are widely &&aon scientific studies of process optimizations, and
on industry expectations, and it is hot obvious that such development will take place.

The required technical development seems feasible since some of the major elements are already widely
used, such sicatalytic methanation in SNG production based on fossil fuels. Furthermore, the R&D activities
involve actively both universities as well as private companies and large energy companies. However, a
development of large scale biomass SNG technologylsdlraquire the necessary commercial drivers to be
present. It is expected that the investments to ensure a further development shall be mainly made by large
companies, involved in the energy sector.

Therefore, for development to take place, such investisewill have to be evaluated as being overall
commercially attractive, at least in the long term, taking the expected future price levels of competing fuels
(natural gas and when focusing on the transport sector also of oil) as well as possible swrside®
emission costs into account. The data for 2@2B050 assumes that such market demand will be present,
and that investment costs can be reduced by considerable upscaling and learning curve effects.

Uncertainty

The longterm development of the techology is by nature uncertain, due to the current development stage
(Pioneering phase) and the fact thaositive results ofarger scale deploymerdre not yet demonstrated.
The figures in the data sheets assumes an optimistic scenario in which thebddsgpiscaling and learning
curve effects will take place and therefore the uncertainty is high.

Additional remarks
Fluidized bed gasifiers may be used for a variety of purposes and can be seen in connection with small to
medium scale CHP plants, largeaileccofiring plants CHP plants, b®NG facilities as well as biofuel facilities.

References
Please refer to paragraph in chapter 85 for common references for chapter 83, 84 and 85.

Data sheets
The capacity of the plant is stated as the lower calovifilte of the input biomass (MJ/s), and the output
efficiencies refers to the lower calorific value of the8iNG and heat.
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Technology CFB (Circulating fluid bed) gasifiers, biomass, bio-SNG, medium - large scale
Uncertainty Uncertainty
2015 | 2020 | 2030 2050 (2020) (2050) Note Ref

Energy/technica
| data Lower | Upper | Lower | Upper
Typical fuel input
capacity, one unit 32 154 400 400 12;13
(MWih)
- Input B
Biomass (% of 91 | 100 | 100 100
input capacity)
Electricity (% of
input capacity) 9 0 0 0 B
- Output

i 0
iBn'gu%NG (%ooffuel | 56 | g9 63 70 58 | 65 65 75 | G |2119131719,
Heat (% of input) 15 20 22 20 21;19;13/17/19;
Unplanned outage
(%) 3 3 3 3
Planned outage 3 3 3 3
(weeks per year)
Technical lifetime
(years) 15 20 20 20
Construction time 25 25 25 25
(years)
Financial data
Specific investment 12+21;12+19+1
( MG/ W 4,0 2,5 1,6 1,5 1,8 3,0 1,4 2,6 E 31517

- of which i
equipment

- of which )
installation
Fixed O&M 12/21;12/21+13
(G/ MWt h/y 80.450 | 40.220 | 26.220 24130 |30.170|50.280 | 18.100 | 30.160 F 17/19
Variable O&M 12/21;12/21+13
( G/ MyVh 53 2,7 1,7 1,6 1,8 3,5 11 2,1 F 1719
Technology
specific data
Warm start-up time 6 6 6 6 c
(hours)
Cold start-up time 12 12 12 12 c
(hours)
Environment
NOx (g per GJ fuel) 16 20 20 20 D 23,29
CHa4 (g per GJ fuel) 0 0 0 D 29
N20 (g per GJ fuel) 0,3 D 23,29
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Notes:

A
B
C
D

n

With flue gas condensation
Generally the plants' electricity generation is assumed to balance the consumption
Assumed to be in the same magnitude as a coal fired power plant

2015 data for NOX and N20 origin from [23]. Other values are assumed to be in the same magnitude as a
biomass fired PF power plant (pellets)

For 2015, values reflect the 20 MWgas Swedish GoBiGas Phase 1 demonstration project. A proportionality factor
of 0.7 is assumed to apply when going from 2015 to 2020 based on the anticipated upscaling from 20 MWgas to
100 MWgas [21]. For 2030, the figure is an average of a value from theoretical studies [17] multiplied by 1.4 and a
value from feasibility studies [19] multiplied by 1.15. From 2030 to 2050 simply a reduction of 10% has been
assumed to reflect a learning curve.

Assumed that the total O&M costs splits in 1/3 variable, 2/3 fixed costs, 8000 h/year

Efficiencies are expected to improve gradually from presently demonstrated level, to values corresponding to
various studies for large plants in 2030, and gradual increase to 2050. It is assumed that a total efficiency of 90%
can be obtained.

Heat at normal district heating temprature set 80/50 deg. Additional low temperature heat for heat pumps is
possible. For uncertainty values, a higher heat output can be expected at low gas output and vice versa.
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85 Liquid fuels from loomass gasificatiorand Fischer Tropsch

Contact Information:
Danish Energy Agenclacob Hjerril@euthen jhz@ens.dkand Filip Gambordgb@ens.dk
I dzli K2 N 5 & {S&TH Qohilthnyfs2Ard]

Publication date
August 2018

Amendments after publication date

Date Ref. Description

02 2019 Chapter 85+96  The two chapters 85 and 96 on bio fuels from gasification + Fis
Tropsch have been merged to one chapter that is now Chapter 8t

12 2018 Datasheetevised

Qualitative Description
The production of diesel or jet fuel from biomass is a-step proces, in the first step the solid biomass is
converted to the gas phase and in the second step the gas is converted to liquid fuels.

Gasification is a process that converts organic or fossied carbonaceous materials at high temperatures
(>700°C), withoutombustion, with a controlled amount of oxygen and/or steam into carbon monoxide,
hydrogen, and carbon dioxide (syngas). The carbon monoxide then reacts with water to form carbon dioxide
and more hydrogen via a watgas shift reaction.

The FischeyTropst procesqor FischegTropsch Synthesis ofH is a set of chemical reactions that changes
a mixture of carbon monoxide gas and hydrogen gas into liquid hydrocarlbbase reactions occur in the
presence of certain metalatalysts, typically at temperatas of 15@300°C and pressures of one to several
tens of atmospheres.

Brief Technology Description

The biomass could be agricultural or forestry residues. There is a wide range in the design of gasifiers used
for biomass.Different technological solutions can be implemented in order to obtain different plant
configurations; in particular, the mode of contact of the biomass with the gasification agent may be in
countercurrent, or cecurrent, or crossflow, and the heat cae bransferred from the outside or directly in

the reactor using a combustion agent; the residence time can be in the order of hours (static gasifiers, rotary
kiln) or minutes (fluidized bed gasifiers). Different gasifier designs are better suited tceediffeedstocks

and gas needsGasification idurther described inBiomass Gasification general introductionand the
following chaptersThe Fisher Tropsch react®are practised commerciglon syngas produced from coal
(Sasol) and on natural gas (Shell, Chevron, Sasol, and others).

The overall process is shown in the following simplified process flow diagram.
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= == oy =3 Dijesel
raw syngas pure syngas _) Jet Fuel
Biomass =3 > > > Naptha
. ——> Wax
Gasification Cleaning/ FT
Conditioning Synthesis

Figurel Biomass to Diesel and Jet Process

Input
The primary input for most process is just the biomass. The reactions are exothermic and generate enough
heat for the process and to produce the power required for the system.

Output

The FT synthesis process produces a range of hydrocarbon from light ends to heavy waxes. It is difficult to
control the selectivity of the process to produce just diesel fuel or jet fuel. In some commercial facilities the
light ends and the heavy wamaterials can be recycled through the process to improve the selectivity but
usually at the expense of overall efficiency. Some systems will produce excess power for sale from the system.

Energy Balance

The energy balance for a system is showninthe®lg A y 3 FA3IdzZNBE omeéd® LG Aa ol &
to liquids. The carbon efficiency of the biomass gasifier to raw synga%isad the carbon efficiency of the

syngas to fuels is 46% for an overall carbon efficiency of biomass to fuels of B3e2éfergy out per unit

of energy in is 3%.

Naptha
13.76 MJ

Jet
14.7MJ

Wood
100 MJ
Diesel
9.98 MJ

Electricity
1.17 MJ

Loss &
Internal Use
61.5 MJ

Figure2 Biomass to Diesel and Jet Energy Balance

The overall energy efficiency of the process is relatively low. There are two potential means to recover some
of the waste heat. The ghts use some of the process heat to produce electricity for the plant use and
potentially a small amount to be exported. Steam from the exit of the final steam turbine would be available
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for other uses. This could have a temperature between X5a8nd 185 Cdepending on the design. There
may also be some opportunity to recover some lower grade heat as the syngas is conditioned prior to
synthesis. Details of the potential for energy recovery are not reported in most of the recent techno
economic studies phlished.

Other computer simulations of biomass to FT systems have reported higher efficiencies. Kreutz et al [2]
reported 49 to 50.5% energy efficiency on a LHV basis. They had similar carbon efficiency of the feedstock to
the fuels.

Baliban et al [3] mod&ed several optimized hardwood to FT liquid process configurations. The energy
efficiency ranged from 56 to 61% and the carbon conversion efficiency ranges from 54 to 60%.

Sikarwar [4] identified feedstock characteristics that influence the performarickiamass gasification
systems. These include moisture content, ash content, chlorine and sulphur, and the cellulose, hemicellulose
and lignin fractions as the three components degrade at different temperatures during gasification. He
reports that in geneal, the higher the cellulose and hemicellulose content, the greater the volume of gaseous
products formed. Therefore, softwood, hardwood, wheat straw and bagasse with much higher cumulative
percentages of cellulose and hemicellulose are preferred ovelamuef seed hull, coconut shell, almond

shell, larch plant or poultry litter, when attempting to obtain gas as the final product.

Typical Capacities
There are no commercial scale systems in operation. The NREL eubmumic analysis was based on
processiig 2,000 tonnes of dry wood per day. The plant would produce 175 million litres per year of fuel.

In a review of the state of the art biomass gasification [5], Molino et al reports on the European biomass
gasification plants. They identify 22 gasificatianilities but only five that has more than 7,000 h/year of
operation time. The capacities are in the 10 to 40 MW range with one larger facility tfis¢sdiomass and

fossil fuelsThe facilities are iddified in the following table.

Site Thermal Output, GJ/yea Running h/year
Harbagre (Denmark) 576,000 8,000
Gussing (Austria) 230,400 7,008,000
Skive (Denmark) 576,000 7,500
Lahti (Finland) 1,152,000 7,000
Buggenum (the Netherlands) 17,280,000 7,500

Tablel European Biomass Gasification Plants

The commercial FT plants using fossil energy as the input are all much larger than the biomass gasification
plants shown in the table above. The largest fossil plant is the 260,000 bpi&@& million GJ/year) Shell

LX Fyd Ay vIGEND {KSEtfQa 2NARAIAYILE De¢[ LXFyd Ay alf
Gllyear).
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There is work ongoing on small FT distillate reactors. Velocys claims that the commercially optifioal size
their biomass to FT liquids system is 1,900 bbl/day (72 million litres/year) [6]. Their reference plant processes
landfill gas and produced 200 bbls/day of finished products (375,000 GJ/year).

Regulation Ability

Biomass gasifiers can be operated down to about 35% of the rated capacity depending on the configuration,
feedstock moisture contents and the acceptable efficiency loss [7]. However, the gas composition will change
over this range and when the gasifiec@mupled to a synthesis reactor there is a need for relatively constant
feed compositions. The high temperature and pressure of the FT reactor will limit the regulation ability of
the overall system.

Space Requirements

The biomass gasification district iy plant in Harbere is situated on a less than one hectare. The GoBiGas
facility in Sweden, which is a biomass gasifier and an SNG facility is on a two hectare site. The original design
capacity was 100 MW (3 million GJ/year), although only the firas@lof 20 MW was built.

The space requirements will be less than 1,060\V. This may be reduced if the size of the units are larger.

Advantages/Disadvantages

Biofuels that can be produced from ndeed or food feedstocks and can be used in heavy dutyspart

F LILX AOFiA2yar oKAOK OFyQl o6S Srairte St SOIGNRFASREI
Drop-in biofuels, such as the FT fuels made by this technology can be used in the existing fuel infrastructure
and are attractive to th existing fuel providers.

This technology combines gasification systems that have only been operated at small scale and FT synthesis
systems that are commercialized at very large scale. Determining the combined size that will work, technically
and econonially, for both technologies is a challenge. The teeboonomic analyses that have been done

on this technology have considered plants in the range of 1,000 to 2,000 dry tonnes of wood per day (350,000
to 700,000 dry tonnes of wood per year.

The Danishiiergy Agency reports the following production of woody biomass in 2015 [8].

Type TJ Tonnes (dry)
Wood Chips 13,335 701,842
Firewood 21,943 1,154,895
Wood pellets 2,641 139,000
Wood waste 8,837 465,105
Total 46,756 2,460,842

Table2 Woody Biomass Production and Consumption for Energy

A single woody biomass to diesel and jet fuel plant would require a 15 to 30% increase in the current
production and consumption of woody biomass in Denmark.
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Environment

The sustainability of the feedstock production is a potential issue with all biomass systems. The overall energy
out per unit of energy in the feedstock is relatively low for this technology. Biomass gasification systems will
produce some ashhiit must be disposed of. The wood ash can be used to adjust the pH of soils but the
availability of the nutrients in the ash may not always be fully bioavailable. Wood species and gasification
type appear to have some influence on the properties [9].

The tiels produced have no sulphur, are low in aromatics and are considered clean burning. Their volumetric
energy content is about 10% lower than diesel fuel due to the lower density.

Research and Development Perspective

Biomass gasification for diesel andfig¢l produced from wood or straw is a category 2 technology, a pioneer
phase technology with limited applications to date. The technology has been proven to work through
demonstration facilities or sesiommercial plants. However, due to the limited apption, the price and
performance is still attached with high uncertainty, since development and customization is still needed. The
technology still has a significant development potential.

Both the gasification and the FT distillate technology have beewk and practiced for almost 100 years.
They are commercial technologies for other feedstocks.

There is work underway on integrating the two technologies, improving the gasgfesystem performance
and addressing the issue of scale for the fuel sysithstage.

Examples of Market Standard Technology

The technology has not yet been commercialized. In Europe, Repotec, an Austrian company, have been
involved with the Gussing gasifier, the GoBiGas SNG project in Sweden, and the Senden wood gasifier to
power facility in Germany.

In Denmark, B&W aund built the wood gasifier at Harlaoe but no other references for the technology
were identified.

The UKAmerican company, Velocys is working on small scale FT plants. They are developing smaller scale
microchanmel FT technology that was originally developed by the Pacific Northwest National Laboratory in
Washington State, USA. Their first project is using landfill gas but they are working with ThermoChem
Recovery International of gasification systems for woodynraiss that would be coupled with the Velocys FT
technology [10]. The system would produce 1,400 bbl/day of FT products. This would require 1,000 tonnes
of wood per day.

Velocys is working on a USDA Phase 2 application for a loan guarantee for a wodidqua project [11].

Phase 2 applicatioflsy Of dzZRS G KS Sy @ANRBYYSydlf NBLRNIZ G§SOKYA
credit evaluationThe plant is to be built in Natchez, Mississippi on a 40 ha site. The plan is to start
construction in lat€2018 or early 2019. Velocys are also working on a waste to jet fuels project in the UK with
British Airways and other partners but this project is not as well defined as the wood project in the USA.
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Velocys plc

Harwell Innovation Centre
173 Curie Avenue,atiwell
0OX11 0QG, United Kingdom

Gasifier design: Entrained flow reactor
The entrained flow gasifier technology is well suited for large scale gasification. This specific design is
described in this section.

In an entrained flow reactor, the high temperaés and pressure produces a clean syngas with very little
methane and tar18]. This makes the gas well suited for further chemical processing and production of bio
fuels.

The entrained flow reactor has been used for large scale coal gasification foredebatlis much less
developed and demonstrated for biomass. The fine ground feedstock material which, when coal is used, may
be mixed with water to a slurry, is fed from the reactor top together with steam and oxygen. When biomass
is used, the input may bpyrolysis oil. Partial combustion and gasification takes place in the pressurised
reactor at high temperatures (>1,080, up to 1,608C for coal). Slag and ash are removed from the bottom.

A high capacity is possible due to high reactivity at bighperature and pressure. The high combustion
temperature results in formation of slag instead of ash as the main residue.

The high outlet gas temperature usually makes the thermal Biomass
efficiency low, unless the process is integrated with other energy jl
consumng processes. One possibility is to 4meat solid fuel by Oxygen = ﬁ\
torrefaction at 2300°C, whereby the fuel is easier to pulverise, and

the overall efficiency is improvedly]. However, an additional
energy loss in the torrefaction process must be expectedo/Ashé
CFB gasifier processes, the oxygen necessary may be produced in a [ ]

processintegrated air separation unit powered by electricity
internally produced from excess process heat.

\,

////////////////////////

. = Gas

Challenges when movinffom coal to solid biomass feedstock .
comprise obtaining a uniform particle size distribution and feeding \l ’—/7
biomass into a highly pressurised vessel. Instead of pulverising the Ség

fuel, it has been suggested as a {reatment to transform it into

) ) Principle of the entrained flow gasifier.
oil/char slurly through a fast pyrolysis.

Also, ignition and flame stability as well as the alkali content and ash melting behaviour in biomass are
challenging issues.

Advantages/disadvantages
Compared to CFB gasifiers, the entrained flow gasifiers can have considagitdy throughput, which
together with the high temperatures favours upscaling. Further, the high temperatures produce a clean
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syngas with no tar and very little methane. The high outlet gas temperatures usually make the thermal
efficiency lower, unlessifegrated with other energy consuming processes.

Entrained flow gasification has an advantage if the available fuel is a liquid that can be spray atomised, like
for instance the residues of paper pulp manufacturing. However, for solid fuels like fresh thieayrinding

will use considerable amounts of energy. f@atment by torrefaction or pyrolysis may reduce these costs

and reduce feeding challenges into a pressurized system.

The output gas has a lower content of methane than will be possible witly&dtiiers. This will reduce the
fuel-to-methane efficiency. Thus, the entrained flow gasifiers appear to be more suitable for processes where
the endproduct is not methane, e.g. other synthetic fuels such as Fischer Tropsch diesel, or for direct
combuston in gas turbines.

A disadvantage compared with CFB gasifiers is, that the combustion at high temperatures will result in a slag
residue which cannot be recycled to the environment. This is particularly relevant for fuels with a high
content of ash and riients such as straw.

The large plant sizes would require an efficient feed stock sourcing strategy and possibly increase the need
for pre-treatment by torrefaction and/or pelletisation or pyrolysigpossibly decentralized to optimise
sourcing.

Predicdion of Performance and Cost
The prediction of performance and cost is based on published teebhnnomic papers rather than on actual
plant performance. The NREL paper is based on a plant twice the size of the proposed Velocys project.

Uncertainty
There § a high level of uncertainty for the technology given the state of development and the fact that there
are no operating plants in the world at this time.

Additional Remarks

One of the challenges for small scale FT plants has been that a range of pisguwotiuced, from gasoline

boiling range products to waxes. Markets for all products are required for commercial success and finding
markets for small volumes of gasoline blending components and the wax can be an issue. In some projects
the revenue from tle wax has been a significant portion of the total revenue.

FT synthesis produces a range of products betweesm@ waxes. The actual ranges will vary with process
type, catalysts, and syngas quality but there is always a range of prodibhismplies that separation of the
relevant fractions will be needed downstream the FT procégsh [12] reports on the pragkct distribution

for two different process severities as shown in the following tdblgortunately the paper does not provide

the accompanying yield data for the two operating conditions but there is more gasoline produced in the
kerosene mode than theigsel mode.

\ \ Gas Oil Modé Kerosene Modg]
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% wit
Tops/naphtha 15 25
Kerosene 25 50
Gas Qil 50 25

Table3 Product Distributionsg Shell SMDS

In his 1999 thesis, van der Lann [13] showed that the quantity of each groppadicts did vary with
operation conditions. This is shown in the following figure where the two right hand bars represent the liquid
products and the two left hand bars represent the gaseous products. The sum of the two liquid products (and
thus the yield as well as the ratio of heavy to light liquid products does vary with the pretreatment
conditions.

Y =
_ [ Ly _ _
50 HEE “may
EE g
40 7]
W -
(wi%s)

LT A A o

3 Hy CO  HJCO=07 HJC0=2.0
0°C  2B0FC 2B0°C  230°C  310°C
Pretreatment conditions

in T

%]

Figure3 Selectivity vs. Yield

Quantitative Description

The available quantitative data that is available on tinghnology is mostly from third parties and not from

the technology providers or plant operators. Actual plant data is considered confidential by the process
developers.

There are three basic reactions that occur in the process. The first reaction break#tmass down to a
combination of hydrogen, carbon monoxide and carbon dioxide. A simplified reaction is shownAetioal.
biomass has highly variable composition and complexity with cellulose as one major component.

GHi20s+ Q@+ HBh b / h+ B+ CHA other species
Note: The above reaction uses glucose as a surrogate for cellulose.

Stoichiometryfor methanol production of syngas requires the ratio ef IO to equal 2The product gases
are then subjected to the wategas shift reaction to imease the quantity of hydrogen. The equilibrium for
this reaction is temperature dependent which controls the CO ter@(.
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CO+EDT COQ+H

This is then followed by the synthesis reaction as shown below. In this reaction the carbons are added
sequentially making it difficult to control the chain lengths of the final products.

@2n+1H+n/ h RHen+b + N HO

Generally, the Fischefropsch process is operated in the temperature range of¢360 °C. Higher
temperatures lead to fastereactions and higher conversion rates but also tend to favor methane production.
For this reason, the temperature is usually maintained at the low to middle part of the range. Increasing the
pressure leads to higher conversion rates and also favors fasmatfi longchained alkanes, both of which

are desirable. Typical pressures are up to 30 bar.

Typical Plant Size

The proposed Velocys plant will process 1,000 tpd of wood and produce 79 million litres of product. The NREL
techno-economic work assumed @ant size of 2,000 tpd. This is about the wood required for an average
pulp mill. New pulp mills are being built larger and can consume up to 10,000 tpd. Plant size will likely be
determined by the feedstock availability.

Input and Output
The primary inptiand output for a wood to FT plant is summarized in the following tabld [igre are some
chemicals and catalysts requiredt the quantities are very small.

Parameter Input Output
Wood 4.06 kg

Wood 76 MJ

Naphtha 0.36 litre
Jet 0.38 litre
Diesel 0.26 litre
Power 0.26 kWh

Table4 Inputs and Outputs

Forced and Planned Outage

The plants are expected to operate for 350 days per year. Wood gasifiers are capable of operating at these
rates as shown earlier and fossil FT plants are also capable of operating at these rates. Forced outages are
expected to be minimal.

Technical Lifeme
Due to the maturity of the technology, plant lifetime is estimated to be 20 years for plants build before 2025.
Hereafter, it is expected to grow to 25 years.

Construction Time
Construction time for the technology is expected to be about 24 months.
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Financial Data

The financial data is only available from the literature. There is a preliminary cost estimate of $300 million
for the 72 million litre Velocys plant in Mississippi (80 MW) [14]. This wouldl#5/litre for a European

plant.

Investment Cots

Tan et al project that the total capital investment for the plant is $650 million for the 180 million litre plant.
The cost basis is 2011. Converting this to 2015 Euros the cost would be 716 million Edr0/libre of
product.

Irena [15] report curent capital costs for this pathway as $3,000 to $5,000/k/§ to €4.6/litre). The EU
Sub Group on Advanced Biofuels [16] report the capital cost8,800/kW €3.35/litre).

Considering the capital growth factor information from de Jong [17] the cagtlinformation for the f
plant from Tan and the Velocys pioneering plant is too close together. It is likely that the pioneering cost
estimate is too low, we have increased itet.00/litre, which may still be too optimistic

Operating and Maintenanc€osts
The Tan et al estimates of fixed and variable operating costs, excluding feedstock are shown in the following
table. These costs are much less than the feedstock costs and the capital related costs in the analysis.

Parameter Eurol/litre
Variable opeating costs, ex feedstock 0.01
Fixed costs 0.12

Table5 Operating and Maintenance Costs

Start-up Costs
The startup costs are included in the costs shown above.

Technology Specific Data

The typical properties of FT diesel are compared to petroleum diesel in the following Thielduel has a
higher cetane than petroleum diesel but a lower volumetric energy contént to the low content of
aromatics the gasoline produced from FT naphtfihhave a low octane number.

Petroleum Diesel FT Diese
Density, kg/litre 0.84 0.77
Energy content, MJ/litre 36.0 33.9
Energy content, MJ/kg 42.8 44.0
Cetane 48 ~70

Table6 Typical Fuel Properties
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Data sheet
Thequantitative data for the biomass to diesel and jet process are summarized in the following table.

Technology Gasifier, biomass, Fischer Tropsch liquid fuels, large scale
Uncertainty Uncertainty
2015| 2020| 2030 2040| 2050 (2020) (2050) Note Ref

Lower‘ Upper Lower‘ Upper

Energy/technical data

Typical total plant size 1,000 t FT Liquids/ye 50 50 100 125 150| 100%| 150% 50%| 150%| A, B 1,6
Typical total plant size, MW 75 75 150 190 225| 100%| 150% 50%| 150%| A,A1,B 1,6
Inputs

Feedstock Consumption, MWh/MWh Total

Input 1 1 1 1 1 80%| 100% 80%| 100%| C 1
Outputs

Naphta Output, MWh/MWh Total Input 0.138| 0.138| 0.145| 0.154| 0.163 80%| 110% 80%| 110% D 1
Jet Fuel OutputMWh/MWh Total Input 0.015| 0.015| 0.015| 0.016| 0.017 80%| 110% 80%| 110% D 1
Diesel Output, MWh/MWh Total Input 0.100{ 0.100| 0.105| 0.112| 0.118 80%| 110%) 80%| 110% D 1
Electricity Output, MWh/MWh Total Input 0.012f 0.012| 0.016| 0.018| 0.020 80%| 110% 80%| 110% D 1
Forced outage (%) 4 4 0

Planned outage (weeks per year)

Technical lifetime (years) 20 25 25 25 25

Construction time (years) 2 2 2 2 2

Financial data
{LISOATAO Ay@SaidySyi 4.33| 4.33] 3.90| 3.62| 3.46 75%| 120%| 75%| 120%| E,L [1,6,7,8,9

- equipment (%) 75 75 75 75 75

-installation (%) 25 25 25 25 25

CAESR hga o6ae ka? k@ 0104 0.104| 0.104| 0.103| 0.104] 75%| 120%| 75%| 120%| L 1
+F NAFo6fS hga d6e ka2 K 1063 1.063] 1.063| 1.064| 1.063 75%| 120% 75%| 120% L 1
{ 4+ NI /1gano t BTaLiguids/year) 0 0 0 0 0 F
Technology specific data

Specific energy content (GJ/ton) FT Diesel) 44 44 44 44 44

Specjfig density “(kg/I) or (’toAn/m’oj) - 0.77 0.77| 0.77 0.77| 0.77

{LISOATAO Ay@gSauyYSydu

Liquids/year) 6.49 6.49 5.84 5.50 5.19 75%| 120% 75%| 120%| E,L |[1,6,7,8,9
- equipment (%) 75 75 75 75 75

-installation (%) 25 25 25 25 25

CA ESR h/#,600 t6-a ldquids/year) 0.156| 0.156| 0.156| 0.156| 0.156 75%| 120%|  75%| 120%| L 1
+F NAFo6fS hgsa dae km3 0013 0.013] 0.013| 0.013| 0.013 75%| 120% 75%| 120% L 1
{GF NI dzLlJ 6ae kmInnn 0 0 0 0 0 F
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Notes:

A. The plant size is assumed based on the proposed Velocys plant and the NREL n'" plant.

Al. This value is the hourly rating and has been calculated as if the unit produces at capacity and was in operations 8,000 h/year
Feedstock availability is likely to determine the maximum plant size.
The feedstock requirements could vary with efforts to improve the desired product selectivity.
Over time the power available for export may increase due to improve thermal management in the plant.

B
C
D
E. There is a wide range of reported capital costs for the existing plants and a wide range in the cost of future plants.
F.  Start-up costs are included in the operating costs.

G.

M G/k tonne is million euro per 1,000 tonnes

References

[1]

[2]

[3]

[4]

[5]

[6]
[7]
(8]

[9]

Tan, E. C. D., Snowd8wan, L. J., Talmadge, M., Dutta, A., Jones, S., Ramasamy, K. K., Gray, M., Dagle,
R., Padmaperuma, A., Gerber, M., Sahir, A. H., Tao, L. and Zhang, €oidatative techno

economic analysis and process design for indirect lagtefn pathways to distillateange fuels via
biomassderived oxygenated intermediates upgrading. Biofuels, Bioprod. Bioref., §6641
https://www.doi.org/10.1002/bbb.1710

Kreutz, T., Larson, E., L@, Williams, R. 2008. Fisciieopsch Fuels from Coal and Biomass. 25th
Annual International Pittsburgh Coal Conferertugp://acee.princeton.edu/wp
content/uploads/2016/10/Kreutzet-al-PC&200810-7-08.pdf

Baliban, R., Elia, J., Floudas, C., Gurau, B., Weingarten, M., and Klotz, Hagh48od Biomass to
Gasoline, Diesel, and Jet Fuel: 1. Process Synthesis and Global Optimization of a Thermiochemica
Refinery. Energy & Fuels 2013 27 (8), 48824.https://www.doi.org/10.1021/ef302003f

Sikarwar, V., Zhao, M., Clough, P., Yao, J., Zhong, X., Memon, Shah, M., Anthony, E., and Fennell, P. 2016
An overview of advances in biomass gasification. Energy Environ. Sci. 2016, 9, 2939.
https://doi.org/10.1039/C6EE00935B

Molino, A., Chianese, S., Musmarra, D. 2016. Biomass gasification technologyid bétsart
overview, In Journal of Energy Chemistry, Volume 25, Issue 1, 2016, Ptjed38N 2095956,
https://doi.org/10.1016/j.jechem.2015.11.005

Velocys. 2017The biomassgo-liquidsprocesshttp://www.velocys.com/ourbiorefineries/

Chandra, P.K. & Payne, Fred. 198&ndown Ratio of a Gasifi€@ombustor Predicted by a Simulation
Model. Transactions of the ASAE. 29. 11483 https://doi.org/10.13031/2013.30383

Danish Energy Agency. 2017. Energy Statistics 2015.
https://ens.dk/sites/ens.dk/files/Statistik/energy statistics 2015.pdf

Li X, Rubaek GH, MuH8tover DS, Thomsen TP, Ahrenfeldt J and Sgrensen PP2xit7Availability of
Phosphorus in Five Gasification Biochars. Front. Suftadd Syst. 1:2.
https://www.doi.org/10.3389/fsufs.2017.00002

[10]Velocys. 2017. Establishment of a strategic alkamith TRIhttp://www.velocys.com/establishment

of-a-strateqicalliancewith-tri/

Paged2| 315- Technology Data for Renewable Fuels


https://www.doi.org/10.1002/bbb.1710
http://acee.princeton.edu/wp-content/uploads/2016/10/Kreutz-et-al-PCC-2008-10-7-08.pdf
http://acee.princeton.edu/wp-content/uploads/2016/10/Kreutz-et-al-PCC-2008-10-7-08.pdf
https://www.doi.org/10.1021/ef302003f
https://doi.org/10.1039/C6EE00935B
https://doi.org/10.1016/j.jechem.2015.11.005
http://www.velocys.com/our-biorefineries/
https://doi.org/10.13031/2013.30383
https://ens.dk/sites/ens.dk/files/Statistik/energy_statistics_2015.pdf
https://www.doi.org/10.3389/fsufs.2017.00002
http://www.velocys.com/establishment-of-a-strategic-alliance-with-tri/
http://www.velocys.com/establishment-of-a-strategic-alliance-with-tri/

85 Liquid fuels from biomass gasification and Fischer €rops

[11]Velocys. 2017. Velocys plans for the construction of a commercial BTL plant moaedforw
https://biorrefineria.blogspot.ca/2017/06/velocyplansfor-constructionof-commercialBTLplant-
moveforward.html

[12]Tijm, P. 1994. Shell Middle Distillate Synthesis: The Process, The Plant, The Products.
http://web.anl.gov/PCS/acsfuel/preprint%20archive/Files/39 4 \WRASGTON%20DC -08 1146.pdf

[13]van der Laan, P. 1999. Kinetics, Selectivity and Scale Up of the Hisgbseh Synthesis.
http://www.adktroutguide.com/files/1999 Phd_Thesis
Kinetics_Selectivity and_Scaleup _of FT_Synthesis.pdf

[14]Industrial Equipment News. 2017. Mississippi Lands Biofuel Refinery.
https://www.ien.com/operations/news/20980331/mississipfsindsbiofuetrefinery

[15]Irena. 2016. Innovation Outlook. Advanced Liquid Biofuels.
http://www.irena.org/DocumentDownloads/Publications/IRENA _Innovation_Outlook Advanced_Liqui
d_Biofuels 2016.pdf

[16]Sub Group on Advanced Biofuels. 2017. Cost of Biofuel.
http://platformduurzamebiobrandstoffen.nl/wpcontent/uploads/2017/07/2017 _SGAB_ Caxt
Biofuels.pdf

[17]de Jong, S., Hoefnagels, R., Faaij, A., Slade, R., Mawhood, R. and Junginger, M. 2015. The feasibility of
short-term production strategies for renewable jet fugl@a comprehensive techreconomic
comparisonBiofuels, Bioprod. Bioref., 9: 7q&00. https://www.doi.org/10.1002/bbb.1613

[18Ja WS @PASEs 2F ¢SOKy2f238 F2NIDFAAFAOLFIGA2Y 2F . A2YL

[19]aa2NB SFFAOASY(H o6A2YlFaa 3ALaAFAOFGAZ2Y @Al G2NNBT

Paged3| 315- Technology Data for Renewable Fuels


https://biorrefineria.blogspot.ca/2017/06/velocys-plans-for-construction-of-commercial-BTL-plant-move-forward.html
https://biorrefineria.blogspot.ca/2017/06/velocys-plans-for-construction-of-commercial-BTL-plant-move-forward.html
http://web.anl.gov/PCS/acsfuel/preprint%20archive/Files/39_4_WASHINGTON%20DC_08-94_1146.pdf
http://www.adktroutguide.com/files/1999_Phd_Thesis_-_Kinetics_Selectivity_and_Scaleup_of_FT_Synthesis.pdf
http://www.adktroutguide.com/files/1999_Phd_Thesis_-_Kinetics_Selectivity_and_Scaleup_of_FT_Synthesis.pdf
https://www.ien.com/operations/news/20980331/mississippi-lands-biofuel-refinery
http://www.irena.org/DocumentDownloads/Publications/IRENA_Innovation_Outlook_Advanced_Liquid_Biofuels_2016.pdf
http://www.irena.org/DocumentDownloads/Publications/IRENA_Innovation_Outlook_Advanced_Liquid_Biofuels_2016.pdf
http://platformduurzamebiobrandstoffen.nl/wp-content/uploads/2017/07/2017_SGAB_Cost-of-Biofuels.pdf
http://platformduurzamebiobrandstoffen.nl/wp-content/uploads/2017/07/2017_SGAB_Cost-of-Biofuels.pdf
https://www.doi.org/10.1002/bbb.1613

86 Hydrogen production via electrolysis

86 Hydrogen production via electrolysis

Contact Information:

Energinet.dk: Peter Erik Jgrgenspm@energinet.dkand Rasmus Thorseno@energinet.dk

Danish Energy Agendghristoph Wolterchwo@ens.dk

Authors: Rasmus Rode Mosbeek, Hybrid Greentechrap@us@hybridgreentech.com
Roar Hestbek NicolaiseHlybrid Greentech Ap&ar@hybridgreentech.com
Megha Rao, Hybrid Greentech ApS

Publication date
April 2021

Amendments after publication date

Date Ref. Description

Qualitative description

In this chapter, thregechnologies are discussed namely: alkaline, polymer electrolyte membrane and solid
oxide electrolysis, which are already available commercially. The aim of this chapter is to facilitate the reader
to make an informed decision considering the technicalve as economical aspects of small and large
scale electrolysis systemalthough the data should not be used for specific investment deciskinancial

data is assumed to be at 2020 price level which deviates from the 2015 price level specifieguidéii@e.

Brief technology description

Alkaline electrolysis cells (AECs), polymer electrolyte membrane electrolysis cells (P&MEBEGsSY polymer
electrolyte membrane (PEM) for shomind solid oxide electrolysis cells (SOECs) will be descaitetd
compared The operating principle for the electrolysis technologies relies on water splitingectricity

(electrolysisiccording to the following reaction:

¢cOU° ¢O0

AEC PEMEC SOEC
* - *| = | -
0, ‘ ! H, [ I | I
1 4
| OH | H-l R 02
e - ey 0, — ] —>H 0, — © —H
Alellal gl | %5 |slElg| T T |slEl3| T
el g |2 ol€|s 2l 8| ¢
c 3 = © ©
1< &] 8| Ho — |¥| 2|0 1 2|9 —=no
‘ KOH KOH t
|
H,0

Figurel: Operating principleof AEC, PEMEC and SQHC
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86 Hydrogen production via electrolysis

AECs are the most common electrolysers available commercially. The cell operat€&)£d8and can work

at either atmospheric pressure @ressurized at up to 35 barBkperimental AECs are under investigation
which operates atip to 100 bars. The electrodes are typically made up of steel, parkaickelplated steel.
Furthermore, a separation of the electrode compartments by a mmmus diaphragm (a porous plate or
cylinder responding to pressure difference) is performed to avoid blending of gases. The electratyte is
aqueaus solution ¢ potassiumhydroxide (KOH). IRigurel, operation of AEC is presented. Water is fed to
the cathode wherein during electrolysis operation, @is are transported across the membrane to form
hydrogen and oxygef2].

Reaction at cathode:
¢cOb ¢Q © 0 b0

Reaction at anode:

cU”Oogﬁ ‘00 ¢Q

For PEM electrolysis, two electrodes are in contact with a proton exchange polymiolgtecmembrane,
typically perfluorosulfonic acid (PFSA), forming a membrane electrode assembly (MEA). Typically, the
membranes are catalyst coated and contacted by either expanded metal meshes or carbon or metallic felts.
Stateof-the-art (SoA) catalystased commercially have a platinum cathode andidgium oxide (IrQ)

anode. The reaction takes place by the transport diads across the membrane as presentedrigurel.
Wateris fed at the anode and hydrogen is formed at the cathf#je

Reaction at anode:
"0y © gtj ¢Q (¢O

Reaction at cathode:
¢O ¢Q © 0

In the case of SOEC, the electrolyte is an oxide ion conducting solid phase component, comimanly yt
stabilized zirconia (YSZ). The cathode is made upickEl combined with YSZ to facilitate hydrogen
generation. The anode comprises of mixed iesl®ctronic conductors such as lanthanum strontium
manganate (LSM) with YSZFigurel, operation of SOEC is displayed whereiriiransported across the
solid electrolyte. A advantage of SOEC lies in the ability to convert steam andi@ltaneously to form
syngagqco-electrolysis)3].

Reaction at cathode:
0 ¢ © 0 0

Reaction at anode:
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Apart from the three main electrolysischnologies, developments in the field of anierchange membrane
electrolysis cells (AEMECS) is being researched on a lab scale. The electrolyte is alkaline in nature and the
diaphragm comprises o&n anionexchange membrane. Similar to alkaline elegtsed, OHions are
transported across the diaphragm. The major advantage of AEMEC lies with the usepoécions metal
catalysts as well as use of low concentration of KOH or distilled water as electrolyte. The operating
temperature is less than 10@ Research is being carried dotincreasedurability of cells.

Input

For all three electrolysis technologies, the input is electricity and waterSOECPEMEC and AEC a high

water purity is desiredThe water quality can be determined by thenductivity of the water used, the
conductivity should bén the order ofl> { K, @ ¥H >{ K OY | YR p SOEOsed 3fcam mafbei LIS O (i
than water and is thus a consumer of heat, rather than a producer of heat. If the hydrogen produced was to
be usd for synthetic fuel, then the waste heat of these synthesis processes (e.g. Fisochech synthesis,
HaberBosch process) could be used to produce steam for further SOEC electrolysis

Output

For all three electrolysis technologies, the output is hyeémgpxygen anéxcess heat from the procef3).

For SOECthe recoverable excess heat will be used to produce steam that can then be used as input for
further SOEC electrolysidxygen is a bproduct, which can be used warious indusies, such as paper and

pulp production, glass manufacturing, water oxygenatfah farming, steel and metal industry, medical care
industry, food, manufacturing, oxy fu€arbon Capture and Storageé@¥ thermal gasificationand many

more. The exceskeat may be used for district heating in case of PEMEC andA&BECand PEMEC systems
are found in the literature to generally have operating temperatures 6860Cand 6380 °C[4]. Current
systemg(2020)can deliver heat at 50Cpossiblyfor district heating, according to the manufacturer, this is
expected to increase to AT by 2024.

Energy balance

An energy balanctor eachof the three electrolysis technologies, AEC, PEMEC and SOEC is investigated i
this sectionand presented as Figure 2, 3 and~=br AEC and PEMEC, the input is 100% electikily for
SOEQin 2020)electricity is79.%% of the inputenergy, whilethe remaining20.5% is supplied by heating
requirements.This differentiation is doe since SOECs operate at higher temperature wherein, the water
needs to be converted to steam and the operation occurs at temperatures over 600 °C.

Once water or steam is supplied to the electrolysis cells, formation ahti Q takes place along withdat
dissipation. Since the heat needs to be at a certain temperature to be fed into the district heating grid, only
a percentage of the heat generated can be directly utilized. An important aspect related to the analysis
performed herewith does not considdhe latent heat of vaporization of steam in the product. This is
performed in order to get an accurate analysis of the usable energy producing by electrlysis.
characteristics of input and output streams are presented in Figure 5, Figure 6 and. Table

An important aspect which has not been investigated in this chapter relates to the conversion of hydrogen
to chemicals such aammonia and methanol. These could be the two main energy carriers for Rower
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transition.In this context, SOEChistter suited thanboth AEC and PEMEC wigigard tothe heat integration
aspects as well as @ectrolysis (conversion of @nd steam simultaneous|{}].

In this section, energy flow diagrams with the efficiency of conversion to hydrogen and usable heat has been
displayed.The hydrogen conversion efficiencies are based on IEA [23], see Table 5. For AEC and PEMEC, 5%
of the energy is estimated to bentecoverable heat losf]. According toGreen Hydrogen Systemthe
recoverable energy is available at 80(2020)(expected to increase to /by 2024).

In Figure 2the energy balance fohEQ2020)is shown, where 66% ofthe output is hydrogen (calculated
on LHV basispnd 16.4% is recoverable heat which can potentially be used for district he&tmdarly, in
Figure 3the energy balance fdPEME2020)is shown, wher&8% of the output is hydrogen (calculated on
LHV basis), an@6.4%is recoverable heat which can potentially be used for district heafihgreover, in
Figured the energy balance fdBOE@2020)is shown, wher&7.5% of the output is hydrogen (calculated on

LHV basjs
H, 66.5% >

H, (HHV-LHV) 12.1% >
Electricity A EC : :
100% 1 MW Recoverable heat >

loss 16.4%
Unrecoverahble heat
loss 5.0%

Figure2: Energy balanc€020)for a1 MW alkaline electrolysis cell compared on LHV basis

H, 58.0%

>
Electricity PEMEC H, (HHV-LHV) 10.6%>
>
>

100% 1 MW Recoverable heat

loss 26.4%

Unrecoverable heat
loss 5.0%

Figure3: Energy balanc€2020)for a1 MW polymer electrolyte membrane electrolysis cell compared on LHV hasis

Electricity H,77.5% >

79:5% H, (HHV-LHV) 14.1%>

Heat 20.5% Unrelcc?:seéaf;f heat >
. (+]

Figure4: Energy balanc€020)for a1 MW solid oxide electrolysis cell compared on LHV basis
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System description

INPUT OUTPUT
Pure water H,
T=25°C pressurized
P=1 bar Pump 35 bar
Electricity Electrolyzer
400V Inverter AC-DCI™* Heat

Exchanger Dryer Waste heat
[+]
Water 50°C
Purifier
Heat pump
Figure5: A sketch ofan electrolysis systenfor AEC and PEM

INPUT OUTPUT
Pure water H;
T=150°C pressurized
P= 3 bar 35 bar
Electricity Electrolyzer Heat
400V Inverter AC-DC/™ ea

Exchanger
Water
Purifier
i

Fgure 6: A sketch ofan electrolysis systenfor SOEC

Figure Sdescribes the input required, the components in the systand the output produced for an AEC or
PEM systemFigure 6 describes the same for an SOEC sy3teenbox on the left shows the required input

and two componentshat arenot included in the CAPEX, but which maydguireddepending on the local

water quality and grid level. The box in the middle describes the system that have been analysed. All
components in the central box are included in the CAFBX box on the right gés the output streams and
components that areot included in CAPEX, but which may be required to upgrade the output streams.

In case of AEC, water is fed to the purifier from where it is sent to the AEC module. Herein, the water is
compressedising a pumpprior to entering the electrolyser stactonce theslectrolysigproducts are formed,

they pass through a heat exchanger, followed by drying of the products prior to being sent for storage. The
specificationdased on commercially available systems arg¢estan Tablel below.

Tablel: Specifications of the standard syste(2020)used for analysis.

Technology AEC PEMEC SOEC
Input temperature and pressure 25°C, 1 bar 25°C, 1 bar 150°C, 3 bar
Input electricity 400 \ac 400 \ac 400 \ac
Water for electrolysigurity (input) p >{kO0OY non >{ k( 1>{ kOY
H, purity (output) 99.99 99.99 99.99
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H, output pressurgrange 35 bar(1-35 bar) 35bar (1-50 bar) 35bar (1-40 bar)
Waste heat temperaturéoutput) 50 °C 50 °C

Typical capacities

Alkaline electrolysis plants on MW scale have been commissioned in Denmauk &amd GWof installed

capacity is projectedo be operationalby 2030[7]. NEL has projects in place for up to 20 NBV In the

context of PEMEC systems, Hydrogenics system has a 1.5 MW operational system in (33ramanMEL is
expected to operate multipléuelling stations with Nikola with upwards of 1000 MW installed cap48ity

Siemens has the largeoperational PEMEC installation of 3 MW consisting of three.25 MW electrolgers

in Energiepark Mainfd0]. SOEC systems can be foundsab-MW scale and mostly applied for PowterX
scenarios[11]. Furthermore, EUDP pmgts both completed and ongoing for biogas upgradib?] and

ammonia synthesi§l3] have been commissione&unfire has their largest installation worth 750 kW in
Salzgi i SNJ ' yR LJX lya G2 SadlofAakK  wodp a2 Ayaaltfld
commercially available systems, for AEC and PEMEC, analysis for cost potential is performed on both small
and largescale systems while for SOEC, onlylbstale system is considerddarge scale SOEC systems are
technical feasible. Yet, the data available on large scale SOEC plants are sparse, hence, no datasheet have
been prepared.

Regulation ability
Table2: Regulationability [14].

AEC PEM SOEC
Cold startup time
(from 0 to 100%) <120 10 (510) 720 (686880)
[minutes]
Warm startup time
(from 0 to 100%) 240 (60300) <10 900
[seconds]
Power response signal o1 (<as) <1 (<19) <1 (<19)

In general, electrolysis systems can be operated dgnamically, limited mainly by the heat management,
the maximum voltage of the rectifieand the time coefficients of external componeitgl]. The cold start

up time, warm starup time, and the power signal response for the three systems are displayed in Table 2.
A cold start is defined as stanp from ambient temperature after a long shdbwn. A warm start is defined

as startup from heated standby or idle mode, which means that the system is held at operating temperature
and pressure if necessary. Power response signal is the time it take®fsydtem to adjust to a change in
the power input and is measured in seconds. This rapid reaatiayallow the system to stabilise power
grids when the system is running at operating temperatures.

For IMW plants, the electrolysis would be connected todnem voltage grid connection in agreement with
aDSO0. For 100 MW plants, high voltage connection needs to be established with TSBsdDEE®would
specify the tarifand the grid connectiofee. Tarifstructure could be designed support flexibé mnsumers
by reducing the tariff on flexible consumptiohhe exact design may vary from case to case.

Paged9| 315- Technology Data for Renewable Fuels



86 Hydrogen production via electrolysis

Space requirements

Space requirements have been determined based on the commercially available maddcileged in the
estimation of space required atbe components in the central boxes Efjure 5 and 6, excluded are the
components in the input boxes on the left and output boxes on the right. Significant increases in the system
sizes, compared to the present estimations, are expected if a transformer station or a compressor for
delivering hgh pressure hydrogen (>50 bar) are required, on top of the base sySteralkaline electrolysis,
Green Hydrogen systems was used as a reference which led to an estimatiod®h#MW in terms of

input electric energy or 0.00.03 nt/ (kgH2/day)n terms of maximal daily hydrogen outp(2020) For PEM
electrolysis, NEL hydrogen systems were investigated leading to approximatei\2@/rim terms of input
electric energy or 0.05 fhlkgH2/day)in terms of maximal daily hydrogen outp(020) For SOEC, SfireQ a
modular systems were studied which resulted in approximately 3MiV in terms of input electric energy

or 0.06 n#/ (kgH2/day)in terms of maximal daily hydrogen outp{#020)

Advantages/disadvantages

In this section, a summary of advantages arsadvantages of AEC, PEMEC and SOEC are displagbbin
3. This table highlights the suitability of an electrolysis technology with respect to aicajupi. The data is
collected from literaturg15][13].

Table3: A summary of advantages ardisadvantages of the electrolysis technologies investigated.

Technology  Advantages Disadvantages
AEC 1  The technology is very mature and can be 9  Less flexibility under atmospheric operation
adapted to both centralized and decentralized §  The use ohighly caustic electrolyte in AEC
plants. 1 Leakage of KQH
1  AEC has a low operating temperature, witha ~ §  High membrane resistance
quickstart up for response in grid services f  Low maximum operational current density, nominal
making it suitable for use as a flexible operated around 0.6 A/CA{16].
technology
1  Long stack lifetime of more than 100000h
currently.

1 MW scale systems are already being deployed
as a low operating temperature, low ery sensitive to impurities, with a prerequisite o
1 PEMECh | perating temperat! | 1 Very itive to impuriti ith a prerequisite of
noise, high power density very pure water as input
1 Quick response times 1 Lifetime of the SoA system is still uncertain
1  Pressurized hydrogen can be produced for dire 1~ Catalyst used in electrode layers are expensive an
storage without compression; however, it is SR

challenging 1 PEMEC modules are expensive due to catalysts ai
§  Current densities >1.8/cm? can be used for bipolar plates (oxide resistant stack elements)
operational systems leading to compact systen 1 Cost efficient water treatment and drying the
sizes hydrogen at high pressure is still challenges to be
MW scale systems are already being deployed addressed.
1  SOEC has high efficiency, high production rate §  SOECs are still in demonstration phase for large st
1  SOECs can be operated at high current densiti applicationgfor hydrogen productiorand are not
at or above 0.8 A/cf readily commercially available.
I  SOECs can be used to make synthesis gas fro {1  The stack components are susceptible to corrosior
co-electrolysis of steam and @QCCGelectrolysis  Current SoA lifetime is short compared to AEC anc

plants have beesommercialized. PEMEC
1  SOECs can cope with transient variations due

quick response times
1  SOEC can be used reverse mode as a fuel cel

grid balancing
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Environment

For all the electrolysis technologipeoducing hydrogenthe only products are hydrogen, oxygeand excess

heat. Electrolysis can hesed to balance fluctuations in the power supply and hence increase the value of
electrolysig(clean energy carrier) by further conversion into chemicals. For AEC, the anode, the cathode, as
well as the catalyst layerre usuallynicketbased which isot ascarceresource For PEMEC, the membranes
consisting of fluoropolymer need to be disposed or recycled after use. In addition, the catalyst layer
consisting of platinum and its alloys for the cathode, and iridiunhentum and their alloys for anode are
scare in nature leading to a possible hurdle in kewgn operation of SoA PEMEQY]. For SOEQGhe
lanthanum strontium manganate (LSM) anad®oth hazardous and scarce in nature. These might obstruct
the commercialization of large scale SOEC systems.

Research and development perspectives

For AECs, the main challenge is related to the resistance andetatope stability of the diaphragm.
Currently the diaphragm is also limiting the operation temperature of the alkaline electrolysers, therefore
research is being carried out to improve the temperature stability of the diaphragm by experimenting with
various polymer substitutes. Additionally, extensive research is being conducted into improving the AEC
catalyst as there is a significant room for improvement with respect to catalyst performance. Solid
membranes have also been research&dlid membraneare calledAEMECS, as described ear|i].

For PEMEC, stack cost is the major hurdle to commercialization ofdeatge system. The cost of catalysts

and bipolar plates are under investigation in terms of research on lab scale. Furthermore, scarcityeotgle

is considered while finding alternative materials for substitution. Both PEMECs and AECs are expected to aid
with the H fuelling market as envisioned by Denmark and Europe.

One of the key aspects to enable commercialization of elecolgtacks dals with the durability of cells.
According to Green Hydrogen SysteAtsCstacls have a very long lifetime of over 1000 hours(2020),
PEMECstackscan be operational for a reasonable operational lifetime of ove®@0 hourg2020) and the
lifetime of PEMEellsare expected tancrease td60,000 hourswithin a few yearsSOECs, however, have
high degradation rates leading to a short lifetimieabout 20,000 hours (2020Vhis leads to a replacement

of the stack each threeral a third years, assuming 6000 operation hours per Y8&ECs can be operated

at high current densities i.e., higher conversion into hydrogen, but suffer from fast degradation, structural
damage and weakening of electrode/electrolyte interfaces. Furtlwanloss in Ni percolation leading to
less conductivity and more resistance to the flow of ions has also been reg@@gd-orthe Ni electrode,
research on patrticle size distribution is being carried outenfor the oxygen electrode, use of various mixed
ionic electronic conductors is being investigated. Furthermore, operation at thermoneutral veltagein,
hydrogen and oxygen are produced with 100% thermal efficiency (i.e., no waste heat producedhdrom t
reaction is desired for system optimizatid]. An advantage of SOEC lies in the possibility of reversible
operation which has led to reduced degradation or even activation of the cell under certain operating
parameterg20].

Combination of electrolysis tecbiogies has also been suggested for research. However, given the difference
in lifetime of technologies as well as sensitivity to impurities, AEC tends to be a superior choice when
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combined with pressurized setup and district heating applicatibtmwvever,this is solely dependent on
application and each technology has its advantages when operated under certain set of conditions.

The market for electrolysers has for years been dominated by a few legacy providepsimgrily ¢ large
(footprint and capacit) atmospheric electrolysers delivered to a relatively limited and stable market for
industrial hydrogen applications.

All of abovementionedefforts are aimed at making the technologies scalable both as decentralised and
centralised systems to have suféini hydrogeravailablefor various applications. Electrolyser plants are now
being subjected to MW scale for AECs and PEMECs, while SOBCsnlyhave found usage in kW scale.
Reduction in price, availability of material, regulation ability as welffisiency enhancement are being
addressed to facilitate largecale implementation of electrolysers for hydrogen produc{i21].

Examples of meket standard technology

In this section, analysis of different electrolysis systems deployed either commercially or in demonstration
phase are summarized. The electials at different locations are deployed for various applications and their
specifications are also summarizedliable4.

Table4: Examples of market technology for hydrogen production via electrolysis

Specification Technology Referenc

Location Type Application Year s Provider e

Aalborg, AEC H: fuelling 202 130 kg/day Green [22]
Denmark 0 He; 35, 350, Hydrogen
450 bar Systems
Arizona, AEC H fuelling 201 | 2000 kg/day | NEL [8]
. USA 9 H; 700 bar Hydrogen
Herning, AEC H: fuelling 201 8000 kg/day = NEL [23]
Denmark 8 He; 700 bar Hydrogen

Pagel02| 315- Technology Data for Renewable Fuels



86 Hydrogen production @ielectrolysis

Avedgre, AEC Powerto-Gas 201 | 100 Nnd/hr Hydrogenic [9]
Denmark 6 H;10-27 bar | s
Wesseling, PEME @ Green H 202 1300 ITM Power [9]
Germany C production; 0 tons/year H;

decarbonisatio 10MW

n
Energiepar | PEME | Windto H 201 | 1002000 Siemens [10]
k  Mainz, | C 5 kg/hr; 3.75
Germany MW; 35 bars
Hamburg, PEME Powerto-Gas 201 285 Nnd/hr Hydrogenic [9]
Germany C 5 H?; 1.5 MW S
Karlsruhe, | SOEC | Powerto-X 201 | 4 Nnv/hr Sunfire [11]
Germany 9 synthesis gas;

10 kw

Prediction of perfomance and costs

The foundation of the predictions of performance and costs are built on reports fegx{24], HyEurope

[21], IRENA25] and input from the industry (AEC: Everfuel, Green Hydrogen Systems and NEL. PEM: Green
Hydrogen Systems anieSers).For AEC and PEM, O&M is observed to be betwesb 2f CAPEX pr. year,
smaller systems have larger O&M and vice versa, 1.5% seems to be the ultimate lower limit as it relates to
materials (no advantage of sca[@p]. AU.S. Department of Energgport indicatesthat the lifetime of the

plants is expectedhcreasean the future[27]. Theelectrolyser stack is responsible favout30% of the total
investmentcost for AE@nd PEME(QSreen Hydrogen Systems).
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Table5: Expected eficiency and CAPEX for AEC, PEMEC and RQEC

Alkaline electrolyser PEM electrolyser SOEC electrolyser

L L - L
m m e m
term term term

Electrical

officiency (%,  63-70  65-71  70-80  56-60  63-68  67-74  74-81  77-84  77-90
LHV)

CAPEX 500 40 20 1100 650 20 280 00 500
(USD/kWe) 1400 850 700 1800 1500 900 5600 2800 1000

Notes: LHV = lower heating value; m’/kW, = square metre per kilowatt electrical. No projections made for future operating pressure
and temperature or load range characteristics. For SOEC, electrical efficiency does not include the energy for steam generation.
CAPEX represents system costs, including power electronics, gas conditioning and balance of plant; CAPEX ranges reflect different
system sizes and uncertainties in future estimates.

Sources: Buttler and Spliethoff (2018), "Current status of water electrolysis for energy storage, grid balancing and sector coupling via
power-to-gas and power-to-liquids: a review”; Agora Verkehrswende, Agora Energiewende and Frontier Economics (2018), The
Future Cost of Electricity-Based Synthetic Fuels; NOW (2018), Studie IndWEDe industrialisierung der Wasserelektrolyse in Deutschland:
Chancen und Herausforderungen fiir nachhaltigen Wasserstoff fir Verkehr, Strom und Wérme; Schmidt et al. (2017), “Future cost and
performance of water electrolysis: An expert elicitation study”; FCH JU (2014), Development of Water Electrolysis in the European
Union, Final Report; Element Energy (z018), "Hydrogen supply chain evidence base”.

la +y SEFYLES 2F 2yS 2F GKS &a2dzNDSax L9! Qa SELISOI
PEMEC and SOEC is presentddaliie5 [24].

In Figure?, current and future CAPEXestimated based predictions from reports and manufacturéhe
CAPEXs assumed tanclude all components required for converting 49Q: electricity and purified water

into H; gas at 35 bar and a waste heat stream at 502020) CAPEX doemt include transformer, water
purifier, heat pumps for increasing the temperature of waste heat stream or compressors for increasing the
pressure o+, further than 35 bar. In Figure 5 and 6, the components included are presented in the central
box, while the input box on the left and the output box on the right includes optional components which are
not part of CAPEX.

AEC100MW PEMEQOOMW
1400 1400
1200 1200 ¢
~ 1000 ~ 1000 o .
— 800 800 |t i
x X e Tt
600 $r 8 v 600 L s .
400 o £ SR . . 400 L o, °
° B TP H il
200 * $ 200
0 0
2020 2030 2040 2050 2020 2030 2040 2050

®IRENA ®IEA @ HyEurope ® Industrial expert ® Manufacturer 1 ® Manufacturer 2 # Fitted curve ®IEA ®HyEurope ® Manufacturer3 @ Manufacturer4 @ Fitted curve

Figure7: CAPEX values from industry interviews and three reports [, HyEuropg21] and IRENA25]. The values in the
RIGFIaKSSi O2NNBalLRyR (2 (KS FAGGSR QENKED A@2 NI SlyY (@ DS &én p.
the middle of the range givenAn exchange rate of 0.85 Euro per USD was used.
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The learning rate foAEC have been found to be 182 18%[28] and 9%29]. While the learning rate of
PEMEC fuel cells to §8.1-21.49430], 18%1], 16%[31] and 13%29]. Assuming a 16% learning rate would
imply that the total amount of units produced would have to double four timesf@l® increase) for the

price per unit to drop by 50%. From the fitted curves in Figlra 50% decrease of the 2020 unit price is
expected to occur by 2040 for both AEC and PEMEC, indicating that the total amount of units produced 2040
will have doubled foutimes compared to the total amount of units produced by 2020. The total amount of
AEC ever produced by 2014 was found to be 20 GW, much of it being deployed in the period from 1956 to
2005[32] (see supplementary Figure 2 in [32According to Wood Mackenzie the cumulative installed electrolyser
capacity in the period from 2000 to 2019253 MW[33]. Assuming20 GWis produced until 2020then
doublingthe cumulated capacitfour times would lead to 320 GW having beenguoed by 2040. Under the
Sustainable Development Scenario IEA predicts that the active global electrolyser capacity will be about 500
GW by 2040, a huge increase from about 170 MW active in PB9A 50% decrease in price thus seems
likely, if governments take the major actions required to fulfil the Sustainable Development Scenario.

As small and large electrolyser systems lawmét from the same building blocks the difference in CAPEX is
expected to be small. Decreases in CAPEX is therefore expected to come from an increase in the amount of
units produced, rather than an increase in the size of the systems deployed.

Mostsourcd 3JIA GBS GKS LINAOSa o6FaSR 2y LRSSNI AyLldziyY exk{?
ek613IkROT GF1Ay3a GKS O2y@SNEAZ2Y STFTAOASyOe Ayis
technologies, it is better to use the outpbiaised price and gecially when comparing to SOEC, as a high
conversion efficiency is its main advantage.

The main price decrease of the total system is expected to come from the electrolyser as this is the part of
the system that is not produced at a large scale at presgame innovations can also be envisioned for the
electrolyser. For example, an increase in the area per cell, will reduce the material cost, as the active area
becomes a larger part of the stack.

For SOEC, 100 MW scale plants have not been considerbd thata sheets. However, literature studies
have suggested the range of 3800¢e/kW for 100 MW scale plants under optimum operating conditions
[35].

Uncertainty

The prices are estimated ke on literature reports compiled by experts in academia and industry. However,

the price projection is associated with a high level of uncertainty based on the previous lessons from the
technology learning curves. Policies for hydrogen infrastructurelacesive commercialization of largeale
electrolysis systems. Furthermore, cost of scarce materials as well as economies of scale are also associated
with a significant level of uncertainty.
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Data sheets

Technology Hydrogen production via alkaline electrolysis (AEC) for IMW plant
Uncertainty Uncertainty
2020 | 2030 | 2040 | 2050 (2020) (2050) Note | Ref
Lower Upper Lower Upper
Energy/technical data
Typical total plant size (MW inputc) 1 1 1 1 1 1 1 1
Typical total plant size (kgH,/ day of max 479 490 | 515 | 540 454 504 504 576 LE
output)
- Inputs
Electricity (% total input (MWh / MWh)) 100 100 | 100 | 100 100 100 100 100
Water for electrolysis (kg / MWh input,) 180 184 | 193 | 203 170 189 189 216
- Outputs
Hydrogen (% total inpute (MWh / MWh)) 66.5 | 68.0 | 71.5 | 75.0 | 63.0 70.0 70.0 80.0 |B [24]
oE from HHV to LHV (% total input.
(MWh / MWh)) 12.1 12.4 | 13.0 | 13.7 11.5 12.7 12.7 146 | N
Heat loss (% total inpute (MWh / MWh)) 214 | 196 | 155 | 11.3 | 255 17.3 17.3 5.4
- hereof unrecoverable heat loss (%-points of
heat loss) 5.0 50 | 50 | 50 5.0 5.0 5.0 50 |A
- hereof recoverable for district heating (%- 164 | 146 | 105 | 63 20.5 12.3 12.3 0.4 K
points of heat loss)
Hydrogen (kg / MWh input,) 20.0 | 204 | 215 | 225 | 18.9 21.0 21.0 240 |B [24]
Forced outage (%) 2 2 2 2 2 2 2 2 C
Planned outage (days per year) 2 2 2 2 2 2 2 2 C
Technical lifetime (years) 25 30 32 35 25 25 30 35 cC,J [27]
Construction time (years) 0.33 | 0.33 | 0.33 | 0.33 0.33 0.33 0.33 033 |C,O
Financial data (2020 price level)
Specific investmend (g 750 570 | 450 | 350 500 1400 200 700 | DI
?u?pﬁt)c P Tic invesdywobmat (0 560 | 1964 | 874 | 648 | 1102 | 2778 | 397 | 1215 |E 1L
- hereof equipment (%) 95 95 95 95 95 95 95 95 F
- hereof installation (%) 5 5 5 5 5 5 5 5 F
Fixed O&M (% of specific investment / year) 5 5 5 5 5 5 5 5 G, 1,J | [26]
Variable O&M (0 ¢ kWh - - - - M
St ar t up k& ofsotal inputl. per startup) - - - -
Technology specific data
Current Density (A / cm?) 0.6 1 1.2 15 0.4 0.6 1.2 15 [21]
Footprint (m?/ MW inpute) 125 10 8 7.5 10 15 5 10 [21]
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Notes (Datasheet for IMW AEC):

A
B

moo

—Tom

ozZr =x

5% of the energy is estimated to be unrecoverable for small plants.

Values are from Table 5 in IEA [24], Today is understood as 2020, Long-term is understood as 2050 and the value selected is the
mid of the range given.

According to the Green Hydrogen Systems (GHS).

The price estimates are from Green Hydrogen Systems.

For the unit regarding "day" a 100% load factor is assumed here (Where the system is operated at nominal capacity all 24 hours of
the day). In operation the daily full load hours may vary and should therefore be adjusted for.

These are rough estimates based on operational AEC systems as provided by GHS.

O&M is estimated as 5% of CAPEX for small systems. According to the 2-5% given for large to small scale systems from [26].

The values are predicted until 2050 with a high margin of uncertainty. For 2030, the values are quite reasonable according to GHS.
The CAPEX includes all components required for converting 400VAC electricity and purified water into H2 gas at 35 bar and a
waste heat stream at 50 °C. CAPEX does not include transformer, water purifier, heat pumps for increasing the temperature of
waste heat stream or compressors for increasing the pressure of H2 further than 35 bar. The tariffs, capacity payments and
network connection fees to DSO / TSO are not contained in CAPEX nor in O&M.

The lifetime of current AEC stacks is more than 100 000 hours according to Green Hydrogen Systems. Assuming that the facility is
run for 4000h pr year, the stacks do not need replacement in the technical lifetime. If the full load hours exceed the 100 000h
lifetime, then the stack replacement cost will be 30% of the CAPEX cost of a new system in the year of replacement. Everfuel gives
a stack replacement of 30% of CAPEX and GHS informs that 30% of current CAPEX is stack cost. The cost of replacing the stack
is not included in fixed O&M.

50 °C (expected to increase to 70°C, by 2024).

Maximum hydrogen output per day, assuming 24 hours of full load operation in a day.

The price of the input streams (water and electric energy) has not been estimated.

The HHV el ectorlyser efficiency can be calculated as the sum of

From the time of purchase to finished construction.
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86 Hydrogen production via electrolysis

Technology Hydrogen production via alkaline electrolysis (AEC) for 100MW plant
Uncertainty Uncertainty
2020 2030 2040 2050 (2020) (2050) Note | Ref
Lower Upper Lower Upper
Energy/technical data
Typical total plant size (MW input.) 100 100 100 100 100 100 100 100
-([)-prlfj?)l total plant size (kgH/ day of max | 47044 | 48960 | 51480 | 54000 | 45360 | 50400 | 50400 | 57600 |L, E
- Inputs
Electricity (% total input (MWh / MWh)) 100 100 100 100 100 100 100 100
Water for electrolysis (kg / MWh input.) 180 184 193 203 170 189 189 216
- Outputs
Hydrogen (% total inpute (MWh / MWh)) 66.5 68.0 715 75.0 63.0 70.0 70.0 80.0 |B [24]
oE from HHV to LHV (% total input.
(MWh / MWh)) 12.1 12.4 13.0 13.7 11.5 12.7 12.7 14.6 N
Heat loss (% total inpute (MWh / MWh)) 214 | 196 | 155 | 11.3 25.5 17.3 17.3 5.4
- hereof unrecoverable heat loss (%-
points of heat loss) 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 A
; here_of recoverable for district heating 18.4 16.6 125 8.3 225 14.3 14.3 24 K
(%-points of heat loss)
Hydrogen (kg / MWh input,) 200 | 204 | 215 | 225 18.9 21.0 21.0 240 |B [24]
Forced outage (%) 2 2 2 2 2 2 2 2 C
Planned outage (days per year) 2 2 2 2 2 2 2 2 C
Technical lifetime (years) 25 30 32 35 25 25 30 35 C,J [27]
Construction time (years) 0.33 0.33 0.33 0.33 0.33 0.33 0.33 033 |[C,0O
Financial data (2020 price level)
Specific invest mend 650 450 300 250 400 800 150 400 |[D,I
Specifici nvest mentdayaim | j558 | 919 | 583 | 463 | 882 | 1587 | 298 694 |E I L
output)
- hereof equipment (%) 90 90 90 90 90 90 90 90 F
- hereof installation (%) 10 10 10 10 10 10 10 10
Fixed O&M (% of specific investment / 2 2 2 2 2 2 5 2 G, 1,3 | [26]
year)
Variable O&M (0 ¢ k - - - -
Startup cost ( Uper ) ) ) )
startup)
Technology specific data
Current Density (A / cm?) 0.6 1 12 15 0.4 0.6 1.2 15 [21]
Footprint (m?/ MW inpute) 12.5 10 8 7.5 10 15 5 10 H [21]
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86 Hydrogen production via electrolysis

Notes (Datasheet for 100MW AEC):

A
B

C

m

—Tom

ozZr =x

3% of the energy is estimated to be unrecoverable for large plants.

Values are from Table 5 in IEA [24], Today is understood as 2020, Long-term is understood as 2050 and the value selected is the
mid of the range given.

According to the Green Hydrogen Systems (GHS).

CAPEX values from interviews with GHS, Everfuel and NEL and reports from IEA [24], HyEurope [21] and IRENA [24]. The values
in the datasheet correspond to a fitted curve see figure 6 in the catalogue. For IEA today is taken to be 2020, Long term is taken to
be 2050 and values is the middle of the range given.

For the unit regarding "day" a 100% load factor is assumed here (Where the system is operated at hominal capacity all 24 hours of
the day). In operation the daily full load hours may vary and should therefore be adjusted for.

These are rough estimates based on operational AEC systems as provided by the Green Hydrogen Systems.

O&M is estimated as 2% of CAPEX for large systems. According to the 2-5% given for large to small scale systems from [26].

The values are predicted until 2050 with a high margin of uncertainty.

The CAPEX includes all components required for converting 400VAC electricity and purified water into H2 gas at 35 bar and a
waste heat stream at 50 °C. CAPEX does not include transformer, water purifier, heat pumps for increasing the temperature of
waste heat stream or compressors for increasing the pressure of H2 further than 35 bar. The tariffs, capacity payments and
network connection fees to DSO / TSO are not contained in CAPEX nor in O&M.

The lifetime of current AEC stacks is more than 100 000 hours according to Green Hydrogen Systems. Assuming that the facility is
run for 4000h pr year, the stacks do not need replacement in the technical lifetime. If the full load hours exceed the 100 000h
lifetime, then the stack replacement cost will be 30% of the CAPEX cost of a new system in the year of replacement. Everfuel gives
a stack replacement of 30% of CAPEX and GHS informs that 30% of current CAPEX is stack cost. The cost of replacing the stack
is not included in fixed O&M.

50 °C (expected to increase to 70°C, by 2024).

Maximum hydrogen output per day, assuming 24 hours of full load operation in a day.

The price of the input streams (water and electric energy) has not been estimated.

The HHV electorlyser efficiency can be calcul ated as the sum of the rows:
From the time of purchase to finished construction.
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86 Hydrogen production via electrolysis

Technology Hydrogen production via PEM electrolysis for IMW plant
Uncertainty Uncertainty
2020 | 2030 | 2040 | 2050 (2020) (2050) Note | Ref
Lower Upper Lower Upper
Energy/technical data
Typical total plant size (MW input.) 1 1 1 1 1 1 1 1
Typical total plant size (kgH./ day of max 418 472 | 290 | 508 432 461 490 504 LE
output)
- Inputs
Electricity (% total input (MWh / MWh)) 100 | 100 | 100 | 100 | 100 100 100 100
Water for electrolysis (kg / MWh input.) 157 177 | 184 | 190 162 173 184 189
- Outputs
Hydrogen (% total inpute (MWh / MWh)) 58.0 | 65.5 | 68.0 | 70.5 | 60.0 64.0 68.0 700 |B [24]
oE from HHV to LHV (% total input.
(MWh / MWh)) 10.6 119 | 124 | 128 10.9 11.7 12.4 12.7 N
Heat loss (% total inpute (MWh / MWh)) 314 | 226|196 | 16.7 | 29.1 24.3 19.6 17.3
- hereof unrecoverable heat loss (%-points of
heat loss) 5.0 50 | 50 | 50 5.0 5.0 5.0 50 |A
- hereof recoverable for district heating (%- 26.4 | 176 | 146 | 11.7 241 193 14.6 123 |k
points of heat loss)
Hydrogen (kg / MWh input) 17.4 | 19.7 | 204 | 21.2 | 18.0 19.2 20.4 210 |B [24]
Forced outage (%) 2 2 2 2 2 2 2 2 C
Planned outage (days per year) 2 2 2 2 2 2 2 2 C
Technical lifetime (years) 20 25 28 30 20 20 25 30 CcJ [27]
Construction time (years) 0.33 | 0.33 | 0.33 | 0.33 0.33 0.33 0.33 033 |C,O
Financial data (2020 price level)
Specific investmend (g 925 650 | 450 | 400 700 1250 300 500 |D,I
Specific invebdywbmak (0§ 505 | 1378 | 919 | 788 | 1620 | 2712 | 613 992 |E, I, L
output)
- hereof equipment (%) 95 95 95 95 95 95 95 95 F
- hereof installation (%) 5 5 5 5 5 5 5 5 F
Fixed O&M (% of specific investment / year) 7 7 7 7 7 7 7 7 G,1,J
Variable O&M (0 ¢ kWh - - - - M
St art up c ofsotal inpul per staktify) - - - -
Technology specific data
Current Density (A / cm?) 2.2 35 3.8 4 2.2 2.2 3.2 4 [21]
Footprint (m?/ MW input) 20 20 20 20 20 20 20 20 H
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86 Hydrogen production via electrolysis

Notes (Datasheet for IMW PEMEC):

A
B

C

(&

ozZr =x

5% of the energy is estimated to be unrecoverable for small plants.

Values are from Table 5 in IEA [24], Today is understood as 2020, Long-term is understood as 2050 and the value selected is the
mid of the range given.

According to the Green Hydrogen Systems (GHS).

CAPEX values from interviews with GHS and Siemens and reports from IEA [24], HyEurope [21] and IRENA [24]. The values in the
datasheet correspond to a fitted curve see figure 6 in the catalogue. For IEA today is taken to be 2020, Long term is taken to be
2050 and values is the middle of the range given.

For the unit regarding "day" a 100% load factor is assumed here (Where the system is operated at hominal capacity all 24 hours of
the day). In operation the daily full load hours may vary and should therefore be adjusted for.

These are rough estimates based on existing systems according to GHS.

O&M is estimated as 7% of CAPEX. 5%-point is for small systems, according to the 2-5% given for large to small scale systems
from [26]. 2%-points is the estimated stack replacement cost. Everfuel and GHS reports that the 30% of CAPEX is stack cost. At
about 4000 full load hours per year, stacks are likely to be replaced twice during the technical lifetime.

This value is fixed due to no increase in research in increasing the pressure of PEMEC systems.

The CAPEX includes all components required for converting 400VAC electricity and purified water into H2 gas at 35 bar and a
waste heat stream at 50 °C. CAPEX does not include transformer, water purifier, heat pumps for increasing the temperature of
waste heat stream or compressors for increasing the pressure of H2 further than 35 bar. The tariffs, capacity payments and
network connection fees to DSO / TSO are not contained in CAPEX nor in O&M.

The lifetime of current PEMEC stacks is more than 25000 hours and in the future it could be more than 50000 hours according to
Green Hydrogen Systems.

50 °C (expected to increase to 70°C, by 2024).

Maximum hydrogen output per day, assuming 24 hours of full load operation in a day.

The price of the input streams (water and electric energy) has not been estimated.

The HHV el ectorlyser efficiency can be calculated as the sum of
From the time of purchase to finished construction.
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86 Hydrogen mduction via electrolysis

Technology Hydrogen production via PEM electrolysis for 100MW plant
Uncertainty Uncertainty
2020 2030 2040 2050 (2020) (2050) Note | Ref
Lower Upper Lower Upper
Energy/technical data
Typical total plant size (MW input.) 100 100 100 100 100 100 100 100
-([)-prlfj?)l total plant size (kgH/ day of max | 41764 | 47160 | 48960 | 50760 | 43200 | 46080 | 48960 | 50400 | L, E
- Inputs
Electricity (% total input (MWh / MWh)) 100 100 100 100 100 100 100 100
Water for electrolysis (kg / MWh input.) 157 177 184 190 162 173 184 189
- Outputs
Hydrogen (% total inpute (MWh / MWh)) 58.0 65.5 68.0 70.5 60.0 64.0 68.0 700 |B [24]
oE from HHV to LHV (% total input.
(MWh / MWh)) 10.6 11.9 12.4 12.8 10.9 11.7 12.4 12.7 H
Heat loss (% total inpute (MWh / MWh)) 314 | 226 | 196 | 16.7 29.1 24.3 19.6 17.3
- hereof unrecoverable heat loss (%-
points of heat loss) 3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 |A
- here_of recoverable for district heating 28.4 19.6 16.6 13.7 26.1 21.3 16.6 143 |k
(%-points of heat loss)
Hydrogen (kg / MWh inpute) 17.4 | 197 | 204 | 212 18.0 19.2 20.4 21.0 [24]
Forced outage (%) 2 2 2 2 2 2 2 2 C
Planned outage (days per year) 2 2 2 2 2 2 2 2 C
Technical lifetime (years) 20 25 28 30 20 20 25 30 CcJ [27]
Construction time (years) 0.33 0.33 0.33 0.33 0.33 0.33 0.33 033 [C,0O
Financial data (2020 price level)
Specific invest mend 925 650 450 400 700 1250 300 500 |D,lI
Specifici nvest mentdafaima | »15 | 1378 | 919 | 788 | 1620 | 2712 | 613 992 |E, I, L
output)
- hereof equipment (%) 90 90 90 90 90 90 90 90 F
- hereof installation (%) 10 10 10 10 10 10 10 10 F
Fixed O&M (% of specific investment / 4 4 4 4 4 4 4 4 G.1.J
year)
Variable O&M (G § kY - - - - M
Startup cost (Gper kY ) ) )
startup)
Technology specific data
Current Density (A / cm?) 2.2 3.5 3.8 4 2.2 2.2 3.2 4 [21]
Footprint (m?/ MW inpute) 20 20 20 20 20 20 20 20 H

Pagell13| 315- Technology Data for Renewable Fuels




86 Hydrogen production via electrolysis

Notes (Datasheet for 100MW PEMEC):

A
B

C

(&

ozZr =x

3% of the energy is estimated to be unrecoverable for large plants.
Values are from Table 5 in IEA [24], Today is understood as 2020, Long-term is understood as 2050 and the value selected is the
mid of the range given.
According to the Green Hydrogen Systems (GHS).
CAPEX values from intervies with GHS and Siemens and reports from IEA [24], HyEurope [21] and IRENA [24]. The values in the
datasheet correspond to a fitted curve see figure 6 in the catalogue. For IEA today is taken to be 2020, Long term is taken to be
2050 and values is the middle of the range given.
For the unit regarding "day" a 100% load factor is assummed here (Where the system is operated at nominal capacity all 24 hours
of the day). In operation the daily fullload hours may vary and should therefor be adjusted for.
These are rough estimates based on existing systems according to GHS.
O&M is estimated as 4% of CAPEX. 2%-point is for small systems, according to the 2-5% given for large to small scale systems
from [26]. 2%-points is the estimated stack replacement cost. Everfuel and GHS reports that the 30% of CAPEX is stack cost. At
about 4000 full load hours per year, stacks are likely to be replaced twice during the technical lifetime.
This value is fixed due to no increase in research in increasing the pressure of PEMEC systems.
The CAPEX includes all components required for converting 400VAC electricity and purified water into H2 gas at 35 bar and a
waste heat stream at 50 °C. CAPEX does not include transformer, water purifier, heat pumps for increasing the temperature of
waste heat stream or compressors for increasing the pressure of H2 further than 35 bar. The tariffs, capacity payments and network
connection fees to DSO / TSO are not contained in CAPEX nor in O&M
The lifetime of current PEMEC stacks is more than 25000 hours and in the future it could be more than 50000 hours according to
Green Hydrogen Systems.
50 °C (expected to increase to 70°C, by 2024)
Maximum hydrogen output per day, assuming 24 hours of full load operation in a day.
The price of the input streams (water and electric energy), has not been estimated.

The HHV electorlyser efficiency can be calculated as the sum of

From the time of purchase to finished construction
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86 Hydrogen production via electrolysis

Technology Hydrogen production via solid oxide electrolysis (SOEC) for IMW plant
Uncertainty Uncertainty
2020 | 2030 | 2040 | 2050 (2020) (2050) Note | Ref
Lower Upper Lower Upper
Energy/technical data
Typical total plant size (MW input) 1 1 1 1 1 1 1 1 A
Typical total plant size (kgH./ day of max 558 580 | 590 | 601 533 583 554 609 |E
output)
- Inputs
Electricity (% total input (MWh / MWh)) 795 | 805 (814|814 | 79.0 82.0 81.0 83.0 |A
Heat (% total input (MWh / MWh)) 205 | 19.5| 18.6 | 186 | 21.0 18.0 19.0 17.0
Water for electrolysis (kg / MWh input) 209 217 | 221 | 225 200 219 208 228
- Outputs
Hydrogen (% total input (MWh / MWh)) 775 | 805 | 82 |835| 74.0 81.0 77.0 846 |B,D [24]

oE from HHV to LHV (% total input

(MWh / MWh)) 141 147 | 149 | 15.2 13.5 14.8 14.0 154 |H

Heat loss (% total input (MWh / MWh)) 8.4 48 | 3.1 1.3 12,5 4.2 9.0 0.0
Hydrogen (kg / MWh input) 233 | 242|246 | 251 | 222 24.3 23.1 25.4
Forced outage (%) 1.4 14 | 14 14 14 1.4 1.4 14 |A
Planned outage (days per year) 5 5 5 5 5 5 5 5 A
Technical lifetime (years) 10 20 20 20 10 10 15 20 A
Construction time (months) 4.0 05 | 05 | 05 4.0 4.0 0.5 1.0 [A

Financial data (2020 price level)

Specific investment (( 4491 |1901|1342| 783 | 3013 5805 525 1024 |D,G [24]

Specifici nv e st mentdayaimak kg go47 | 3979|2273 |1303| 5654 | 9952 | 946 | 1681 |D,G,E |[24]

output)

- hereof equipment (%) 80 80 80 80 80 80 80 80 A

- hereof installation (%) 20 20 20 20 20 20 20 20 A

Fixed O&M (% of specific investment / year) 12 12 12 12 12 12 12 12 E, G, |[21]
Variable O&M (0 / kWh - - - - F

Startup cost (0 [/ kW - - - -

Technology specific data

Current Density (A / cm?) 0.65 1 15 15 0.5 0.65 15 1.8 [21]

Footprint (m?/ MW input) 350 | 20.0| 150|100 | 35.0 35.0 10.0 20.0 [21]
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86 Hydrogen production via electyaiis

Notes (Datasheet for IMW SOEC):
A Input from Haldor Topsoe
B  The efficiencies are assumed to be system efficiencies. IEA gives the values as electric efficiencies, however the references of IEA
gives both system efficiencies and electric efficiencies. See for instance Buttler and Spliethoff (2018), "Current status of water
electrolysis for energy storage, grid balancing and sector coupling via power-to-gas and power-to-liquids: A review". This
assumption adds significant uncertainty to these values. However no good alternative was found.
C  For the unit regarding "day" a 100% load factor is assumed here (Where the system is operated at nominal capacity all 24 hours of
the day). In operation the daily full load hours may vary and should therefore be adjusted for.
D Values are from Table 5 in IEA [24], Today is understood as 2020, Long-term is understood as 2050 and the value selected is the
mid of the range given. For conversion a conversion of 0.8504/$% wa
E O&M is estimated as 12% of CAPEX. 5%-point is for small systems, according to the 2-5% given for large to small scale systems
from [26]. 7%-points is the estimated stack replacement cost. Ceres Power gives a stack replacement cost of 20% of CAPEX. At
about 6000 full load hours per year, stacks are likely to be replaced every three and a third years.
F  The price of the input streams (steam and electric energy) has not been estimated.
G The CAPEX includes all components required for converting 400VAC electricity and purified water into H2 gas at 35 bar. CAPEX
does not include transformer, water purifier or compressors for increasing the pressure of H2 further than 35 bar. The tariffs,
capacity payments and network connection fees to DSO / TSO are not contained in CAPEX nor in O&M.
H  The HHV electorlyser efficiencycanbec al cul at ed as the sum of the rows: " @E from HHV
| The lifetime of current SOEC stacks is about 20000 hours and is expected to increase in the future [24], and is expected to
increase in the future.
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Qualitative Description

Fatty Acid Methyl Esters (FAME) otherwise known as biodiesel can be produced from vegetable oils such as
rapeseed and soy oil as well as from used cookingrall recycled animal fats. This section discusses the
production from vegetable oils and the next section discusses the production from used cooking oil and
animal fats as the feedstock free fatty acid (FFA) content has some impact on capital and opestting

.A2RASaSftf LINPRdAzOGAZ2Y YR dzaS o0S3ly Ay 9dz2NBLIS Ay
marketer and producer. Biodiesel production has since expanded to all regions of the world and there is some
international trade in bottbiodiesel feedstocks and biodiesel.

The European Biodiesel Board reported that the FAME production capacity in Denmark in 2016 was 250,000
tonnes.

Brief Technology Description

The production of biodiesel, or methyl esters, is a watbwn process. Veget#b oils are mixed with
methanol in the presence of a catalyst at moderate pressure and temperatures to produce biodiesel and
glycerine. Since the methanol is not soluble in the oail, this reaction will proceed either exceedingly slowly or
not at all, so hat, as well as catalysts (a@dd/or base) are used to speed theaction. Almost all biodiesel
produced from virgin vegetable oils uses the baa&lyzed technique as it is the most economical process
for treating virgin vegetable oils, requiring ontyd temperatures and pressures and producing over 98%
conversioryield (provided the starting oil is low in moisture and free fatty acids).

After the vegetable oil and methanol react in the presence of a catalyst to produce the biodiesel, the product
goes hrough a number of separation and purification steps to recover the excess methanolise resolate
the glycerine for potential upgrading and ensue that the methyl ester meets the required specifications.

The general biodiesel production process isvgh in the following figure.
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Figurel Biodiesel Production Process

There are other processing schemes that can be used to produce FAME from vegetable oils including the use
of heterogeneous catalysts, enzymes insteadl@@mical catalysts and a supercritical process. This catalyst

free method for transesterification usesipercriticaimethanol at high temperatures and pressures in a
continuous process. In the supercritical state, the oil and methanol are in a single phdseaction occurs
spontaneously and rapidlithe process can tolerate water in the feedstock; free fatty acids are converted to
methyl esters instead of soap, so a wide variety of feedstocks can be used. Also the catalyst removal step is
eliminated. Hgh temperatures and pressures are required, but energy costs of production are similar or less
than catalytic production routes. These alternative processes are not yet widely practiced.

Input
The primary inputs to the production process are tegetable oil, methanol, electricity, some thermal
energy, the catalyst, and some acids and bases to treat the feedstocks and finished products.

Output
The plants produce FAME, glycerine (of various qualities), and in some cases potassium salts thsdldan be
as fertilizer.

Energy Balance
The energy balance is shown graphically in the following figure. The external energy inputs, in the form of
heat and power, are relatively small and the process is quite efficient.drhesthe inputs totals 100 MJ.
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Figure2 Vegetable Oil FAME Energy Balance

A small portion, about 5%, of the energy losses has the potential to be recovered as low level district heat

[1].

Typical Capacities
Production capacities for individual plants can ramgefless than 10,000 tonnes per year to almost 600,000
tonnes per year (10 to 750 MW).

It was reported that in 2010, 46 FAME plants in Germany had a production capacity of almost 5 million tonnes
per year [2]. The average plant size was 100,000 tonnembte than 50% of the plant production capacity
was found in 9 plants with more than 200,000 tonnes of capacity each.

Regulation Ability

FAME plants can be either batch or continuous processes. The time between batches regulates the total
production from b#ch plants. Larger plants are generally continuous processes. The throughput can be
regulated to a degree but process staip is generally fast so regulating the days of operation is also a viable
means to regulate production.

Space Requirements

A 100,00Q0nne per year facility can be located on a site of less than 5 ha. This is equivalent to 0.04 ha/million
litres of fuel, or 400 m2/MW. Factors that impact the required area include storage capacity of inputs and
outputs and whether or not rail accesdrigluded at the facility.

Advantages/Disadvantages
FAME biodiesel is a relatively simple process that is well proven commercially. The capital costs are relatively
low and the norfeedstock operating costs are also reasonable.
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The feedstock costs are higtompared to crude oil. The finished fuel has less desirable cold weather
properties than fossil diesel fuel limiting its potential inclusion rates in diesel fuel in cold weather.

Environment

With low energy use the GHG emissions from the biodiesel plaatseatively minor. The GHG emissions of

the methanol must also be included in the carbon footprint. Methanol and the process chemicals used have
safety hazards associated with their use but these are well known and there are establishes procedure to
accanmodate their safe use.

Research and Development Perspective

Vegetable oil FAME is a Category 4 technology, a commercial technology with large scale deployment. The
potential for significant improvements in capital and operating costs is limited. The price and performance
of the technology today is well known and mmally only incremental improvements would be expected.
Therefore, the future price and performance may also be projected with a relatively high level of certainty.

Examples of Market Standard Technology
A number of companies provide biodiesel technolpggkages. Desmet Ballestra [3] is one such company.

Desmet Ballestra Group N.V.

Fountain Plaza Office Park, Building 503
Belgicastraat 3

B-1930 ZAVENTEM

Belgium

They have been in involved in over 85 plants around the world with capacity in excds million
tonnes/year. Their plants have capacities from 50,000 to 300,000 tonnes per year.

Predication of Performance and Cost

Biodiesel production from vegetable oils is mature technology. Conversion performance in most plants
approaches the theoreticahaximum conversion rates. There is therefore limited development potential for
the technology.

Worldwide production rates are about 30 billion litres per year with the cumulative production between
2000 and 2014 being 195 billion litres aswhdn the fdlowing figure [4].
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Figure3 World Biodiesel Production

At current production rates the cumulative production since 2000 will double in six years. Berghout
investigated the Progress ratio for the German Biodiesel industry betd@@h and 2004 and found that the
limited data suggested a value of 0.97. This is a very low value and may be due to the fact that while the
industry is new, the processing steps are based on mature chemical processes with limited potential for
improvement The cost reduction would also not apply to feedstock so the impact on production economics
will be marginal.

Uncertainty
Given the mature status of the technology there are low levels of uncertainty associated with the data that
is collected, but there Wl always be some uncertainty regarding future projections.

Additional Remarks
This technology is commercially practiced in Denmark today by Emmelev A/S. Denmark blends FAME and
HVO at about 7% by energy content in diesel fuel [5]. The FAME could beegetable oil or from UCO.

Quantitative Description

The basic chemical reaction is depicted below. One hundred kilograms of a fat or oil is reacted with 10
kilograms of methanol in the presence of a catalyst to produce 10 kilograms of glycerine andggihis|

of methyl esters or biodiesel. The methanol is charged in excess to assist in quick conversion and recovered
for reuse. The catalyst is usually sodium or potassium methoxide which has already been mixed with the
methanol. R1, R2, and R3 indicate thtty acid chains asgiated with an individual fat.
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Figure4 Basic Biodiesel Reactions

Typical Plant Size

While there has been a wide range of plants built in the past, large scale plants can enjoy some economies
of scale. Th@ne vegetable oil biodiesel plant in Denmark (Emmelev) has a production capacity of 100,000
tonnes per year [6]. This is the average plant size reported in Germany in 2010 and will be used for the data
sheet.

Input and Output

The typical mass andnergy balances for the primary materials and energy sources are shown in the
following table. The data is from a 2016 Survey of vegetable oil biodiesel plants operating in the United States
[7]. The data is from 12 plants with production capacities ragdiom 40,000 to 330,000 tonnes per year.

The plants operated at an average of 74%ayacity.

Inputs Outputs
Vegetable oil 0.893 kg
Methanol 0.086 kg
FAME (one litre) 0.88 kg
Glycerine 0.09 kg
Electricity 0.036 kWh
Natural gas 0.93 MJLHV)

Tablel Mass and Energy Flows

The input and output data for future years assumes that the industry average moves towards the current
best in class values.

Forced and Planned Outage
Biodiesel plants can operate continwsy with limited downtime for planned maintenance. The NBB energy
survey found that plants operated from about 40 to over 95% of production capacity in 2015.

The most likely reasons for forced outage are either a lack of feedstock or a lack of markie¢spiarduct.

Technical Lifetime
The first European plants were built in the 1990s and many of those are still operating more than 20 years
later. Processing conditions are relatively mild with moderate pressures and temperatures for most
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processes. The carsive nature of some of the reagents (methanol, acids and bases) are well understood
and manageable.

Construction Time
Large scale plants should have a typical construction time of 12 to 18 months from the start of site
preparation to the beginning of pduction.

Financial Data

Vegetable oil FAME plants are commercial technologies with capital and operating costs that are relatively
well understood. There have been relatively few FAME plants constructed in recent years as the global
industry is operatingtdess than full capacity.

Investment Costs

Most European vegetable oil FAME plants were built a decade ago. The most recent vegetable oil biodiesel
plant that has been announced is a 200,000 tonne soybean plant to be built by Cargill in Kansas, USA. The
plant will be built on the site of an existing soybean crushing facility and will replace an existing soy oll
refinery. The capital cost is reported to be $90 million US$ [8].

Converting this cost to Europe, the location factor, exchange rate, and grekfafiedr is applied as shown
below

YO @ED QO TTAO@MBAE 1 1| BEE S O OO S £ 1
A oim Tt 1T pg @ Up& p O p papQa & QE ¢

LG A& SadAYIFIGSR GKFG F mannZann (2 ymldn TS SBOGEE/IréeyI LI |
which is in the middle of the range reported by Irena [9].

Future investment costs are not expected to decline significantly as few new plants are being built. Berghout,
with limited data, concluded that learnidgy-upscalingto be the primary and learningy doing the
secondary driver behind reductions in specific investment costs over time for German biodiesel plants [10].
Since the same plant size has been used for the study period of 2015 to 2050 only a small reduc)iom (~5%
investment costs is projected by 2050.

Operating and Maintenance Costs
The production cost profile is dominated by the feedstock costs. Feedstock costs are highly variable and can
increase or decrease in any given year due to the local supply andhdesttaation.

lowa State University [11] maintains a biodiesel profitability model for a 100,000 tonne/year soy biodiesel
plant. The 2016 data has been used and the power and natural gas costs have been adjusted to the Danish
values reported in section 1.Zhe capital cost has been adjusted to 64 million Euro to match the value above.
The results for 2016 arshown in the following table.
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Parameter Costs (Eur/litre)
Natural gas 0.01
Methanol 0.02
Other Variable Costs 0.06
Fixed Costs 0.02
Depreciation and Interest 0.06
Total Costs ex feedstock 0.17

Table2 Production Costs Vegetable oil FAME

The other variable costs include chemicals, power, water, repairs and maintenance, water, transportation
and other costs. Thigxed costs include depreciation, interest costs, labour and management, property taxes,
insurance, and marketing and procurement costs.

Berghout found a very low Progress Ratio (97.4%) and a low R2 value (0.65) for the FAME processing costs,
suggestingittle potential for reductions in O&M costs over time.

The impact on production costs as the future industry moves towards the best practices of the existing plants
is limited as gains in yield will impact the feedstock costs which are not inchetedthe natural gas, power
and methanol costs which are a small portion of the operating costs.

Start-up Costs

The O&M costs stated in this catalogue includes stprcosts and takes into account a typical number of
start-ups and shutlowns. Thereforethe startup costs should not be specifically included in more general
analyses.

Technology Specific Data
Some of the key fuel properties of biodiesed ahown in the following table.

Property Value
Density, kg/m 885
LHV, MJ/kg 37.2
LHV MJ/litre 32.7
Oxygen content 11%
Cetane number ~55
Cloud point, C ~-3

Table3 Vegetable Oil Biodiesel Properties

Data sheet

The quantitative data reported above is summarized in the following data sheet.iffbisation is
determined from the NBB operating data for vegetable oil feedstock plants and the operating costs estimated
from the lowa State model. The best biodiesel plants operate a close to theoretical yields and methanol
consumption rates, and witloW energy consumption values. The 2015 data is based on the 2015 NBB data,

it has been assumed that by 2050 the industry moves to have an average performance the same as the best
plant in 2015. The 2020 and 2030 values are estimated from the tram&itm the 2015 to 2050 values.
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Technology Vegetable Oil FAME

2015 2020 2030 2040 2050 | Uncertainty (2020) | Uncertainty (2050) Note Ref

Lower Upper Lower Upper

Energy/technical data

Typical total plant size

1,000 t biodiesellyear 100 100 100 100 100 50% 200% 50% 200% A 1
Typical total plant size

MW biodiesel 125 125 125 125 125 50% 200% 50% 200% Al

Inputs

Veg Oil Consumption,

MWh/MWh Total Input 0.925| 0.926| 0.929| 0.931| 0.933 99% 101% 99% 101% E,l 4
Methanol Consumption,

MWh/MWh Total Input 0.046| 0.046| 0.046| 0.046| 0.046 93% 107% 93% 107% B,E,I 4
Electricity Consumption,

MWh/MWh Total Input 0.004 | 0.004| 0.003| 0.003| 0.002 50% 150% 75% 125% E.| 4
Natural Gas Consumption,

MWh/MWh Total Input 0.025| 0.024| 0.022 0.02| 0.018 50% 150% 75% 125% E.| 4
Outputs

Biodiesel Output,

MWh/MWh Total Input 0.903| 0.903| 0.903| 0.903| 0.903 99% 101% 99% 101% F 4
Glycerine Output,

MWh/MWh Total Input 0.039| 0.039]| 0.039| 0.039| 0.039 99% 101% 99% 101% F 4
Forced outage (%) 0 0 0 0 0 H
Planned outage

(weeks per year) 2 2 2 2 2

Technical lifetime (years) 25 25 25 25 25

Construction time (years) 15 15 15 15 15

Financial data

Specific investment

(M 0 [/ MW) 0.51 0.50 0.50 0.49 0.48 90% 110% 90% 110% | C,J, L
- equipment (%) 75 75 75 75 75 G

- installation (%) 25 25 25 25 25 G
Fixed O&M (M 0.018| 0.018| 0.018| 0.018| 0.018 90% 110% 90% 110% | D, K, L
Variable O0O&M 6.77 6.77 6.77 6.77 6.77 90% 110% 90% 110% | D, K, L
Statup (M G [/ MV 0 0 0 0 0

Technology specific data

Specific energy content

(GJ/ton) biodiesel) 37.2 37.2 37.2 37.2 37.2

Specific density

(kg/l) or (ton/m3) 0.885| 0.885| 0.885| 0.885| 0.885

Specific investment

(M 0 /1,000 't 0.64 0.63 0.62 0.61 0.60 90% 110% 90% 110% c,J
- equipment (%) 75 75 75 75 75 G

- installation (%) 25 25 25 25 25 G
Fixed O&M

M 0 /1,000 t 0.022 | 0.022| 0.022| 0.022| 0.022 90% 110% 90% 110% | D, K, L
Variable O&M

(M 4 /1,000 't 0.070| 0.070] 0.070| 0.070| 0.070 90% 110% 90% 110% | D, K, L
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Notes:

A. The plant size is assumed based on the plants sizes of existing vegetable oil based bio-diesel plants in EU.

Al. This value is the hourly rating and has been calculated as if the unit produces 100,000 t/year and was in operations 8,000 h/year.

B. Energy input from supporting chemicals of minor amounts is not considered.

C. The total capital cost include total installed cost (total direct costs) and all indirect costs such as engineering, construction,
contractordés fee, capitd,i ngency and working ¢

D. O&M costs, costs for main raw materials are not included

E. 2050 values are based on industry best plant in 2015. 2020 and 2030 values interpolated between 2015 and 2050 values.

F. Total output excludes the heat loss.

G. Estimated from lowa State biodiesel profitability file.

H. Best plants operate at greater than 95% of capacity.

I. The uncertainty is one standard deviation from the average from the NBB survey.

J. Range of capital cost is +/- 25% of mean.

K. Operating cost is +/- 10% of mean.

L.

M G4/k tonne is million euro per 1,000 tonnes
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Quialitative Description

Used Cooking Qil (UC@)d animal fats can also be used to produce FAME. This section of the report
discusses FAME production using these two feedstocks. The primary technical differentiation factor for these
two feedstocks is the free fatty acid (FFA) content of the feedstéuke fatty acids can be produced when

GKS fALARAE INB KSIFIGSRZ a GKS& IINB oKSy GKS 02214

UCO and animal fats are generally less expensive feedstocks than vegetable oils. UCO is also treated as a
wade material in most regulatory systems so it generates a better carbon intensity score and the volume is
double counted in some systems. These attributes make it an attractive feedstock, more than outweighing
some processing challenges described below.

Brief Technology Description

The base catalyzed transesterification process that produces FAME or biodiesel from vegetable oils is only
effective with triglycerides. FFAs require an acid catalyzed esterification reaction for commercial production.
This readbn is slower and involves an extra processing step. Some UCO and animal fat biodiesel producers
accept the lower yield that results from not converting the FFAs to biodiesel and some use the two step
process that converts both triglycerides and FFAsddibsel.

The two step process is shown below, the basic difference between this and the process used for vegetable
oils is the initial esterification steps.
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Figurel Two Step Biodiesel Production Process

Input
The primary iputs to the production process are the UCO or animal fat, methanol, electricity, some thermal
energy, the catalyst(s), and some acids and bases to treat the feedstocks and finished products.

Output
The plants produce FAME, glycerine (of various qualiilrespme cases potassium salts that can be sold as
fertilizer, and unreacted FFAs.

Energy Balance

The average energy balance for the year 2015 from 15 US biodiesel plants processing mixed feedstocks is
shown in the following figure [1]. Most of thegpdants do not do the two step process and accept the lower

yield due to the higher FFA content of the feedstock.
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Figure2 UCO and Animal Fat FAME Energy Balance

The potential for recovering some heat for district heating islaintd that of the vegetable oil FAME process,
about 5% of the heat loss.

Typical Capacities
The size of UCO and animal fat plants is slightly smaller than the size of vegetable oil plants. Production
capacities of up to 150,000 tonnes per year (185 MWehaeen built in Europe.

The Daka ecoMotion plant in Denmark has a capacity of 50,000 tonnes per year (60 MW). This plant uses the
two step process of esterification followed by transesterification. The plant was designed by BDI in 2008.

Regulation Ability

FAME plants can be either batch or continuous processes. The time between batches regulates the total
production from batch plants. Larger plants are generally continuous processes. The throughput can be
regulated to a degree but process staip isgenerally fast so regulating the days of operation is also a viable
means to regulate production.

Space Requirements
The Daka plant in Denmark sits on 2.1 ha of land. This is 0.038 ha/million litres of/BAY of biodiesel.

All of the materials in and d@wf the plant come by truck. The plant is shown in the following figure. The
actual storage and processing equipment coves less than 50% of the site.
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Figure3 Daka FAME Plant

Advantages/Disadvantages
UCO and animal fats have nyaof the same advantages and disadvantages as vegetable oil FAME when
compared to petroleum diesel fuel.

When UCO and animal fat FAME is compared to vegetable oil FAME the feedstock costs are usually lower but
capital and operating costs are slightly highEhe cold weather properties of UCO and animal fat FAME are
usually slightly less attractive than the vegetable oil FAME.

Environment

With low energy use the emissions from the biodiesel plants are relatively minor. Methanol and the process
chemicals usa have safety hazards associated with their use but these are well known and there are
establishes procedure to accommodate their safe use.

The energy content of the UCO and animal fat biodiesel is about 20 times the power and natural gas energy
consumed  the plant.

Research and Development Perspective

Used Cooking Oil (UCO) and animal fat FAME is a Category 4 technology, a commercial technology with large
scale deployment. The price and performance of the technology today is well known and normally only
incremental improvements would be expected. Therefore, the future price and performance may also be
projected with a relatively high level of certainty.

The potential for significant improvements in capital and operating costs is limited. There is wogk bei
undertaken on making the use of lower quality feedstocks commercially attractive. These materials (e.g.
brown grease) can have very high FFA levels and contain other contaminants such as sulphur and chlorine.

Examples of Market Standard Technology
One of the leaders with the mulfeedstock biodiesel process is the Austrian company, BDI Bioenergy
International.
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BDI- BioEnergy International AG
Parkring 18, 8074
RaabaGrambach, Austria

They have built more than 30 biodiesel plants, mostlgumope, since 1991.

Predication of Performance and Cost

Biodiesel production from UCO and animal fats is relatively mature technology. Conversion performance in
the best plants that use the two step process approaches the theoretical maximum conversisnTiatre

is therefore limited development potential for the technology.

Berghout [2] investigated the Progress Ratio for the German Biodiesel industry between 1991 and 2004 and
found that the limited data suggested a value of 0.97. This is a very loevasatlmay be due to the fact that

while the industry is new, the processing steps are based on mature chemical processes with limited potential
for improvement. The cost reduction would also not apply to feedstock so the impact on production
economics wilbe marginal.

Uncertainty

Given the mature status of the technology there are relatively low levels of uncertainty associated with the
data that is collected. One area of potential uncertainty is the proportion of plants that practice esterification
in the United States (where the plant data comes from) vs the EU.

Additional Remarks

This technology is commercially practiced at the Daka plant in Denmark. Europe is an importer of used
cooking oil as demand for the product exceeds the quantity supplied iopEYe]. It is also reported that

that there are limited opportunities to increase the collection rate of UCO in Europe [3], resulting in about
60% of the UCO consumed in Europe is imported into the EU.

Quantitative Description
Additional quantitative infomation on the production of UCO or animal fat FAME is presented in the
following sections.

The esterification reaction that is practiced with some technologies prior to the transesterification process is
shown below. In this reaction there is no glycempreduced but there is some water produced.

@) o

[l (H2S04) I
HO-C-R + CH;0OH = CH5-O-C-R + H20
Fatty Acid  Methanol Methyl Ester  Water

Figure4 Esterification Reaction
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Typical Plant Size
The plants can range in size from 5,000 to over 100,000 tonnes per year of capacity. Older plants generally

have lower production ras as market access for the production would have been an issue when they were
built.

A plant of 50,000 tonne/year is used for the data sheet. This is in the middle of the range of plants built and
is the same size as the existing Danish plant.

Input and Qutput

The typical mass and energy balances for the primary materials and energy sources are shown in the
following table. The data is from a 2016 Survey of vegetable oil biodiesel plants operating in the United States
[1]. The data is from 15 plants witliquluction capacities ranging from 3,000 to 200,000 tonnes per year. The
plants operated at an average of 73% of capacity. The primary feedstocks for these plants were animal fats,
RAAGATESNBQ O2NY 2Af 06 SEGNI Oin8 isededaking oikbsus10% df thé £ | 3 S
feed for these mixed feedstock plants was vegetable oils.

Inputs Outputs
Vegetable oll 0.977kg
Methanol 0.087 kg
FAME (one litre) 0.88 kg
Glycerine 0.09 kg
Electricity 0.08 kWh
Natural gas 1.71 MJLHV)

Table4 Mass and Energy Flows

The FAME vyield is lower, indicating that many of the plants do not practice the esterification step and the
energy use is about double that of the vegetable oil plants. The energy use woulghae i more of the
plants were batch processes rather than continuous operations.

Forced and Planned Outage
Biodiesel plants can operate continuously with limited downtime for planned maintenance. The NBB energy
survey found that plants operated from ai40 to over 97% of production capacity in 2015.

The most likely reasons for forced outage are either a lack of feedstock or a lack of markets for the product.

Technical Lifetime

The first European plants were built in the 1990s and many of those drepstilating more than 20 years

later. Processing conditions are relatively mild with moderate pressures and temperatures for most
processes. The corrosive nature of some of the reagents (methanol, acids and bases) are well understood
and manageable.

Constuction Time
Large scale plants should have a typical construction time of 12 to 18 months from the start of site
preparation to the beginning of production.
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Financial Data
Information on capital and operating costs are presented below.

Investment Costs

Argent Energy built a 75,000 tonne per year midgedstock facility near Chester, UK in 22186. The
reported cost wa€75 million €100 million) [4]. This is considerably more expensive than the recent cost
estimate for a soybean biodiesel plant in theitdd States. The plant has significant pretreatment facilities

and can reportedly process 100% FFA feedstocks. Given the extra processing required for the plants
processing higher FFA feedstocks some increase in price is expected ladt 1fikitre, almast double the

soy oil cost.

The future capital costs have been reduced by about 25% by 2050. The rationale for the larger percent cost
reduction than a vegetable oil FAME plant is that a greater yield improvement is expected as the industry
movestowards the best in class performance, due to the higher capital costs there should be more room for
AYLINRGSYSYyi(lz YR GKSNB A& 3INBFGSNI SYLKIFaAaA&d 0SAYy:S
governments.

Operating and Maintenance Costs

There is no phlic source of economic data for UCO or animal fat biodiesel plants like the lowa State
information on soybean biodiesel plants. Given the higher energy requirements, the higher capital costs, the
potentially lower yields the operating costs should be kigthan they are for a vegetable oil plant.

A German biodiesel Petrotec, a UCO biodiesel producer, used to supply some financial information to their
shareholders. The last information available is for 2014 [5], before they were purchased by REG the from
United States. The plant has a capacity of 185,000 tonnes per year and operated at 75% capacity'ime2014.
information that can be developed from the annual report is shown in the following table.

Category Euro /litre
Services 0.05
Labour 0.05
Operating Costs 0.04
Marketing Costs 0.03
Admin Costs 0.01
Legal Costs 0.01
Other Expenses 0.01
Interest 0.01
Total 21

Tablel UCO Biodiesel Operating Costs

The fixed costs (labour, marketing, admin, legal, other, interest) aftdl3/litre. There is no breakdown of
feedstock costs from other supplies in the published information. The vegetable oil plant has variable
operating costs 0€0.05/litre, the chemial costs will be higher for the UCO facility, it is estimated that the
variable operating costs @D.07/litre.
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As with the vegetable oil FAME plants only limited improvements in the fixed and variable production costs
are forecast due to the low Progresstio found by Berghout.

Start-up Costs

The O&M costs stated in this catalogue includes startosts and takes into account a typical number of
start-ups and shutlowns. Therefore, the staip costs should not be specifically included in more general
analyses.

Technology Specific Data

Property Value
Density, kg/m 885
LHV, MJ/kg 37.2
LHV, MJ/litre 32.7
Oxygen content 11%
Cetane number 50-60
Cloud Point, C 0-10C

Table2 UCO and Animal Fat Biodiesel Properties

Data sheet

The quantitative informatiorcollected for a UCO biodiesel facility is shown in the following table. This
information is determined from the NBB operating data for mixed feedstock plants and the operating costs
estimated from the Petrotec annual report. The best biodiesel plants apexaclose to theoretical yields

and methanol consumption rates, and with low energy consumption values. The 2015 data is based on the
2015 NBB data; it has been assumed that by 2050 the industry moves to have an average performance the
same as the best @ht in 2015. The 2020 and 2030 values are estimated from the transition from the 2015

to 2050 values.
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Technology UCO and Animal Fat FAME

2015| 2020 2030| 2040 2050| Uncertainty (2020)| Uncertainty (2050), Note | Ref

Lower | Upper | Lower | Upper

Energy/technical data
Typical total plant size
1,000 t biodiesellyear 50 50 50 50 50 50%| 200% 50%| 200% A 1
Typical total plant size
MW biodiesellyear 60 60 60 60 60 50%| 200% 50%| 200%| Al
Inputs
VegOil Consumption,
MWh/MWHh Total Input 0.906/ 0.909| 0.912| 0.912| 0.912 99% 101% 99% 101%| E|l 1
Methanol Consumption,
MWh/MWHh Total Input 0.044| 0.044| 0.044| 0.044| 0.044 93% 107% 93% 107%| BE,(I | 1
Electricity Consumption,
MWh/MWHh Total Input 0.007| 0.006| 0.005| 0.005| 0.004 50% 150% 50% 150%| E|l 1
Natural Gas Consumption,
MWh/MWh Total Input 0.044 0.04| 0.036/ 0.034| 0.032 50% 50% 50% 50%| E,I 1
Outputs
Biodiesel Output,
MWH/MWh Total Input 0.84 0.85 0.86 0.86 0.87 99% 101% 99% 101% F 1
Glycerine Output,
MWH/MWh Total Input 0.04 0.04 0.04 0.04 0.04 99% 101% 99% 101% F 1
Forced outage (%) 0 0 0 0 0 H
Planned outage
(weeks per year) 2 2 2 2 2
Technical lifetime (years) 25 25 25 25 25
Construction time (years) 1.5 15 1.5 15 1.5
Financial data
{LISOATAO Ay@S§ 1.08 1.02 0.93 0.89 0.84 80% 120% 90% 110%| C,J,L| 3
- equipment (%) 75 75 75 75 75 G
- installation (%) 25 25 25 25 25 G
CAESR hsa 6a ¢ 0122 0122 0.122| 0.122| 0.122 90% 110% 90% 110%| D, K, L
t NAFoftS hga ¢ 765 7.65 7.65 7.65 7.65 90% 110% 90% 110%| D, K, L
StartdzL) 6a € kKa? 0.00 0.00 0.00 0.00 0.00
Technology specific data
Specific energy content
(GJ/ton) biodiesel) 37.2 37.2 37.2 37.2 37.2
Specific density
(kg/l) or (ton/m3) 0.885| 0.885| 0.885| 0.885| 0.885
Specific investment
6a € kmIannn 1.33 1.25 1.15 1.10 1.00 80% 120% 90% 110%
- equipment (%) 75 75 75 75 75 G
- installation (%) 25 25 25 25 25 G
Fixed O&M
0a € «kbiodiesel)n 0.15 0.15 0.15 0.15 0.15 90% 110% 90% 110%| D, K, L
Variable O&M
6a € kmIann 0.08 0.08 0.08 0.08 0.08 90% 110% 90% 110%| D, K, L
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Notes:

The plant size is assumed based on the plants sizes of existing UCO based bio-diesel plants in EU.

A1l This value is the hourly rating and has been calculated as if the unit produces 50,000 t/year and was in operations 8,000 h/year.
B. Energy input from supporting chemicals of minor amounts is not considered.

C. The total capital cost include total installed cost (total direct costs) and all indirect costs such as engineering, construction,
contractordéds fee, contingency and working capital.

D. O&M costs only, costs for main raw materials are not included

E. 2050 values are based on industry best plant in 2015. 2020 and 2030 values interpolated between 2015 and 2050 values.
F. Total output excludes the heat loss.

G. Estimated from lowa State biodiesel profitability file.

H. Best plants operate at greater than 95% of capacity.

I. The uncertainty is one standard deviation from the average from the NBB survey.

J. Range of capital cost is +2/- 30% of mean for 2015.

K. Operating cost is +/- 10% of mean.

L .  Mtoniné i&kmillion euro per 1,000 tonnes.
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Publication date

August 2018
Amendments afterpublication date
Date Ref. Description
12 2018 Datasheetevised

Qualitative Description

Hydrogenated vegetable oil (HV{3)also known as renewable diesel. HM@nts use the same feedstocks

that are used for FAME plants including used cooking oils and animal fats, however rather than reacting the
feedstock with methanol the feedstock is reacted with hydrogen in the presence of a catalyst. The operating
temperatures and pressures are higher than in FAME plants.

There are small differences in hydrogen demand between the different feedstocks that are used but the
variation is generally less than what is seen between process developers and between plants so only one
data sheet is presented.

The resulting product is oxygen free and has better fossil diesel blending properties. The product is generally
isomerized to improve the cold weather properties of the fuel.

Brief Technology Description

HVO is a mixture of strdigchain and branched paraffiqghe simplest type of hydrocarbon molecules from

the point of view of clean and complete combustion. Typical carbon numbers are C15 to C18. Paraffins exist
also in fossil diesel fuels which additionally contain signifieanbunts of aromatics and naphthenics.
Aromatics are not favorable for clean combustion. HVO is practically free of aromatics and its composition is
guite similar to GTL and BTL diesel fuels made by Fischer Tropsch synthesis from natural gas and gasified
biomass.

The general HVO production steps are shown in the following figure.
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H, H,
= = — ~ =3 Gaseous Fuels
Feedstock > > > > ¥ Light Liquid Fuels
— - HVO
Pretreatment ~ Deoxygenation | Isomerization Distillation
H,0

Figurel HVO Production Process

Almost all operating HVO plants have some degree of integration with nearby facilities to provide energy or
hydrogen or to process garoduct streams. This integration can reduce capital and operating costs and risks
for new technologies.

Input
The primary inputs to the production process are the fats and oils and hydrogen, along with some electricity,
thermal energy, and chemicals.

Output
The outputs from the process are the HVO, some fuel gas (a mixture of hydrogen and light hydrocarbons),
propane, and a light liquid stream that can be used as fuel or as a renewable gasoline blending component.

Energy Balance

High quality public information on the energy balance of the HVO process is very limited. The following figure
shows the typical energy balance based on a composite of information in the public domain [1] T2lg[3].

sum of the inputs totals 100 MJ.
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HVO
Fats & Qils 84.99 MJ
88.07 MJ
Naptha
6 M
Hydrogen 6.6 MJ
10.49 MJ
HVO
Production FileiGas
3.3MJ
Electricity
0.76 MJ
LPG
275MJ
Natural Gas
0.68 MJ

Heat Loss
2.37MJ

Figure 2 HVO Energy Balance

There is the potential to recover about 15% of the heat loss as high temperature heat for district heating
applications.

Typical Capacities
Standalone HVO plants range in size from 150 million litres/\{@dtAir, USA) to move than 1,000 million
litres per year (Neste Singapore and Rotterdam) (170 to 1,125 MW).

Regulation Ability

Very little information is available on the turn down ratios of the process. It is a process with a high operating
temperature aml pressure and thus will likely have limited capacity to regulate throughputs. The existing
HVO plants are generally running at capacity.

Space Requirements

The Neste plants in Singapore and Rotterdam and the Diamond Green Diesel and REG plants & dreuisian
greenfield plants that have some integration with nearby utility suppliers. The space required for the plants
are in the 0.02 to 0.025 ha/million litres of production range (2Z0MuV).

Advantages/Disadvantages

HVO has a number of advantages overdideel as a fuel and as a production process. The process is not
restricted by the free fatty acid content of the feedstock and most plants process a wide range of feedstocks
from vegetable oils to UCO and animal fats.

HVO can be blended with petroleum diesel fuel without any limit or labelling requirements because it is a
hydrocarbon. HVO has a higher cetane value than biodiesel and can be produced with better cold weather
properties as a result of the secondary isormation step inthe process. Isomerization is also known as
dewaxing. This step is often, but not always, included in HVO process designs.

Pagel4l| 315- Technology Data for Renewable Fuels



91 Hydrogenated Vegetable Oil / Renewable Diesel

The fuel is sulphur free and haery low aromatics content (although this can cause issues with some engine
seals).

The market price of HVO is higher than that of biodiesel and of petroleum diesel.

Environment
The process has a low ratio of energy consumed to fuel produced (~0.02) excluding the hydrogen but drops
to about 0.15 when the hydrogen energy is considered.

Thehydrotreating catalysts have a long life and can bgeaerated. There is limited waste generated as part
of the process, although this can depend on the feedstock and the need-togariethe feedstock to remove
minor contaminants.

Research and Developent Perspective

Hydrogenated vegetable oil (HVO) is a Category 4 technology, a commercial technology with large scale
deployment. While there are fewer HVO facilities in the world compared to FAME facilities, the basic
processing technology have been pieed for many years in petroleum refineries. The price and
performance of the technology today is well known and normally only incremental improvements would be
expected. Therefore, the future price and performance may also be projected with a reldtigelievel of
certainty.

Examples of Market Standard Technology
The leading commercial supplier of the technology is Honeywell UOP. Their corporate office is:

UOP World Corporate Offices
25 E. Algonquin Road (Bldg A)
P.O. Box 5017

Des Plaines, IL 6006017

Toll Free: +1 (800) 847184
Phone: +1 (847) 392000

They have a European office at

Noorderlaan 147
B-2030 Antwerp, Belgium
Phone: +323-540-9911

Haldor Topsge offers their HydroBElketechnology. Topsge has been researching and developing innovative
sodziA2ya F2NJ NBySgloftS FdzSt LINPBRAzOGAZ2Y &AAYyOS wnnnd
full operation today.

Haldor Topsge A/S
Haldor Topsges Allé 1
DK2800
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Kgs. Lyngby
Denmark

Neste and REG have developed their own technology andrwmld it to any other producers at this time.

Predication of Performance and Cost

The production of HVO from triglycerides is a commercial technology that is deployed at scale. Only small
incremental improvements on performance can be expected in theirdu The current price and
performance information presented has a relatively high level of certainty, although with a limited number
of participants in the sector much of the information is considered confidential by the producers.

Future capital costsan be expected to improve as the plant size increases, however the future inputs and
outputs are expected to be very stable due to the high levels of performance of the existing facilities. These
assumptions are confirmed by the work of de Jong [4] whermdeined that the technology had a high capital
growth factor indication a small difference between the capital costs of the pioneering plants and' the n
plant.

Uncertainty

There are relatively low levels of uncertainty with respect to this pathway iasitommerciallyavailable
process. However, only a limitedumber of companies throughout the worlaffer this technology With
exception of Neste, these companies provide little information on their operations.

Additional Remarks

As noted aboveNeste does provide some information on the performance of their renewable products
division as part of their quarterly financial reporting [5]. The reported HVO revenue is their-wided
average value. The following figure is developed from those repmdsbenchmark price data on diesel fuel
and biodiesel reported by the US Energy Information Administration [6] and lowa State University [7].
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Figure3 HVO Selling Prices vs Biodiesel and Fossil Diesel

RD, biodiesel and ULSD repents selling prices for HYO, FAME biodiesel and ultra low sulphur diesel,
respectively.

Quantitative Description
The quantitative data is presented below for the technolofiye HVO chemistry is shown in the following
figure [8].

CH2-0-CO-C17Hzs 3H;
9H- O-CO-C17H3s S 3C17H25COOH + C3Hs
CH2-O-CO-C17H3s

Decarboxylation

Hz 3H2

Decarbonylation Hydrodeoxygenation

C17Hze + CO2

Ci7Hzs + HO + CO CigHas + 2H20

Figure4 HVO Chemistry

The oxygen from the triglyceride feedstock is removed as Coar@iome as #D. Unlike an ethanol plant

the CQ is not available as a concentrated-pmduct stream. Some of the feedstock is also converted to
propane and becawsthere is some cracking of the chains a portion of the liquid product is in the jet fuel or
gasoline pool boiling range.
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Typical Plant Size

There is almost an order of magnitude difference between the output of the smallest plant and the largest
plants. It is assumed that the typical plant size will be in the middle of the range at 500,000 tonne per year
of primary product (640 million litres per year).

Input and Output
The input and output data shown in the following table is the same informaisad for the energy balance
shown inFigure 2. It is typical data and not representative of any specific plahe output is one litre of

HVO.

Inputs Outputs
Feedstock 0.97 kg
Hydrogen 0.035 kg
Natural gas 0.27 MJ
Electricity 0.085 kWh
Fuel gas 0.03 kg
LPG 0.025 kg
Naphtha 0.06 kg
HVO (one litre) 0.77 kg

Tablel Mass and Energy Flows HVO

Forced andPlanned Outage

Neste report their quarterly sale rates. Since the last quarter of 2011, the plants in Finland, Singapore, and
Rotterdam have been operational with an original nameplate capacity of 500,000 tonne per quarter. Neste
now claims a quarterly pouction capacity of 650,000 tonnes. The sales performance is shown in the
following figure and it is assumed that the production rates closely follow the sales &ite® 2013 the

plants have operated above the original nameplate capacity indicatingmaininplanned outages.
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Figure5 Quarterly Performance; Neste HVO

Neste report that the plants undergo a major turnaround lasting 8 weeks every four to five years. This is
equivalent to 15 days per year.

TechnicaLifetime
Plant lifetimes should exceed 25 years, similar to what would be expected in a petroleum refinery.

Construction Time

Construction time of 24 to 30 months should be expected. This is longer than a FAME plant but the HVO
plants are generally largand have process vessels that operate at higher pressures and temperatures with
an expectation of longer fabrication periods.

Financial Data
Financial data from public data sources is presented below. Where primary public data is not available two
peer revewed techneeconomic analyses have been used [9] [10].

Investment Costs
Diamond Green Diesel is undergoing a 330,000 tonne/year expansion in Louisiana. The reported cost is $190
million (US) [10]. They reported that this was about 50% of the cost ofemfieéd plant.

Converting this cost to Europe, the location factor, exchange rate, and greenfield factor is applied as shown
below.
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factor of 0.8. Thisorresponds t&0.86/litre.

The EU Sub Group on Advanced Biofuels [12] reported leatdpital costs for a 500,000 tonne/year plants
would be between 192 and 577 million Euros. The Diamond Green data would be at the upper end of the
range.

A one million tonne per year plant is expected to cdstitnes (1.5xhat of the 500,000 tonne gr year plant
or 0.65¢/litre. This value is used for the 2050 capital cost. The same approach is used for the 750,000 tonne

plant in 2030.

Operating and Maintenance Costs
Neste publishes some information on their production costs in their quarterly fiabreports. The available
information for 2016 is shown in the following table.

ltem Value

e/tonne €llitre
Revenue, 1,211 0.93
Variable production costs 117 0.09
Fixed Costs 58 0.04
Depreciation 50 0.04
EBIT 21 0.02
Implied Feedstock costs 876 0.67

Table2 HVO Operating Costs

Operating costs are not expected to change over time due to the high efficiency level of the current
technology. The variable operating costs are reduced by &lifle to account for the energy costs that
would be included in the reported variable costs.

Startup Costs
The startup costs are included in ¢hNeste financial information.

Technology Specific Data
The physical properties of HVO are shown in the following table [13].

Property Value
Density, kg/m 770
LHV, MJ/kg 44.1
LHV, MJ/litre 34.4
Oxygen content 0
Cetane number >70
Cloud point, C As low as40°C

Table3 HVO Properties

3 Lower cloud points sacrifice some product yield.
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Data sheet
The available data is summarized in the following table.

Technology HVO
2015| 2020 2030| 2040| 2050| Uncertainty (2020)] Uncertainty (2050) | Note Ref
Lower‘ Upper Lower ‘Upper

Energy/technical data

Typical total plant size

1,000 t HVOlyear 500| 500 750| 850| 1000 50% 200% 50%| 100%| A,B

Typical total plant size MW HVQ 730 730 1100| 1250 1460 50% 200% 50%| 100%| A, Al, B

Inputs

Feedstock Consumption,

MWh/MWh Total Inputs 0.881| 0.881 0.881] 0.881| 0.881 99% 101% 99%| 101% C 3,4,11
Hydrogen Consumption,

MWh/MWh Total Inputs 0.105| 0.105 0.105| 0.105| 0.105 93% 107% 93%| 107%| C,D |3,4,11
Electricity Consumption,

MWh/MWHh Total Inputs 0.008| 0.008| 0.008]| 0.008| 0.008 50% 150% 50%| 150% C 34,11
Natural Gas Consumption,

MWh/MWHh Total Inputs 0.007| 0.007| 0.007| 0.007| 0.007 50% 50% 50%| 50% C 3,4,11
Outputs

HVO Output,

MWh/MWHh Total Input 0.850| 0.850| 0.850| 0.850| 0.850 99% 101% 99%| 101%| C,H

Naphta Output,

MWh/MWHh Total Input 0.066| 0.066| 0.066| 0.066| 0.066 99% 101% 99%| 101%| C,H

Fuel Gas Output,

MWh/MWHh Total Input 0.033| 0.033] 0.033] 0.033| 0.033 99% 101% 99%| 101%| C,H

LPG Output,

MWh/MWHh Total Input 0.028| 0.028| 0.028] 0.028| 0.028 99% 101% 99%| 101%| C,H

District Heating Output,

MWh/MWHh Total input 0.004| 0.004| 0.004]| 0.004| 0.004 99% 101% 99%| 101%| C,H

Forced outag€%o) 0 0 0 0 0 |

Planned outage (weeks per yeal 2 2 2 2 2 7
Technical lifetime (years) 25 25 25 25 25

Construction time (years) 2 2 2 2 2

Financial data

{LISOATAO Ay@Sa 0.76| 0.76 0.64| 0.60| 0.58 90% 110% 90%| 110%| E,J, L | 10,12
- equipment (%) 75 75 75 75 75

-installation (%) 25 25 25 25 25

CAESR hsa 6a ¢« 0.036| 0.036] 0.035| 0.035| 0.036 90% 110% 90%| 110%| F,K,L 7
+F NKAIF6fS hga 6¢ 848 8.48 8.48| 8.48| 8.48 90% 110% 90%| 110%| F, K, L 7
{GFNIidzZl) 6a € K3q 0 0 0 0 0

Technology specific data

Specific energy content (GJ/ton)] 44.1| 44.1 44.1| 44.1| 441

Specific density (kg/l) or

(ton/m3) 0.77| 0.77 0.77| 0.77 0.77

Specific investment

6a € kmZann G | 1.12| 1.10 0.94| 0.88 0.84 90% 110% 90%| 110%| E,J, L |10, 12
- equipment (%) 75 75 75 75 75

-installation (%) 25 25 25 25 25

CAESR hsa 6a €| 0052 0052 0.052|0.052| 0.052 90%| 110% 90%| 110%| F, K, L| 7
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+F NKF6fS hga 64 0104 0.104] 0.104| 0.104| 0.104 90%| 110% 90%| 110%| F,K,L| 7
{GF NlidzL) 6a € K 0 0 0 0 0
Notes:

A. The plant size is assumed based on the plants sizes of existing HVO plants.
Al. This value is the hourly rating and has been calculated as if the unit produces at capacity and was in operations 8,000 h/year.

B. The plant size uncertainty represents the current range in the market.

C. Performance is typical based on public data and confidential data reviewed by (S&T)? Consultants Inc.
D. Hydrogen consumption is also a function of the feedstock to a small degree.
E. The total capital cost include total installed cost (total direct costs) and all indirect costs such as engineering, construction,
contractoré6s fee, contingency and working capital.
F. O&M costs, costs for main raw materials are not included.
G. There is limited potential for process improvements.
H. Total output excludes the heat loss.
I.  Best plants operate at greater than 95% of capacity.
J.  Range of capital cost is +/- 25% of mean.
K. Operating cost uncertainty is +/- 10% of mean.
L. M G/ k tonne is mitdnies on euro per 1,000
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Qualitative Description

This technology is very similar to the HVO renewable diesel process with one exception, in addition to the
isomerization step there is a hydaracking step to produce products in the jet fuel boiling range rather than
the diesel fuel rangeThis can be @& in the following figure which is a comparison of the UOP process
diagrams for both technologies.

H; H,
— — = 4~ =3 Gaseous Fuels
Feedstock > » — > - Light Liquid Fuels
—> HVO
Pretreatment ~ Deoxygenation | Isomerization Distillation
H,0
— — — 4~ =3 Gaseous Fuels
Feedstock > —_— > » HVO Jet
—HVO
Pretreatment ~ Deoxygenation | Isomerization Distillation
/Hydrocracking
reactor
H,0

Figurel HVO Diesel vs Jet Process

There is one dedicated HVO jet facility in the world. Itis the 130,000 tonne per year AltAir plant in Los Angeles,
California. It employs the UOP process shown above. Detailed information on the AltAir operations is not

Pagel51| 315- Technology Data for Renewable Fuels


mailto:jhz@ens.dk
mailto:fgb@ens.dk

92 HVQJet Fuel

publicly available and thus therg more reliance on secondary information in the description than there was
for the previous section that considered the production of renewable diesel fuel.

This technology would bdassified as being between the Pioneering and thdyEommercial phase.

Brief Technology Description

To meet the jet fuel specification, the produced g fuel has to have not only a high flash point, but also
good cold flow properties. Therefore, it is required to hydisomerize and hydrocrack the normal paraffins
produced from deoxygenation to a product with carbon chains ranging fremo Cis. The hydrocracking
stage results in some yield loss of jet and diesel fuel with increased production of naphtha and fuel gas.

The AltAir facility produces Renewabl@ & (amarine distillate fuel) and 3® (a military jet fuel) for the US
military and Renewable Jet, Diesel, and Gasoline [1]. The company has not provided information on what
percentage of each fuel is produced. The facility is using animal fats and used anbamépedstocks. The
technology should work for any of the same oils and fats used for renewable diesel fuels.

Compared to the HVO for diesel fuel described in the previous section, the yield of jet and diesel fuel is
expected to be lower and the hydreg demand higher when jet fuel is produced as a result of the additional
hydrocracking step.

Like most of the operating HVO plants, the AltAir facility takes advantage of existing equipment and services
to reduce costs and risks.

Input
The primanjinputs to the production process are the fats and oils and hydrogen, along with some electricity,
thermal energy, and chemicals.

Output

The outputs from the process are the jet fuel, some diesel fuel, some fuel gas (a mixture of hydrogen and
light hydrocabons), propane, and a light liquid stream that can be used as fuel or as a renewable gasoline
blending component.

Energy Balance
Several of the analysis of HVO Jet fuel have used the GREET model data for the energy balance [2] [3]. Other
studies have inveigated the optimization of the process and reported significant process variability [4] [5].

The energy balance using the GREET information is shown in the following figure.
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Figure2 HVO Jet Fuel Energy Balance

As with the HVOetchnology in the previous chapter it is likely that 15% of the heat loss can be recovered as
a high temperature stream that could be used for district heating.

The product yields for two feedstocks in the Tao paper [4], which are derived from Aspen nipdebivery
different than the GREET product yields as shown in the following fiDifferent product yields will impact
the energy balance for the process.
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Figure3 Comparison of Product Yields
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An earlier analysis of the press published in 2010 also showed much lower yields than is used in GREET [6].
This report was based on a theoretical analysis of the process. The energy balance from this work is shown
in the following figure.
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Napth
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Electncity
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Figure4 Alternative HVO Jet Energy Balance

Typical Capacities

Demand for biojet fuel is potentially much larger than the capacity of the single plant supplying the product.
The one existing plant is also small compared to the HVO plants producing diesel fuel. Thezassnaevhy

GKS GeLAOHE LIXIFyd OFLIOAGASAE 62yQl 0SS aAYAf N G2

Regulation Ability
Very little information is available on the turn down ratios of the process. It is a process with a high aperatin
temperature pressure and thus will likely have limited capacity to regulate throughputs.

Space Requirements
The AltAir plant is a rpurposed oil refinery so the space requirements for this facility are not likely to be
representative of greenfield plast

The Neste HVO plants in Singapore and Rotterdam and the Diamond Green Diesel and REG plants in Louisiana
are greenfield plants that have some integration with nearby utility suppliers. The space required for the
plants are in the 0.02 to 0.025 ha/milfiditres of production range (220%#W). This is likely to be the same

space requirements of a HVO jet plant.

Advantages/Disadvantages

HVO Jet Fuel is the only commercial process for the production of renewable jet fuel. It is fully approved up
to 50%blend level with fossil jet fuel. Most of the commercial biojet flights operating in the world today use
fuel from this process.
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Due to lower yields and higher energy and hydrogen consumption the production costs of HVO Jet will be
higher than HVO diesalél, which are already higher than the fossil fuel prices.

Environment
Based on the information in the peer reviewed literature the jet fuel production is more energy intensive
than the production of HVO diesel fuel.

The hydrotreating catalysts have a Idifg and can be rgenerated. There is limited waste generated as part
of the process, although this can depend on the feedstock and the need-togatiethe feedstock to remove
minor contaminants.

Research and Development Perspective

Hydrogenated vegetde oil (HVO) Jet Fuel has been classed as a Category 3 technology, a commercial
technology with development potential. There is one production facility in operation that is dedicated to
maximize jet fuel. These technologies are deemed to have a certaielagfsment potential such as
opportunities for optimizing jet fuel production with different feedstocks or possibly feedstock blends and
therefore there is a considerable level of uncertainty related to future price and performance. On the other
hand the pocess steps that are used are all well know refinery process units which limits the potential
improvements.

Examples of Market Standard Technology
The leading commercial supplier of the technology is Honeywell UOP. Their corporate office is:

UOP World Corprate Offices
25 E. Algonquin Road (Bldg A)
P.O. Box 5017

Des Plaines, IL 6006017

Toll Free: +1 (800) 87184
Phone: +1 (847) 392000

They have a European office at

Noorderlaan 147
B-2030 Antwerp, Belgium
Phone: +323-540-9911

Predication of Performaoe and Cost

The production of jet fuel from fats and oils is being practised commercially in one facility, however very little
information on the actual performance is available in the public domain. Therefore it is uncertain where the
technology sits onite development curve.
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Uncertainty

There are relatively high levels of uncertainty with the performance parameters for this technology as the
data in the public domain is not based on the performance of the one operating plant. That information is
confidertial. The information that is in the public domain from peer reviewed studies is sometimes
contradictory especially with respect to product yields and energy consumption.

Additional Remarks

It is possible to produce some jet fuel from HVO plants that focuhe production of diesel fuel. There is a

portion of the HVO that can be recovered by distillation that will meet the fuel specifications of the jet fuel.
¢CKAA A& (KS afA3dKiGé SyR 2F (GKS RAS&SE | xwevdr,ff R NBY
there is a demand for diesel and jet fuel it is one way to produce HVO Jet without a loss of yield and large
amounts of LPG or naphtha materials being produced. The distillation curves for three commercial renewable
diesel fuels are compared tdn¢ typical upper and lower limit for jet fuel in the following figure. It can be

seen that 10 to 20% of the HVO diesel fuel is within the jet fuel range. There is no quantitative public
information on the flexibility of the operations to alter the dieset/fuel ratios.
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Figure5 Renewable Diesel Distillation Curves

Quantitative Description

There is very little actual data available on this process in the public domain. The information in the peer
reviewed literature ioften contradictory so much of the information presented below has a high degree of
uncertainty.
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Typical Plant Size

The output of the primary product will be 20 to 40% lower in a jet HVO plant compared to one that produced
diesel fuel. Theo-product output however will be higher. It is assumed that the typical plant size will be
400,000 tonnes, 80% of the typical diesel HVO plant reflecting the lower primary product yield.

Input and Output
The estimated input and output is shown in the daling table This is based on the GREET model parameters
which were used foFigure2. The output is one litre of HVO jet fuel.

Inputs Outputs
Feedstock 1.07 kg
Hydrogen 0.035 kg
Natural gas 6.06 MJ
Electricity 0.048 kWh
LPG 0.142 kg
Naphtha 0.097 kg
HVO Jet (one litre) 0.77 kg

Tablel Mass and Energy Flows HVO Jet

It has been assumed that no changes to the inputs and outputs are achieved over the present technology.
The data in theéable represents a very good mass balance with limited opportunity for improvement.

Forced and Planned Outage
HVO jet fuel plantshould operate in a similar manner to HVO diesel fuel plants. Forced shutdowns should
be minimal and longer turnaround should happen every four years with an annual rate of 15 days per year.

Technical Lifetime
Plant lifetimes should exceed Bars, similato what would be expected in a petroleum refinery.

Construction Time

Construction time of 24 to 30 months should be expected. This is longer than a FAME plant but the HVO
plants are generally larger and have process vessels that operate at higher pseasdrtemperatures with

an expectation of longer fabrication periods.

Financial Data
The financial data has been estimated based on the available information for HVO plants and the process
differences to produce jet fuel instead of diesel fuel.

InvestmentCosts
Investment costs are 25% higher than the HVO plant due to the lower yield of the primary product. It is
SAaUAYIFIGSR GKIFEG F nannnn G2yyS LISNI@SENI LX Fyd 62dz

but lower throughput than used fahe HVO plant. This &1.06/litre.
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The future investment cost is lower due to the increased scale of the plantsathe approach is used as
was used for the HVO plants, a scaling factor of 0.6 is applied to the ratio of the plant size in the future to the
current plant size.

Operating and Maintenance Costs
The operating and maintenance costs will be allocated acrosjgetlieel and the ceproducts. It is assumed
that they will be the same per litre as were determined for the HVO plant.

The fixed O&M costs ae®.04 per litre and the variable O&M costs @@08 per litre. These costs are held
constant for the future yes.

Start-up Costs
The startup costs are included in the operating costs.

Technology Specific Data
The physical properties of HVO Jet are shown in the following table.

Property Value
Density, kg/m 770
LHV, MJ/kg 44.0
LHV, MJ/litre 34.4
Oxygercontent 0
Freezing point, C -63°C

Table2 HVO Jet Properties
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Data sheet

The guantitative data for HVO jet fuel is summarized in the following table.

Technology HVO Jet Fuel
Uncertainty Uncertainty
2015| 2020| 2030| 2040/ 2050 (2020) (2050) Note | Ref
Lower‘ Upper Lower‘ Upper

Energy/technical data
Typical total plant size 1,000 t HVOlyear 400| 400| 600| 700| 800 50%| 200%| 50%| 100%| A,B
Typical total plant size MW HVO 580 580 875| 1020| 1165 50%| 200% 50%| 100%| A, Al, B
Inputs
Feedstock Consumption, MWh/MWh Total
Inputs 0.779| 0.779| 0.779| 0.779| 0.779 90%| 110% 90%| 110% C,G |23
Hydrogen Consumption, MWh/MWh Total
Inputs 0.099| 0.099| 0.099| 0.099| 0.099] 90%| 110%| 90%| 110%| C,D,G |23
Electricity Consumption, MWh/MWh Total
Inputs 0.003| 0.003| 0.003| 0.003| 0.003] 90%| 110%| 90%| 110%| C,G |23
Natural Gas Consumption, MWh/MWh Total
Inputs 0.119| 0.119| 0.119| 0.119| 0.119 90%| 110% 90%| 110% C,G |23
Outputs
HVO Jet Output, GJ/GJ Total Input 0.66] 0.66| 0.66| 0.66| 0.66| 90%| 110%| 90%| 110%| C,H
Naphta Output, MWh/MWh Total Input 0.065| 0.065| 0.065| 0.065| 0.065] 90%| 110%| 90%| 110%| C,H
LPG Output, MWh/MWh Total Input 0.092| 0.092| 0.092| 0.092| 0.092] 90%| 110%| 90%| 110%| C,H
Fuel Gas Output, MWh/MWh Total Input 0.100| 0.100| 0.100| 0.100| 0.100| 90%| 110%| 90%| 110%| C,H
District Heating Output, MWh/MWh Total input| 0.027| 0.027| 0.027| 0.027| 0.027 90%| 110% 90%| 110% C,H
Forced outage (%) [
Planned outage (weeks per year)
Technical lifetime (years) 25 25 25 25 25
Construction time (years) 2 2 2 2 2
Financial data
{LISOATAO Ay@SaidySyid ¢ 096] 096] 081 0.75 0.71| 50%| 150%| 50%| 150%| A, E,J, |
- equipment (%) 75 75 75 75 75
-installation (%) 25 25 25 25 25
CAESR hga d6a e kazkedo0.036]| 0.036 0036 0.036| 0.036] 90%| 110%| 90%| 110%| F,K,L
+I NAF6fS hsa o60e ka? K( 8501| 8501| 8.501| 8.501| 8.501| 90%| 110%| 90%| 110%| F,K,L
StartdzL) 6a € kmIann G | 0 0 0 0
Technology specific data
Specific energy content (GJ/ton) 44 44 44 44 44
Specific density (kg/l) or (ton/m3) 0.77| 0.77| 0.77| 0.77| 0.77
{LISOATAO Ay@oSaivéyd ¢ 1.39] 1.39| 1.18| 1.10| 1.04| 50%| 150%| 50%| 150%| A, E,J, |
-equipment (%) 75 75 75 75 75
-installation (%) 25 25 25 25 25
CAESR hga d6a € kmZnnj 0052 0.052| 0.052| 0.052| 0.052] 90%| 110%| 90%| 110%| F,K,L
+ NAF6ftS hga o6a € kw3 0104] 0.104| 0.104| 0.104| 0.104] 90%| 110%| 90%| 110%| F,K,L
{GFNlidzLd 6a € kmznann 0 0 0 0 0
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Notes:

A. The plant size is assumed based on the plants sizes of existing HVO plants. Jet production is 80% of HVO diesel production
with the other 20% representing increased co-products.

Al. This value is the hourly rating and has been calculated as if the unit produces at capacity and was in operations 8,000 h/year.
B. The plant size uncertainty represents the current range in the market.
Performance is typical based similar performance to HVO diesel but with less primary product and more co-products.

Hydrogen consumption is also a function of the feedstock to a small degree.

m o 0O

The total capital cost include total installed cost (total direct costs) and all indirect costs such as engineering, construction,
contractordéds fee, contingency and working capital.

O&M costs, costs for main raw materials are not included.

There is limited potential for process improvements.

Best plants operate at greater than 95% of capacity.
Range of capital cost is +/- 25% of mean.

F

G

H. Total output excludes the heat loss.

l.

J.

K. Operating cost uncertainty is +/- 10% of mean.
L

M G4/ k tonne is million euro per 1,000 tonnes.
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Figurel 1st Generation Ethanol Production Process

Brief Technology Description

Cereal crops, with corn and wheat being the most common, are milled to reduce the particle size. The milled
grain is mixed with water and a liquefyingzyme and heated to 90 to 10T to liquefy the starch in the
grain. The slurry is cooled to 30 to 35, a saccharification enzyme to convert the starch to fermentable
sugars and yeast is added to ferment the sugars to ethanol and carbon dioxide. Afterd&bbours the

G0 SSNE A& aSyid (2 RA&GATEIGAZY O2tdzyya

02

aSLI NI

solids. The ethanol stream has the remaining water removed in a molecular sieve or an anhydrous distillation
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93 1st Generation Ethanol

column. The ethanol is saible for fuel blending at this stage. The distillation bottom columns are centrifuge

to separate some of the solids from the liquid. The solids can be sold or sent to a dryer. The liquid can have
corn oil removed and is then concentrated through a vacuwaperation system to produce a syrup which

Oty +tftaz2 oS a2tftR 2NJ aSyd G2 GKS RNESNW®W ¢KS RAaGAC

Input
The primary inputs into the system are the corn or wheat feedstock, water, power and thermal energy. Ther
are secondary inputs of enzymes, yeast, and acids and bases for pH adjustment.

Output

¢KS LINARYINEB 2dzildzia | NS SiGKFy2f |yR RAAGATESNRQ 13
combined (where the solids and syrup are combinedegrarately (where the solids and syrup streams are

sold as individual products. Corn plants can also separate a small volume of corn oil which can be used for
animal feed or as a FAME feedstock. The corn oil can have a much higher value when sold wéapseste|

2T a LI NI 2F G4KS RAAGAEESNBQ INIAyaod ¢KS 2Aaf 02y

Energy Balance

The energy balance of & ieneration corn ethanol plant is shown in the following figure. This figure is based

on an ethanoyield of 415 litres per tonne of corn. The ethanol yield is a function of the starch content of the
grain and the plant conversion efficiencies, the typical range is 405 to 430 l/tonne [1]. The ratio of the energy
2T SGKFy2ft (2 5 A6 wikvary dthhestashshngR of hdldeekisfodk. \Bheat generally

has a slightly lower ethanol output but higher DDG output. The natural gas and power requirements are
GBLIAOCHE @FfdzSa F2NJ I O2NY SiKI Waétpldds Wilyuse morié enérgyR NA S
than corn plants as more DDG is produced that must be dried and the evaporation systems are generally not
as efficient as the viscosity of the syrup is higher for a given solids content.

Corn Ethanol

8312 MJ 463 MJ
Natural s
Gas
15.31 MJ 26.68M
Electricity Heat Loss
1.57 MJ 25.02 MJ

Figure2 1st Generation Ethanol Energy Balance
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Most of the unit operations in the process are undertaken at relatively low temperatures so the heat losses
are low quality. Most of the heat is lost either through a cooling tower or in the exhaust stack of tHe 8itila Q

grain dryer. A few plants have started to recover some of the latent heat of vapourization in the dryer exhaust
and use the energy to reduce the purchased natural gas. The practice is not yet widespread.

Typical Capacities

In North America, thenost recent new plants were built with 400 million litres of ethanol production capacity
per year (320,000 tonnes ethanol per year, 280 MW). These plants generally had two production trains of
200 million litres per year each (160,000 tonnes ethanol par)ye

Twentyfive years ago plants were typically 60 million litres per year. Over time capacities grew to take
advantage of economies of scale.

Regulation Ability

Plants generally operate continuously with one or two shutdowns per yean&mtenance. The process is
biological and it is important to minimize the possibility of infections that can reduce yield and negatively
impact the performance of equipment. This limits the potential for operations below about 80% of nameplate
capacity. bwer production rates can only be achieved with more frequent startand shutdown cycles
which increase the operating costs.

Space Requirements
Pannonia Ethanol in Hungary is a 430 million litre per year corn ethanol facility designed and built by the
American company Fagen. It covers 22 ha on the banks of the Danube River. It was a greenfield plant.

The Vivergo Fuels 420 million litre per year wheat ethanol plant in the UK occupies 10 ha in an existing
industrial complex. The site was chosen due toxisting infrastructure and utilities.

Space requirements will range from 0.024 to 0.052 ha/million litres (350 to 7mMd.rMemaller plants may
require more land per million litres than larger plants. The degree of integration with other infrastructure
will also impact the land requirements.

Advantages/Disadvantages

1%t generation ethanol is a well proven technology. It is the largest volume renewable fuel produced in the
world today. Ethanol is a high octane fuel that can be used to increase the octane gésoline that it is
blended with. This has the potential to reduce the GHG emissions of the petroleum refinery and increase the
refinery energy efficiency, factors that are not often considered when the benefits of ethanol are discussed.

Ethanol does aatain about 35% oxygen which limits the quantity that can be blended with gasoline. In
Denmark, ethanol is blended at the 5% by volume level [2]. Europe, ethanol blended at the 10% by volume
level is a relatively recent developmel10 is currently avalide in Belgium, Finland, France and Germany

3].
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Environment

The lifecycle GHG emissions &f deneration ethanol are about equally split between the feedstock
production and fuel production [4]. Feedstock emissions are geographic specific and camniigastly
from country to country due to production practices.

Research and Development Perspective

First generation ethanol produced from corn and wheat is a category 4 technology; a commercial technology
with large scale deployment. The price and parfance of the technology today is well known and normally
only incremental improvements over time would be expected. Therefore, the future price and performance
may also be projected with a relatively high level of certainty.

Examples of Market Standard €kenology
There are many suppliers of §ieneration ethanol technology. More than 50% of the US production capacity
was designed by ICM Inc. They have also designed plants in Europe, Brazil, Argentina, and Africa.

ICM, Inc.

P.O. Box 397

310 N. First Strae
Colwich, KS 67030897

The German company GEA is one of the largest suppliers of process technology for the food industry and a
wide range of other industries, including fuel ethanol. They also have expertise with respect to wheat starch
production.

GEAGroup Aktiengesellschaft
PeterMiiller-Str.12

40468 Dusseldorf

Germany

Predication of Performance and Cost

The corn ethanol industry has been studied from the perspective of the experience curve [5] [6]. There have
been significant improvements in th@erformance of the technology over time and the improvements are

in line with the expectations based on the production growth of the industry.

Uncertainty
Given the level of maturity of the industry there is a low level of uncertainty associatednfgttmation
collected on the technology.

Additional Remarks

The world starch ethanol production is shown in the following figure [6]. The United States is the dominant
producer and that is almost all produced from coPnoduction in Canada and Europe imiature of wheat

and corn plants.
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Figure3 World Starch Ethanol Production

Production levels in the post 2010 period have not increased as rapidly as they did in the previous decade,
as a result the rate of change in the techogy has slowed down on a year over year basis since it takes
longer to double the production in this decade than it did in the last decade.

Quantitative Description
There is a significant amount of quantitative information available for this technologg giis the largest
renewable pathway in the world.

The process involves two chemical reactions. In the first, starch is hydrolyzed to glucose as shown below.

(GH1005)n + NHO MHNGH1206
Starch Water  Glucose

The glucose is thefermented with yeast to ethanol and carbon dioxide.

GHi20s m 2GHsOH +  2GO
Glucose Ethanol Carbon Dioxide

Typical Plant Size

Plant sizes can range up to 400 million litres per year (300 MW), although plants of this size often have two
production trains. The dryers for the plants are often the limiting size of the production train, although the
size of individual fermenters cartsa be a limiting factor. Most plants operate with four fermenters and a 48

to 60 hour fermentation cycle so fermenters can be quite large. The average plant size in Europe is smaller
than this.
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In their 2014 report on the industry, ePure [8] reported tr@duction capacity of beverage and fuel ethanol
plants and the number of plants by country. The fuel ethanol production capacity was reported to be 7 billion
litres. The fuel ethanol industry apparently operated at 65% of capacity in 2014. That infumraking with

the fuel ethanol production reported by Eurostat for 2014 is shown in the following talaeall of these
plants are currently operating.

Country Production No. Plants Avg Size 2014 Fuel
Capacity Production

Million litres Million Litres

France 2,300 19 121 975
Germany 1,400 12 117 897
United Kingdom 900 5 180 519
Poland 750 14 54 181
Spain 600 5 120 486
The Netherlands 575 2 288 0
Hungary 520 3 173 372
Belgium 500 3 167 325
Czech Republic 350 6 58 132
Italy 300 6 50 1
Sweden 275 6 46 175
Austria 250 2 125 262
Slovakia 240 1 240 134
Romania 200 3 67 15
Lithuania 100 2 50 13
Latvia 50 2 25 0
Bulgaria 50 2 25 27
Finland 50 4 13 24
Ireland 40 1 40 0
Denmark 30 1 30 0
Total 5783,7 99 96 4,538

Tablel European Ethanol Plants

ePure reported that 31% of the feedstock in 2016 was corn, 32% was wheat and the remainder was sugar
based and other cereals [9]. Ethanol production from corn in 2016 wadilliéh litres and from wheat was
1.66 billion litres.

Input and Output

The primary input is the grain feedstock and the electric power and thermal energy. The primary output is
the ethanol, the DDG for animal feed, and some plants capture thefr6@ the fermentation vessels for

use in the industrial gas markdthe inputs and outputs are shown in the following table.

Parameters Input Output
Feedstock 2.4 kg
Power 0.20 kWh
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Natural gas 7MJ

Ethanol 1 litre
DDG 0.72 kg
CQ (if captured) 0.75 kg
Corn Qil 0.03 kg

Table2 Corn Ethanol Inputs and Outputs

The inputs and outputs for a wheat plant are slightly different since wheat usually has a lower starch content
than corn. Feedstock consumed may28é kg/litre of ethanol and the DDG production may be 0.94 kg/litre.
The energy consumption may be 9 to 10 MJ of natural gas per litre of ethanol. There can be variations in the
feedstock starch contents from year to year and since wheat is a winter agpan is planted in the spring

for a fall harvest, the ratio of the starch contents of corn and wheat can vary from year to year.

Future improvements can be expected in ethanol yield and energy use. In the US the ethanol yield has been
increasing at about 0.2% per year. This is expected to continue. Natural gas energy use has been declining by
1.8% per year. This rate is expectedtart to decline as the time to double production increases. It has been
assumed that gas consumption declines by 20% over the next 30 years. Electric power consumption has
shown little improvement in the past decade, which is not that surprising as thepoonsumption tends

to be more a function of the original design rather than operating practices. No change in power production

is forecast.

Forced and Planned Outage
Ethanol plants are generally designed to operate 350 days per year with 15 daysifdermaace. Some
plants take a maintenance break once per year and others will take two shorter breaks per year.

Since the process is a generally a combination of batch fermentation with intermediate storage tanks at the
front and back ends of the plant, dividual components can often be taken offline for cleaning or
maintenance without impacting production rates. The industry generally has very high production utilization
if the markets for the products are available. The European industry generally epeaatlower rates of
capacity utilization because of the smaller and less mature market than in North America.

Technical Lifetime
Plant lifetimes should exceed 25 years, as the US and EU starch ethanol industries have demonstrated.

Construction Time
Plantscan generally be constructed in 18 to 24 months. There are no very high pressures or temperatures
involved in the process which reduces the required lead time for process components.

Financial Data

There is more financial data available for the North Acegemdustry than there is for the European industry.
Other than feedstock costs and selling prices the other categories of financial costs should be relatively similar
for the two industries.
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As with the FAME industry, lowa State University maintainsaadial model and monthly operating data for
a 380 million litre corn ethanol plant located in lowa [10].

Investment Costs
There have been relatively few! §eneration ethanol plants built since 2010. So the capital cost data is not
as current as it used to be.

The lowa State model has capital costs of $181 million dollars excluding working capital. There are two corn
ethanol plants that are under constructian the United States [11] [12]. One will produce 300 million litres
and has a reported cost of $150 million [12]. This included $10 million in working cd@piéabther has a
capacity of 450 million litres and has a cost of $190 million [12].

lowa Stae Ringneck Energ Elite Octane
Capacity, million lpy 380 300 450
Capital cost, $ Million 181 140 190
$/annual litre 0.48 0.47 0.42

Table3 Capital Costs

The three cost estimates are quite close. Converting this dataBarapean value using the methodology
provided in the Introduction, the capital cost for this large plant is estimated as follows;

A® Hl E QO@AIA Dpg 26O OTARAA OIm® gori E OOA
Given the slow pace of new plant construction it is expected thatfuture capital costs are a function of
the plant scale and a 0.8 scaling factor and not of technology improvements.

Operating and Maintenance Costs

The operating and maintenance costs in the lowa State model are used as the basis for the data table. The
2016 data has been used and the power and natural gas costs have been adjusted to the Danish values
reported in section 1.4. The capital cost has badjusted to 206 million Euro to match the value abdMee

results for 2016 are shown in the following table.

Parameter Costs (Eurol/litre)
Natural gas 0.043
Power 0.012
Other Variable 0.049
Fixed Costs 0.048
Total Costs ex feedstock 152

Table4 Production Costs 1st Generation Ethanol

Fixed operating costs are not expected to change over time but the variable costs decrease as the energy use
improves.

Start-up Costs
Startup costs are includedhithe previous table.
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Technology Specific Data
The properties of ethanol are shown in the following table. The ethanol molecule contains about 35% oxygen
which reduces the volumetric energy density of the fuel.

Property Value
Density, kg/m 790
LHV, MJ/g 26.9
LHV, MJ/litre 21.3
Oxygen content 35%
Blending Octane number ~115
Flash point, C 13

Table5 Ethanol Properties
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Data sheet
The quantitative data for the®igeneration ethanol process are summarized in the following table.

Technology 1st Generation Htanol
Uncertainty Uncertainty
2015| 2020 2030 2040 2050 (2020) (2050) Note | Ref

Lower| Upper Lower| Upper

Energy/technical data

Ethanol/year,

1,000 tonnes/year 320| 320 400 450| 500 50%| 120%| 60%| 100%| A,B | 11
Ethanol/year, MW 280| 280| 350| 400| 440 50%| 120%| 60%| 100%| A, B
Inputs

Feedstock Consumption,

MWh/MWHh Total Input 0.83| 0.83] 0.84| 0.85| 0.85 98%| 105%| 98%| 102%| C
Electricity Consumption,

MWh/MWHh Total Input 0.02| 0.02] 0.02] 0.02] 0.02 75%| 125%| 75%| 125%| D
Natural Gas Consumption,

MWh/MWh Total Input 0.15| 0.15| 0.14| 0.13| 0.13 75%| 125% 75%| 125%| D
Outputs

Ethanol Output,

MWh/MWh Total Inputs 0.46 46| 0.47| 0.47| 047 0.95 1.02 0.95 1.02] EF
DDG Output,

MWh/MWh Total Input 0.29] 0.27] 0.28] 0.25| 0.25 98%| 105%) 98%| 102%| E,F
Forced outage (%) 0 0 0 0 0

Planned outage

(weeks per year) 2 2 2 2 2

Technical lifetime (years) 25 25 25 25 25

Construction time (years) 2 2 2 2 2

Financial data

Specifianvestment

6ae ka2 90Kl y| 074 072 0.69| 0.66| 0.66 95%| 125%| 95%| 125%| 1,J | 10
- equipment (%) 75 75 75 75 75

-installation (%) 25 25 25 25 25

CAESR hsgsa 6ace| 0.061] 0.061 0.061] 0.061| 0.061 95%| 125%| 95%| 125%| J 8
+I NAFo6ftS haga 8.301] 8.301| 8.301| 8.301| 8.301 90%| 110%| 90%| 110%| G,B,J 8

StartdzL) 6a€e€ KMZIn 0 0 0 0 0 H
Technology specific data

Specific energy content

(GJ/ton) 26.9| 26.9] 26.9| 26.9] 26.9
Specific density
(kg/l) or (ton/m3) 0.79] 0.79] 0.79] 0.79] 0.79

Specific investment
6ae kmInnn 0.65| 0.63| 0.61| 0.59| 0.58 95%| 125%| 95%| 125%| 1,J | 10

- equipment (%) 75 75 75 75 75

-installation (%) 25 25 25 25 25

CAESR hga oac

Ethanol) 0.061| 0.061| 0.061| 0.061| 0.061 0.95| 125%| 95%| 125%| J 8
I NAlo6fS hga

Ethanol) 0.062| 0.062| 0.062| 0.062| 0.062 90%| 110%| 90%| 110%| G,B,J 8
StartdzL) 6a€ KMZ 0 0 0 0 0 H
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Notes:

A. The plant size is assumed based on the plants sizes of existing ethanol plants.
Al. This value is the hourly rating and has been calculated as if the unit produces at capacity and was in operations 8,000 h/year.
B. The plant size uncertainty represents the current range in the market.

C. The feedstock starch content impacts the yield. Ethanol yields in the United States have been slowly increasing from a
combination of improved conversion efficiency and higher starch content of the feedstock.

The upper and lower values are representative of the range between individual plants.
Output excludes the low quality waste heat.
Change over time is a function of increased ethanol yield, which also results in lower DDG yield as the mass must be conserved.

Variable costs are reduced from improved energy efficiency.

I 0o mnmo

Start-up costs are included on variable costs.

Capital costs can be site specific and process technology supplier dependent. The costs provided for in the table are from a
technology developer with a reputation for low capital costs.

J, M G/ k tonne is million euro per 1,000 tonnes
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Qualitative Description

Pyrolysis is the thermal decomposition of biomass occurring in the absence of oxygen. It is the fundamental
chemical reaction that is the precursor of both tbembustion and gasification processes. The products of
biomass pyrolysis include biochar, b and gases including methane, hydrogen, carbon monoxide, and
carbon dioxide.

A wide range of biomass feedstocks can be used in pyrolysis processes, howgyeolyss process is very
dependent on the moisture content of the feedstock, which should be around 10%.

Pyrolysigorocesses can be categorized as slow pyrolysis or fast pyrolysis. Fast pyrolysis is currently the most
widely used pyrolysis system. Sloywqlysis takes several hours to complete and results in biochar as the
main product. On the other hand, fast pyrolysis yields 60%obiand takes seconds for complete pyrolysis.

Pyrolysis can be performed at relatively small scale and at remote locatioich enhance energy density

of the biomass resource and reduce transport and handling costs. Pyrolysis offers a flexible and attractive
way of converting solid biomass into an easily stored and transported liquid, which can be successfully used
for the production of heat, power and chemicals.

This section considers fast pyrolysis systems.

Brief Technology Description

Fast pyrolysis is a high temperature process in which biomass is rapidly heated in the absence of oxygen. As
a result it decomposes to gerste mostly vapours and aerosols and some charcoal. Liquid production
requires very low vapour residence time to minimise secondary reactions of typically 1 s, although acceptable
yields can be obtained at residence times of up to 5 s if the vapour teriyeres kept below 400C. After

cooling and condensation, a dark brown mobile liquid is formed which has a heating value about half that of
conventional fuel oilThe basic process flow is shown in the following figure.
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Figurel Fast Pyrolysis Process Flow

Input
The process inputs are dry biomass, some electricity is required to operate the process. The produced gas
can be used to dry the feedstock or it could be used for power generation whernetgtbck is available.

Output
The primary output from the system is the bdd, and potentially some char andquiuced gas depending
on the deggn of the system, operating conditions and the feedstocks used.

Energy Balance

The energy balance of therocess is shown in the following figure [1]. This energy balance is based on
laboratory scale operations and could change with feedstock and operating conditions. This system combusts
the biochar that is produced to drive the reactions, producing jusbbjsteam and possibly electric power.
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Bio-Oil
60 MJ

Steam
23.2MJ

Wood Fast
100 MJ Pyrolysis

Power
1.6 MJ

Internal Use
and Heat Loss
15.2MJ

Figure2 Fast Pyrolysis Oil Energy Balance

Typical Capacities

BTG Bioliquids operates a 5 T per hour (tph) fast pyrolysis system in Hengelo, The Netherlands [2]. The plant
produces approxnately 20 million litres per year of bio oil. In Canada, Ensyn is completing construction of a
8.3 tph plant in Port Cartier, Quebec [3]. Ensyn has several 16.7 tph projects in development around the
world. The largest plants will produce approximatelymiiiion litres per year of bio oil.

Regulation Ability
The operating temperature of the reaction zone of the systems drives product yields and ratios of liquids to
gas and char [4T his is shown in the following figure.
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Figure3 Typical product Yields vs. Temperature

The regulation capacity of the systems is therefore limited. Operating outside of the optimal temperature
zone will result in a loss of oil yield.

Space Requirements

Ensyn operates a 10 million litre per year ficin Renfrew Ontario. The plant is located on 6.4 ha of land.

This is 0.64 ha/million litres. The BTG plant in Hengelo, which has a larger capacity occupies only 0.10 ha but
has limited storage capacity for feedstock and finished products and is locedeldss harsh climate.

Advantages/Disadvantages

The primary attractiveness of the technology is that biomass can be converted into a liquid fuel. The pyrolysis
oil contains 30 to 50% oxygen and has a high water content and total acid number. It iscibterin liquid
hydrocarbons. It is used as a boiler fuel in North America and in Europe.

The energy density of the oil is higher than the biomass used to produce it and it can be more easily
transported.

The characteristics of the oil can @proved by removing the oxygen either through hydrotreating
(hydrodeoxygenation and/or decarboxylation) or feeding the product into a fluid catalytic cracker or a
hydrocracker at a petroleum refinery (hydrotreating + hydrocracking).

Hydrodeoxygenation ragres high hydrogen pressure and consumes hydrogen but results in a high yield.
Single stage hydrotreating can be difficult to achieve due to excess coking. Two stage hydrotreating and the
use a cesolvent are options. Hydrogen consumption can be on thdeorof 15% by weight of the
hydrotreated product.
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Decarboxylation can be obtained at lower applied hydrogen pressure and does not consume the hydrogen
but results in a lower liquid yield.

Environment

The GHG emission performance of the pyrolysis oil shoeildery good as most of the energy to drive the
process comes from the biomass feedstock. The GHG emissions of the hydrotreated pyrolysis oil will be less
attractive due to the hydrogen requirement but it will depend on the how the hydrogen is produced.

Research and Development Perspective

Fast pyrolysis of biomass to produce a-bibis a category 2 technology, a technology in the pioneer stage
with limited applications at scale. There is significant uncertainty with respect to the performance and costs
of the technology.

There is potential to improve yields and reduce costs as more experience with the technology is gained from
the existing semtommercial demonstration facilities and then the technology is scaled to commercial
plants.

Examples oMarket Standard Technology

Since this is a Category 2 technology there are no market standard technologies. One of the leading
development companies with this technology is the Dutch company BTG Bioliquids. They have a commercial
demonstration plant operahg in The Netherlands.

BTG Bioliquids

Josink Esweg 34

7545 PN Enschede

The Netherlands
https://www.btg-btl.com/en

The other major technology supplier is the Canadian company, Ensyn Technologies Inc. They have formed a
joint venture with Honeywell UOP and offer the technology through a company c&leddrgent
Technologies. Envergent provides licensing, engineeringicesr and equipment supply related to RTP
biomass conversion equipment, with performance guarantees, to RFO production projects worldwide.
Under this joint venture, engineering of the RTP equipment is subcontracted to Honeywell UOP.

Honeywell UOP has algartnered with Ensyn in the commercial development of Refinernpi@oessing
opportunities. Honeywell UOP is assisting Ensyn in interfacing with refiners and offers refineries delivery
adaitsSvya oKAOK |fft2g GKS NBTFTAgSMdeiee Ay (iS3IANI GS 9yae

Ensyn Technologies Inc.
Corporate Offices and Engineering
2 Gurdwara Road, Suite 210
Ottawa, Ontario K2E 1A2

Canada

http://www.ensyn.com/
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Predication of Performance and Cost
Costs for the first of kid facilities are available and some information on the performance of the BTG facility
is available.

Uncertainty
There is some uncertainty with respect to performance and economics, particularly related to scaling issues
due to the stage of the developmeof the technology.

Additional Remarks

There is significant interest in this pathway from petroleum refiners. The potential of pyrolysis oils te be co
procesedin a petroleum refinery to produce gasoline and diesel blending components without oxygen is
attractive to refiners who are mandated to lower the carbon intensity of the products used for transportation
applications.

Quantitative Description

Biomass is a mixture of hemicellulose, cellulose, lignin and minor amounts of other organics which each
pyrolyse or degrade at different rates and by different mechanisms and pathways. Lignin decomposes over
a wider temperature range compared to cellulcsed hemicellulose which rapidly degrade over narrower
temperature ranges. The rate and extent of decomposition of each of these components depends on the
process parameters of reactor (pyrolysis) temperature, biomass heating rate and pressure. The degree o
secondary reaction (and hence the product yields) of the gas/vapour products depends on the time
temperature history to which they are subjected before collection, which includes the influence of the
reactor configuration.

The essential features of asfiapyrolysis process are:

1 Very high heat transfer rates which usually requires finely ground biomass.
1 Reaction temperatures of about 500 C and short vapour residence times of less than 2 seconds
1 Rapid cooling of the vapours to produce the-bibproduct.

Typical Plant Size

Ensyn plant sizes have been increasing as additional projects are developed. Their existing commercial plant
in Ontario produces 10 million litres per year. The BTG plant has a capacity of about 20 million litres per year.
The Ensyn Quelt project that is nearing completion will have a capacity of 40 million litres per year and
projects in Brazil and the United States have capacities of 75 million litres pefiieae different plant sizes

are shown in the following table with differeapproximate equivalent metrics.
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Volume Based, Million litres Input Mass Based, tpy Energy Output Based, GJ/dg
per year
10 20,000 650
20 40,000 1,300
40 80,000 2,600
75 150,000 5,200
Tablel Typical Plant Size
Input and Output
The input and output for a 150,000 tpy plant is shown in the following table.
Input Output

Wood, tonnes/year 150,000
Bio-oll, litres/year 75,000,000

Table2 Typical Input and Output

Forced and Planne@utage
The plants operate continuously. BTG have stated that they have almost reached the design value of 1900
hours/quarter of operating time [5].

Technical Lifetime
Plants of this type would normally be designed for at least a 20 year lifetime.

Constructon Time
The Ensyn Quebec project started construction in June 2016 and is in the commission phase in the first
guarter of 2018. Construction times of 18 to 24 months can be expected.

Financial Data

In addition to the public information on the capital costs for the recent BTG and Ensyn facilities there are
several sources of detailed information [6] [7] [8] on capital costs and operating costs are in the public
domain. These have been generated byeipendent third parties and not by the leading process developers.

Investment Costs

The BTG Hengelo facility had a project cogtl® million [9]. The capital cost is essentially0 per annual
litre of production. The Ensyn Quebec Project had an anredigapital cost of $103 million CanadiaiQ
million) [10]. This is a cost ©1.75 per annual litre of production.

In 2010 Wright et al [6] develegl the capital an operating costs for a fast pyrolysis system with
hydrotreating. The information was detadl enough to be able to remove the hydrotreating costs. The plant
processed 2000 tpd of biomass to 1 million litres otdiigper day. The nth plant capital cost excluding the

hydrotreating was $250 million, or $0.25/litre. The nth plant capital cost34a5% of the pioneer plant cost.

Hu et al [7] presented the capital costs without upgrading of about $215 million for the 2000 tpd facility and
slightly higher product yields of 1.1 million litres/day. A number of the participants on this paper also
contributed to the earlier work by Wright et al. Shemfe [8] looked at a 72 tpd plant with hydrotreating. The
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capital cost was estimated to H6.6 million (€5.5 million) for the pyrolysis portion arfidl0 million for the
hydrotreating portion. The plant produder.9 million litres of gasoline equivalent after hydrotreating.

We have assumed that the first of kind plants have capital cost4.6f per annual litre of production and
that the nth plants will be able to reduce that €8.30 per annual litre of proddion.

Operating and Maintenance Costs

Wright reported fixed costs of $11.5 million per year and variable operating costs ex feedstock of $3.6 million
per year. At 350 million litres of pyrolysis oil per year those costs amount to $0.03 and $0.01 pfer litre
Fixed and Variable O&M costs respectively.

Start-up Costs
The startup costs are included in the operating cost estimates.

Technology Specific Data
The properties of fast pyrolysis oil are shown in the following table [11] and compared to typices ¥ai
heavy fuel oil [12]The biaoil has some oxygen which reduces the energy content and increases the density.

Parameter Fast Pyrolysis O Heavy Fuel Oi
Energy Content, MJ/kg (LHV) 16 39
Water Content, wt. % 25 0.1
Density, kg/m 1.20 0.98
Oxygen Content, wt. % 47 0
Pour Point, C -36 15
Flash Point, C 50 100
Kinematic viscosity at 40 °C, rfim 13

Kinematic viscosity at 50 °C, rfim 200-600

Table3 Fast Pyrolysis Bi@il Properties
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Data sheet
The information on pyrolysis oil production is summarized in the following table.

Technology Fast Pyrolysis Bio Oil
Uncertainty Uncertainty
2015| 2020| 2030 2040| 2050 (2020) (2050) Note Ref

Lower‘ Upper Lower‘ Upper

Energy/technical data

Typical total plant size 1,000 t Bio Oil/year 20 80 200 500 1000 50%| 125% 75%| 125%| A,B 1,6
Typical total plant size. MW 10 40 105| 265| 520 50%| 125% 75%| 125%| A, Al1,B|1,6
Inputs

Feedstock Consumption, MWh/MWh Total Inpll 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 90%‘ 150%| 90%‘ 125%| E ‘ 4
Outputs

Bio Oil Output, MWh/MWh Total Input 0.6 0.6/ 0.62| 0.64| 0.65 90%| 110% 90%| 110%

Steam, Output, MWh/MWh Totahput 0.232| 0.232| 0.232| 0.232]| 0.232 90%| 110% 90%| 110%

Power, Output, MWh/MWh Total Input 0.016| 0.016| 0.016| 0.016| 0.016 90%| 110% 90%| 110%

Forced outage (%) n.a.

Planned outage (weeks per year) 4 4 4 4 4 C 8
Technical lifetime (years) 25 25 25 25 25

Construction time (years) 2 2 2 2 2

Financial data

{LISOATAO AyoSaiavySyid ¢ 24/ 19| 11| 08| 07| 75% 125% 75%| 125%| D,G |6,8

- equipment (%) 75 75 75 75 75

-installation (%) 25 25 25 25 25

CAESR hsgsa 6ae ka2 k&SI 0072 0072 0.069] 0.068| 0.069 75%| 125% 75%| 125%| F,G

t NAF0oftS hsa 6e ka?K 2.70] 2.70] 270 2.70| 270 75%| 125% 75%| 125%| F,G

{dGFNIi dzZld o6ae€e kmMInnan n.a. 0 0 0 0

Technology specific data

Specific energy content (GJ/ton) bd) 16 16 16 16 16

Specific density (kg/l) or (ton/m3) 1.2 1.2 1.2 1.2 1.2

{LISOATAO Ay@SalySyid o 12| 0.96 0.6/ 0.45| 0.36 75%| 125% 75%| 125%| D,G [6,8
- equipment (%) 75 75 75 75 75

-installation (%) 25 25 25 25 25

CAESR hsa 6ae kmInnan 0.036| 0.036| 0.036] 0.036] 0.036 75%| 125% 75%| 125%| F,G

+F NKAIF6fS hga dae km3Ina 0.012] 0.012| 0.012| 0.012| 0.012 75%| 125% 75%| 125%| F,G

{GF NI dzLJ 6ae kmInnn n.a. 0 0 0 0
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Notes:
A. The plant size range is likely limited by the feedstock availability.
Al. This value is the hourly rating and has been calculated as if the unit produces at capacity and was in operations 8,000 h/year.

B. The plant size range is typical of the range found in the literature. It is highly uncertain given that the commercial demonstration
plants in operation are much smaller.

This is twice the time normally found in process operations.
Capital costs for n'" plant are used for 2050 and earlier costs are estimates.

C
D
E. These are based on the commercial demonstration plant results.
F. N"plant estimates.

G

M G/k tonne is million euro per 1,000 tonnes
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Qualitative Description

Cellulose is an important structural component of the primary cell watireén plants. It is an organic
compound with the formula (00s)n, a polysaccharide consisting of a linear chain of several hundred to
many thousands df6 m 1 U fgluopse Briks. Fhe basic chemical formula is the same as for starch with
theRAFFSNBYOS o0SAy3 GKFIG GKS ayé A& YdzOK fF NHSN F21

If the cellulose can be broken down into the glucose molecules then those can be fermented into ethanol
and the rest of the process is similar to thédeneration starch ethanol process.

Brief Technology Description

The cellulosic feedstock, which could be straw, corn stover, bagasse, or wood residue is generally subjected
to a pretreatment stage to separate the cellulosic portion of the material from the lignin and make the
feedstock amenablesthydrolysis. The pretreatment stage may use acid and or steam to accomplish the goal.

The hydrolysis stage breaks down the cellulose molecules into smaller polysaccharides or completely into
glucose units; this is a hydrolysis reaction. Hydrolysis camtvied out with cellulase enzymes or with acid.
Most process developers are using enzymes.

Following the hydrolysis stage a yeast is added to convert the sugars into ethanol and carbon dioxide. The
G0OSSNE A& GKSYy RAAGATE SR theanfendentedl goids. A sdcong didtillatibny R~ &
column to reach 95% ethanol and 5% water is followed by a molecular sieve to produce anhydrous ethanol
by most process developers.

The unfermented solids have little value as animal feed and process develgpeerally convert the
material to energy (thermal and electricity) to be used in the process with any excess being exported to the
grid.

A typical process flow diagram is shown in the following figure.
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Burner/ Storage
Boiler
Figurel Cellulosic Ethanol Process
Input

The primary input is the cellulosic feedstock, along with water and the chensicaszymesused in the
process. The quantity and type of feedstock vary between process developers.

Output

The output from the system is ethanol and in most cases some electricity. With most developers the lignin
and unfermented solids are burned and/or anaerobically digested to produce energy for the process. Some
integrated biorefinery designs would use vinas&illage) from the ethanol production for biogas
production, which can be used directly for (site) CHP or upgraded to be sold or added to the local gas grid.
Lignin and other combustibles would be used for CHP and any excess electricity and hedtecsoild
externally. Some developers try to sell the stillage (unfermented solids) as a fertilizer for field application.
This will return the nitrogen, phosphorus and phosphates in the straw to the fields and replace the synthetic
fertilizers that would le used to replace these nutrients.
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Energy Balance

There are a number of technology developers working on cellulosic ethanol processes. There are different
approaches to the basic system that are being employed. As this is a new technology, developdrs do no
release too much information to the public. The most detailed teecBoonomic information available is from
GKS ' { blFiA2yltf wSySglLoftS 9ySNHe [[F02N}F(i2NER wmMB O
the current state of the art but it istill the most complete analysis availabfe Sankey diagram based on
published data from the US National Renewable Energy Laboratory is shown in the following figure.

Ethanol
35.256 MJ

Straw Cellulosic ,  Electricity
100 MJ Ethanol a7l

Heat Loss
and Internal
Energy
Consumption
56.03 MJ

Figure2 Cellulosic Ethanol Energy Balance

This process also consumes a significant quantity of chemicals to assist with the process and waste treatment.
The Sankey diagram when these chemicals are included is shown in the following figure. The chemical energy
isthe energy required to produce and transport the chemicals.

Ethanol

35.25
Electricity
417

Heat Loss
and Internal
Energy
Consumption
56.03

Straw
95.45

Chemicals
4.55

Figure3 Cellulosic Ethanol Energy Balance with Chemicals

The process generates its own eneffgy use in the process. This is reflected in the high internal energy
conumption shown in the figureThe process also consumes significantly more energy than the 1
generation ethanol processes.
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For comparison the Sankey diagram for the Inbicon technology is shown in the following figure [2].

Ethanol

26.7 MJ
Animal Feed
25 MJ
S Cellulosic
: Ethanol
Internal
Consumption
31.4MJ

Lignin Exports
16.9 MJ

Figure4 Inbicon Cellulosic Ethanol Energy Balance

This technology has much lower ethanol production but also produced animal feed and lignin for energy
applications after some of the lignin was used to supply the heat and power for the facilities. The Inbicon
plants were designed to be integrated with power plants, which also allows the diversion of the lignin and
animal feeds streams to power generation depending on the location specific opportunities.

Typical Capacities

There have been about a half dozen coercial demonstration plants built in Europe, Brazil and the United
States over the past five years. The plants have been sized in the 60 to 115 million litre per year range (45 to
80 MW), however few of the plants have been able to operate at capacisidgoificant periods of time but
several plants are making progress towards operating at design capacity. The plants consume 50,000 to
100,000 tonnes of feedstock per year when operated at capacity.

Regulation Ability

Since most of the plants have not beaile to operate continuously for extended periods of time it has been
difficult to assess their regulation capabilities. In theory, the regulation capabilities should be similar to those
of the T* generation plants but the added complexity of the procass the fact that the process supplies

the fuel for the process ay limit the regulation capacity.

Space Requirements

The 50 million litre per year Beta Renewables Plant in Italy covers an area of 14 ha including some feedstock
storage. The 1l1nillion litre per year DuPont facility in Nevada lowa has an area of 18.5 ha, excluding the
storage area. The storage area appears to be twice the size of the plant. The 80 million litre per year POET
DSM covers an area of 120 ha including feedstock storag

Pagel85| 315- Technology Data for Renewable Fuels



95 Cellulosic Ethanol

The space requirements for the plant do vary significantly, some of which is due to the need to store a year
or more of feedstock on the site. Space requirements of 0.5 ha/million litres (7800 would appear to
be a reasonable value which allow®no for feedstock storage.

Advantages/Disadvantages

The cellulosic ethanol process utilizes a feedstock that is largely underutilized in most agricultural regions of
the world, thus there is no perceived competition for feed and food crops. Thed@tikSions are similar to

those of sugarcane ethanol, where crop residues provide the energy for the process.

The technology is complex and capital costs will be higher thansfageberation ethanol plants. The
technology complexity has also negativelypamted the time required to commercialize the process. The
POET DSM plant has only recently announced that they have been able to solvetieapnent challenges
and have been able to run the plant at 80% of capacity [3]. This is three years aftéathegened.

Other large scale first of kind plants have also had commercial and technical challenges, for example the
DuPont plant is now for sale, the Beta Renewables plant in Italy has been idled and the Abengoa plant in
Kansas was sold in a bankrupsafe. The exact reasons for these decisions are not public and in some cases
the decisions may have been due to other challenges that the companies may have faced or changes in
business priorities. Operations at some of these plants may resume with nearswn

POET DSM [4] reported that in addition to resolving the technical challenges of pretreatment that they have
decided to build an osite enzyme production facility. Presumably this is a commercial decisiesiteon
production would not need to concerdte the enzyme to reduce transportation costs, saving capital and
operating costs.

+Fy RSN aSA2 wp6é NBEOSyidfé LINBaSyGadSR I @SyiddNBE OF L
not see the business case for the technology citing feedstocktiogjicosts, scale, high pretreatment costs

and margin uncertainty as issues. He also stated that there was still significant technology risk present.
Nevertheless, new plants are being announced [9] [10].

Environment

In some regions of the world theredsncern that removing too much straw from the field will have negative
impacts on soil health. Reduced soil carbon and increased erosion potential are potential outcomes if the
crop residue harvest is not undertaken in a sustainable manner.

Research and &elopment Perspective

Cellulosic ethanol produced from straw is a category 2 technology, a pioneer phase technology with limited
applications to date. The technology has been proven to work through demonstration facilities or semi
commercial plants. Howev, due to the limited application, the price and performance is still attached with
high uncertainty, since development and customization is still needed. The technology still has a significant
development potential.

Pagel86| 315- Technology Data for Renewable Fuels



95 Cellulosic Ethanol

This technology has probably had maesearch undertaken on it than all of the other technologies in this
report. As the technology has been scaled to near commercial scale many of the process developers have
experienced significant challenges with materials handling through the front etine gfrocess.

The challenges of operating the first of a kind cellulosic ethanol facility were acknowledged by Merritt [6]. He
stated that three years after staxip the plant is operating at 80% of capacity, converting 95% of the
fermentable sugars to etimol at the design solids loading. The engineering focus is now on how to simplify
the process and reduce capital costs, exactly the activities that create the learning curve. He also highlights
advances in enzyme effectiveness in reducing future operatists.

Examples of Market Standard Technology
The cellulosic ethanol technology has recently suffered some setbacks with respect to the commercialization
of the technology.

One of the early movers on the commercialization of cellulosic ethanol technalagyhe Danish company
Inbicon. However they have had difficulty in developing a commercial project without government
guarantees.

The Italian company, Gruppo Mossi Ghisolfi, which developed the Beta Renewables plant in Crescentino Italy
and supplied the échnology for the GranBio plant in Brazil, has recently been granted protection from
creditors [7].

DuPont has recently put their Nevada lowa plant up for sale [8].

The one company that has recently moved ahead with new projects is Clariant. They havacatha
license agreement with Enviral [9] to add a 50 million litre per year plant to an existing facility in Slovakia and
a similar sized plant to be built in Romania [10].

Clariant Produkte Deutschland GmbH
Biotech & Renewables Center
Staffelseestrassé

D-81477 Munich, Germany

Predication of Performance and Cost

This technology is at the early stages of commercialization. There are some reported capital costs for the first
commercial scale plants (pioneer plants) but there is no published, independenified information on

the actual performance of the plants.

It is expected that capital costs and operating costs will improve significantly once the existing plants achieve
consistent operations and new plants are built based on the learnings fronatipgrthe first commercial
plants.
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Uncertainty

There remains significant uncertainty with respect to the commercialization of the technology. The plants
built 3 to 5 years ago have experiedcgome unforeseen technical and economic challenges which has
slowed the development progress.

Additional Remarks
The significant cellulosic plants that have been built are shown in the following table [11].

Name Annual Capacity Feedstock Comment
Abengoa Bioenerg] 90 million litres corn stover, wheat straw, Idle
Biomass of Kansas switch grass
Beta Renewables 50 million litres wheat straw, rice straw| ldle
arundo donax, poplar
DuPont 110 million litres Corn Stover Idle
GranBio 80 million litres Sugarcane bagasse al Operational
straw
POEIDSM 80 million litres Corn Stover and corn cobs| Operational
Raizen Energia 40 million litres Bagasse Operational

Tablel Cellulosic Ethanol Plants

Quantitative Description

The available quantitative data that is available on tinghnology is mostly from third parties and not from

the technology providers or plant operators. Actual plant data is considered confidential by the process
developers.

The process itself is essentially identical to the starch ethanol process with tharprilifference being the
length of glucose polymer chain.

The process involves two chemical reactions. In the first, cellulose is hydrolyzed to glucose as shown below.
One of the technical challenges with the process is making the cellulose componéat lifrtocellulosic
feedstock accessible for the hydrolysis process.

(GH100s)n+ NnHBh  TheHyY:Ws
Cellulose  Water  Glucose
The glucose is then fermented with yeast to ethanol and carbon dioxide.

GsH120c 2GHOH + 2GO
Glucose Ethanol Carbon Dioxide

Typical Plant Size

The plants that have been built have been in the 50 to 100 million litres per year range. Some of the techno
economic studies that have been done use plant sizes of 200 million litre per year Y¥A(LMAs with the
1stgeneration plants it is likely that plant sizes will increase as more plants are built and experience is gained
with the technology.
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Input and Output
The primary input is the feedstock. Most technology developers (but not alPeutile non fermentables to
provide the thermal energy and electric power for the plant and some have excess power available for sale.

The plants also consume enzymes, yeast, and a number of process chemicals. Enzymes can be purchased or
produced on site uag a portion of the sugar produced by hydrolysis. Enzyme consumption is much higher
than it is in a ¥ generation ethanol plant. In the 2012 state of the art case [1] reported the consumption of

0.38 kg of chemicals for every kilogram of ethanol produde likely that this has been decreased with
additional development work but NREL have not published an updated state of the art report.

The plants produce ethanol and in some cases electricity. Some developers propose to sell a fertilizer product
instead of producing electricitylhe data used for the Sankey diagram is shown in the following table [1].

Parameter Input [kg] Output
Feedstock 3.38
Chemicals 0.38
Sulfuric acid 0.072
Sodium hydroxide 0.082
Ammonia 0.042
Corn steep liquor 0.048
Diammonium phosphate 0.005
Sorbitol 0.002
Glucose 0.103
Host nutrients 0.002
Sulfur dioxide 0.001
Ethanol 1 litre
Power 0.70 kWh

Table2 Cellulosic Ethanol Inputs and Outputs

The current performance is ndikely at this level. It has been assumed that the current yield is 80% of the
value shown, the value can be achieved in 2030 and the 2050 value is 10% better.

Forced and Planned Outage

The existing operating plants have struggled with forced outages. The following figure shows the production
NI i3S @SNBRdzaz GAYS F2N 0§KNBS 3Sy SN figukeXshyods tiee Biffidul Sy Q&
achieving design rates but also theogress that can be made with experience.
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Production Startup Path
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Figure5 Cellulosic Ethanol Production RateEhe legends refer to different production lines and R8 is at the latest stage of
development.

Both logen and Poet have stated that thdiadioperational challenges have been in the fmeatment stage
of the process. Severe fouling and flow restrictions have been reported in this section. Eventually it is
expected that plants will be able to operate for 330 to 350 days per year with nedafowntime.

Technical Lifetime
Plant lifetimes should exceed 25 years, as the US and EU starch ethanol industries have demonstrated.

Construction Time
Due to the added complexity of the process construction times are expected to be 24 to 30 months.

Financial Data
There is very limited financial data available on the process. The available information is a combination of
techno-economic studies and the published capital costs of the commercial plants.

Investment Costs
Lynd et al (2017) reported thezei and capital expenditures for the pioneering plants [TB information
is shown in the following table.

Company Location Feedstock Capacity, Capital | Capital, $/
million litres | Expenditure, litre
Million US$
Abengoa Kansas, USA| Straw 95 444.6 4.7
Beta Crescentino, | Straw 51 171 3.4
Renewables | Italy
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DuPont lowa, USA Corn stover 114 500 4.4

Granbio Alagoas, Bagasse, straw 82 265 3.2
Brazil

POET/DSM | lowa, USA Corn stover 76 275 3.6

Raizen Piracicaba, | Bagasse, straw 40 102 25
Brazil

Average 76 293 3.9

Table3 Capital Costs

The capital costs for the pioneering plants have been about six to seven times higher'thanetation

plants. While de Jong [14] did not report a capital growth factor for this technology, the factors for other
biomass feedstock technologies was in the range of 0.4 suggesting that the nth plants might have capital
costs of $1.60/litre.

The NREtapital cost for the i plant [1] was $381 million for a 207 million litre plant ($1.84/litre), in line
with the capital growth factor adjusted costs of the pioneering facilities.

Irena [15] reported capital costs on the range of 2,000 to 3,500 US$/kehet (1.5 to 2.6 US $/annual litre).
They see this being reduced to 1,200 to 2,8 $/kW ethanol by 2045.

The EU Sub Group on Advanced Biofuels [16] reported capital cost&300ut noted that the first plants
NI yaSR FTNRBY HZoyn (2 2SNl cXtnn €kl2®

The capital costs are 3 to 5 times higher thahgéneration plants and vary widely between plants. The
current estimated range isl.5 toe2.5/litre (€3,300 to 5,600/KW).

Operating and Maintenance Costs
The NREL operating and maintenance costs are suin@dain the following table [1].

Parameter Eurollitre
Variable operating costs, ex feedstock 0.083
Fixed costs 0.04

Table4 Operating and Maintenance Costs

These are nth plant estimates which are unlikely to be achievethéopioneering plants although there is
no published information on the performance of the pioneering plants.

Start-up Costs
Startup costs are included in the operating costs.

Technology Specific Data
The ethanol properties of cellulosic ethanol are ideak to the E generation ethanol properties.
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Data sheet

The guantitative data for the cellulosic ethanol process are summarized in the following table.

Technology Cellulosic Ethanol
Uncertainty Uncertainty
2015| 2020 2030/ 2040| 2050 (2020) (2050) Note Ref
Lower‘ Upper Lower‘ Upper

Energy/technical data
Typical total plant size 1,000 tonnes/year 60 60 150 175| 200 50%| 150%| 50%| 150%| A,B
Typical total plant size, MW 55 55| 130| 155| 180 50%| 150%| 50%| 150%| A,Al, B
Inputs
Feedstock Consumption, MWh/MWh Total Inp‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 1 ‘ 90%‘ 150%‘ 90%| 150%‘ C ‘ 1
Outputs
Ethanol Output, MWh/MWh Total Input 0.29| 0.29] 0.37| 0.39| 0.40 80%| 120%| 80%| 120% C 1
ElectiricityOutput, MWh/MWh Total Input 0.04| 0.04| 0.05| 0.05| 0.06 80%| 120%| 80%| 120% C 1
Forced outage (%) 4
Planned outage (weeks per year)
Technical lifetime (years) 25 25 25 25 25
Construction time (years) 2 2 2 2 2
Financial data

o B L 1, 10,
{LISOAFAO Ay@gSauYSyuda ¢ 569 569 256 225 213 75%| 150%| 75%| 150%| D, G 11
- equipment (%) 75 75 75 75 75
-installation (%) 25 25 25 25 25
CAESR hsgsa 6ae ka2 k&SI 0114 0.114]| 0.057| 0.057| 0.057| 95%| 200%| 95%| 200%| F,G 1
+F NAFo6fS hgsa d6e ka2 ¢ 27.1| 271| 136| 13.4| 136 95%| 200%| 95%| 200%| F,G 1
StartdzL) 6 ae Bhadyinn 0 0 0 0 E
Technology specific data
Specific energy content (GJ/ton) 26.9| 26.9| 26.9| 26.9| 26.9
Specific density (kg/l) or (ton/m3) 0.79| 0.79| 0.79| 0.79| 0.79
{LISOATAO Ay@SaidySyid ¢ 506/ 506 228 200 1.90 75%| 150%| 75%| 150%| D, G 1’1101
- equipment (%) 75 75 75 75 75
-installation (%) 25 25 25 25 25
CAESR hsa 6ae kwmInnn | 0.101] 0.101] 0.051] 0.051| 0.051| 95%| 200%| 95%| 200%| F,G 1
+F NXIF6fS hga dae km3ZJ 0203 0203] 0.101| 0.100| 0.101| 95%| 200%| 95%| 200%| F,G 1
StartdzL) 6ae kmInnn G 940 0 0 0 0 0 E
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Notes:

A. The plant size is assumed based on the plants sizes of existing ethanol plants.
Al. This value is the hourly rating and has been calculated as if the unit produces at capacity and was in operations 8,000 h/year.
B. The plant size uncertainty represents the current range in the market.

C. Not all process developers are attempting to maximize ethanol output; this can result in higher feedstock consumption but lower
chemical use. Co-product production is higher if the ethanol yield is low.

There is a wide range of reported capital costs for the existing plants and a wide range in the cost of future plants.
Start-up costs are included in the operating costs.

O&M costs are based on the n'" plant. There are no public estimates for the costs from current plants. It has been estimated
that they are twice the values for the nth plants. This may be optimistic unless the on line performance can be improved.

G. M a/k tonne is million euro per 1,000 tonnes
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Qualitative Description

The front end of this process is identical to the gasification process in the previous description. The
production of methanol fronbiomass is a twatep processin the first step the solid biomass is converted

into a biosyngasand in the second stethis syngass further convertedinto methanol.

Gasification is a process that converts organic or fssiedcarbonaceous materials at high temperatures
(>700°C), without combustion, with a controlled amount of oxygen and/or steam into carbon monoxide,
hydrogen, and carbon dioxide (syngas). Stoichiomfetrynethanol production of syngas requires the ratio

of H/CO to equal 2ZT'he H/CO ratio can be lowered to some extent by the reverse wgtes shift reaction

Depending on the catalyst supplier, the methanol synthesis reaction is normally carried out at about 40 to
120 bar and 200 to 300°C.

Methanol is not the oly product that could be produced by this route. Dimethyl Ether (DME) could also be
produced instead of methanol or in an additional process step. The methanol could also be further processed
into gasoline.

Brief Technology Description

The biomass could bagricultural or forestry residues. There is a wide range in the design of gasifiers used
for biomass.Different technological solutions can be implemented in order to obtain different plant
configurations; in particular, the mode of contact of the biomasth the gasification agent may be in
counter-current, or cecurrent, or crossflow, and the heat can be transferred from the outside or directly in
the reactor using a combustion agent; the residence time can be in the order of hours (static gasifeys, ro
kiln) or minutes (fluidized bed gasifiers). Different gasifier designs are better suited to different feedstocks
and gas needsGasification idurther described inBiomass Gasification general introductionand the
subsequent chapters.

The syngas to methanol reactions are practised commercially mostly using natural gas to produce the syngas
but there are a few plants that gasify coal to produce the syngas. While the scale of commercial plants is
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large there have been some small scale maetol plants built where large natural gas reserves are not
available.

The overall process is shown in the following simplified process flow diagram.

~—r ~—r —

raw syngas pure syngas

Biomass =y > > ——> Methanol
Gasification Cleaning/ Methanol
Conditioning Synthesis

Figurel Biomass to Methanol Process

Input

The primary input for most process is just the biomass. The reactions are exothermic and generate enough
heat for the process and in some caséso enough heatio produce the power required for the system. In
other examples power is purchased for the pees.

Output
The plants produce methanol and in some casestcprdduce some excess power andsteam for sale.

Energy Balance
The energy balance for a biomass to methanol system is shown in the following figure [1].

Methanol
49.34 MJ
Wood
89.18 MJ
Biomass to DSt
Methanol 14.5 MJ
Electricity
10.82 MJ Heat Loss
and Internal
Energy
Consumption

36.15 MJ

Figure2 Bio Methanol Energy Balance

There are two potential means to recover some of the waste heat. The plants use some of the process heat
to produce electricity for the plant use and potentially a small amount to be exported. Steam from the exit
of the final stean turbine would be available for other uses. This could have a temperature between 150 and
185C depending on the design. There may also be some opportunity to recover some lower grade heat as
the syngas is conditioned prior to synthesis. Details of themtdl for energy recovery are not reported in

most of the recent techne@conomic studies published.
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Other biomass to methanol systems have been proposed that offer higher efficiencies [2] [3]. The
GreenSynFuels project provided the energy balance for @dtaditional biomass to methanol plant and one
integrated with a solid oxide electrolyzer to produce hydrogen to provide a better CQ ratiél for the
methanol synthesis stage. Clausgj provided information for a highly optimized biomass to methanol
process. The energy balances for these systems are shown in the following figures.

Methanol
58.1 MJ

District Heat
222 MJ
1‘[’]"8?\;’ ! Traditional
Methanol
Electricity

1.8 MJ

Intemal Use
and Heat Loss
17.9 MJ

Figure3 GreenSynFuels Traditional Methanol Plant

This plant produces electricity instead of consuming it and the methanol production sdighigy higher per
unit of wood consumed. The following figure shows the highly optimized system described by @&usen
The methanol production rate is 8% higher per unit of feedstock.

Methanol
63 MJ

Wood Optimized District Heat
100 MJ Methanol 26 MJ

Internal Use
and Heat Loss
11 MJ

Figure4 Optimized Biomass to Methanoll&nt

This final energy balance considers the supplementation of hydrogen to alter the carbon to hydrogen ration
of the syngas to better match the methanol synthesis requirements. It produces more methanol per unit of
energy iput and has a much better caoh efficiency.
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Methanol
69.6 MJ

Wood District Heat
59.5 MJ 10.6 MJ
Methanol
plus SOEC
Power Electricity
40.5MJ 16MJ
Internal Use
and Heat Loss
18.2 MJ

Figure5 Hybrid Biomass to Methanol Plant

Typical Capacities

There are currently no commercial biomass to methanol plants in operation. In the past OCI operated a
former natural gas to methanol plant on crude glsine from biodiesel plants as the feedstock in the
Netherlands but that operation is how processing natural gas again. There was also a bioDME pilot plant
operated in Sweden for a number of years where methanol production was an intermediate product
(Chemec) [9] It gasified black liquor from a pulp mill rather than biomass.

Commercial plants would likely be similar in size to the biomass to diesel and jet technology that was
discussed in the previous section, with and early commercial plant consuminigp 3000 tpd of biomass
and producing 125 to 250 million litres/year.

Eventually plants could be built larger with feedstock availability being the limiting factor.

Regulation Ability

While biomass gasifiers can operate down to about 35% of rated capeoitynercial methanol plants
usually operate at steady state conditions close to the design capacity. Commercial methanol plants can take
2-3 days to reach full production so starting and stopping the plants is generally not an option for regulating
capacity Smaller scale systems with different catalysts may have better regulation capabilities than the large
scale plants.

Space Requirements

Space requirements will be similar to the space for the biomass to diesel and jet pathway, on an area per
feedstock bais. The area per volume of fuel produced will be lower due to the lower energy density of
methanol compared to diesel and jet fuel.

Based on the Velocys commercial FT liquids plant the area requirements for biomass to methanol are about
0.16 ha/million lites of methanol.
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Advantages/Disadvantages

Methanol is not widely used as a transportation fuel today but there are several potential emerging
applications that are generating some interest. One is the use of methanol as a hydrogen carrier for fuel cell
vehicles such as those developed by Serenarggyenmark. There is also some interest in methanol as a
marine fuel to meet the new IMO sulphur limitations. In China there is some methanol gasoline blending with
10 and 15% methanol. Low level methanol blends (3%) withsmleent have been used inglJK in recent

years. Methanol has also been used in blends with ethanol and gasoline in performance vehicles.

Methanol from biomassan be used for the same applications as fossil methanol, while reducing GHG
emissions.

adzOK 27F (ntBandl i8 ptddiR€drom stranded natural gas and is very low cost. It will be difficult
for biomass to methanol to complete against these projects on only an economic basis.

Environment
Biomass to methanol should have a very low GHG emission profikegiabp when they are designed to be
selfsufficient in electric power.

Methanol as a fuel is a biodegradable product.

Research and Development Perspective

Biomass gasification for methanol production from wood or straw is a category 2 technology, arpbase
technology with limited applications to date. The technology has been proven to work through
demonstration facilities or sestommercial plants. However, due to the limited application, the price and
performance is still attached with high uncerigi, since development and customization is still needed. The
technology still has a significant development potential.

This technology pathway is the combination of two commercial systems. There has been considerable
development work on biomass gasifiaatiin Europe over the past several decades but there has not been a
commercial break through yet.

The production of a synfuel from a biomass gasification system is a more demanding application than the use
of the gas in an engine or in an external comlarstsystem. It is reported that the Chemrec BioDME plant
operated for more than 11,000 hours between 2011 and 2016 [4]. Production during that time was reported
to be 1000 tonnes of DME. The capacity of the plant was 165 kg/hour which works out to 6,0800hou
operation.

More work is required on the integration of the two main systems.

Examples of Market Standard Technology
There are no market standard technologies. There is a biomass gasification to methanol proposal for a plant
in Sweden, Varmland Methah[5]. The plant is cost estimated at approximately 350 million Euro and will
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produce 375,000 liters of methanol per day (130 million litres/year). As a "byproduct” 15 MW of district
heating is obtained.

An EPC contract witithyssenKrupp Industrial Sotutis of Germany has been signed. The project was
proposed in 2009 but has been unable to raise financing for the project. ThyssenKrupp Industrial Solutions
do have experience and expertise in gasification and methanol production technologies.

Enerkem, a Catdian company has operated a municipal solid waste (MSW) gasification to methanol
production system in Edmonton Alberta for the past two years. The company is focussed on MSW as a
feedstock due to the favourable economics. The Edmonton plant is in thegsaxf being converted to
produce ethanol rather than methanol from the syngas.

Predication of Performance and Cost
The prediction of performance and cost is based on published teebnnomic papers rather than on actual
plant performance.

Uncertainty
There is a high level of uncertainty for the technology given the state of development and the fact that there
are no operating plants in the world at this time.

Additional Remarks

There is a Danish Methanol Association promoting bio methanol but the signgaiuced from biogasom
anaerobic digestioand not fromsolidbiomass. These systems will be smaller due to the resource availability
but with less technology risk since there is no biomass gasification involved.

Quantitative Description
The availale quantitative data that is available on the technology is mostly from third parties and not from
the technology providers or plant operators. No actual plant data is available.

There are three basic reactions that occur in the process. The first re&cgaks the biomass dowmat high
temperature and low oxygerto a combination of hydrogen, carbon monoxide and carbon dioxide. A
simplified reaction is shown belovActual biomass has highly variable composition and complexity with
cellulose as one maj@omponent.

GHi20s+ Q@+ HBh b / h+ B+ CHRAF other species
Note: The above reaction uses glucose as a surrogate for cellulose.

Stoichiometryfor methanol production of syngas requires the ratio ofGD to equal 2. The product gases
are thensubjected to the wategas shift reaction to increase the quantity of hydrogen. The equilibrium for
this reaction is temperature dependent which controls the CO ter@(.

CO+LDT CO+H
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Carbon monoxide and hydrogen react over a catalyst to prodoethanol. Today, the most widely used
catalyst is a mixture of copper azthc oxidessupportedon alumina. At 59100 bar and 250C, the reaction
is characterized by high selectivity (>99.8%):

CO+2 Kb /5QH

Compared to the production of diesel aret fuel from the gasification of biomass, this pathway requires a
lower H/CO ratio and operates at lower temperatures but higher pressures.

Typical Plant Size

As with the biomass to diesel and jet process, the plant size will be determined fgethsock availability.

The proposed plant in Sweden would produce 130 million litres of methanol per year (65 MW) from 1,100
tpd of wood [6]. It is not stated but this is likely on a wet basis (660 dry tpd).

NREL undertook a techrazonomic analysis of\wood to methanol plant [7]. They based the plant on 2000
tpd of feedstock producing 380 million litres per year (200 MW).

Input and Output
The input and output of a typical system are shown in the following table [2]. These willfdant values.
Pioneeging plantstypicallyhave a lower efficiency.

Parameter Input Output
Wood, dry 100 MJ

Power 1.8 MJ
Methanol 58.2 MJ

Tablel Inputs and Outputs

Forced and Planned Outage
The plants are expected to operate for 350 days per year. Wood gasifiers are capable of operating at these
rates as shown earlier and fossil methanol plants are also capable of operating at these rates. Forced outages
are expected to be minimal.

TechnicaLifetime
Due to the maturity of the technology, plant lifetime is estimated to be 20 years for plants build before 2025.
Hereafter, it is expected to increase to 25 years.

Construction Time
Construction time for the technology is expected to be about3&months.

Financial Data

Techneeconomic analyses of standalone biomass gasification to methanol systems have been published [1]
[7]. These are used as the basis for the financial analysis and where possible compared to the published data
for the proposel Swedish plant.
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Investment Costs

The estimated capital cost of the 270,000 tonne per year methanol plant is 369 million Euros [&]I{0e91

This is the same cost as the Varmland Methanol plant but it is more than twice the capacity. This is a
reasorable ratio between the i plant and a pioneering plant.

The NREL plant [5] was $259 million in 2007 dollars, this wold@.@8/litre.

The EU Sub Group on Advanced Biofuels reported plant sizes in the range of 100 to 200 MW and capital costs
of €1,850 to 3,450/kW depending on the scatd .Q0/litre toel1.85/litre).

The capital costs range froae®.75/litre (NREL) te2.70/litre (Varmland)

Operating and Maintenance Costs

Anderson only presented the combined operating and maintenance costs (Costs for wages, insurance for
employees and chemical, water and ash disposa®dfo/kg €0.08/litre). NREL did not provide a breakdown

of the operatng costs.

Start-up Costs
The startup costs are included in the costs reported.

Technology Specific Data
Some the properties of methanol are shown in the following table.

Property Value
Density, kg/m 791
LHV, MJ/kg 19.9
LHV, MJ/litre 15.7
Oxygen content 50wt%
Blending Octane number ~115
Flash point, C 12

Table2 Methanol Properties
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Data sheet
The guantitative data for the biomass to methanol process are summarized in the following table.

Technology Bio Methanol
Uncertainty Uncertainty
2015| 2020| 2030| 2040| 2050 (2020) (2050)| Note Ref

Lower‘ Upper Lower‘ Upper

Energy/technical data

Typical total plant size 1,000 t Methanol/yea| 100 100 200 250 300 50%| 200% 50%| 125%| A,B 3,56

Typical total plant size, MW 65 65 130| 165 195 50%| 200%| 50%| 125%| A,Al1,B| 3,5,6
Inputs
Feedstock Consumption, MWh/MWh Total
Input 1 1 1 1 1 90%| 150%| 90%| 120% 1
Outputs
Methanol Output, MWh/MWh Total Input 0.58| 0.58| 0.61| 0.63] 0.65| 100%| 133%| 100%| 133%|D 1
District heat Output, MWh/MWh Total Input| 0.22| 0.22| 0.22| 0.22| 0.22 80%| 125%| 80%| 125%| D
Electricity Output, MWh/MWh Total Input 0.02| 0.02] 0.02| 0.02] 0.02] 80%| 125% 80%| 125%| D
Forced outage (%) 4 4 0 0
Planned outage (weeks per year)
Technical lifetime (years) 25 20 20 20 20
Construction time (years) 2.5 2.5 2.5 2.5 2.5
Financial data

o 5 L 1,3,5,
{LISOAFTAO Ay@gSauyYSyd 5.26| 5.26| 2.92| 212| 146 50%| 100%| 80%| 120% F 6
- equipment (%) 75 75 75 75 75
-installation (%) 25 25 25 25 25
CAESR hga d6ae ka2ke§ 0058 0058 0.039 0.038] 0.039] 90%| 110%| 90%| 110%| E,F 1
+F NAFo6fS hsa 6e ka2 K 204 204| 13.6| 13.6| 136 90%| 110% 90%| 110% E, F 1
{GF NI dzLJ 6ae KkmZInnn 0 0 0 0
Technology specific data
Specific energy content (GJ/ton) methanol) 20.1| 20.1| 20.1| 20.1| 20.1
Specific density (kg/l) or (ton/m3) 0.79| 0.79| 0.79| 0.79| 0.79
Specifih y S8 G YSyd o6ae k1 342 342| 1.90| 140| 0095 50%| 100%| 80%| 120% - g’ >
CAESR hgsa 6ae km3Inng 0038 0.038 0.025 0.025 0.025 90%| 110%| 90%| 110%| E,F 1
+ NAFo6ftS hsa o6ae «kwm3 0114] 0.114| 0.076]/ 0.076| 0.076 90%| 110%| 90%| 110%| E,F 1

{GF NI dzLlJ 6ae kmInnn 0 0 0 0 0
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Notes:

A. The plant size range is assumed based on the proposed Varmlands plant and the NREL n'" plant.
Al. This value is the hourly rating and has been calculated as if the unit produces at capacity and was in operations 8,000 h/year.
B. Feedstock availability is likely to determine the maximum plant size.

Some plants may produce their own power and have no power imports.

C
D. Plants that produce their own power will have much lower heat available to district heat.
E. Assumed a 25/75 split on fixed to variable operating costs.

F

M 04/k tonne is million euro per 1,000 tonnes
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Qualitative Description

Methanolfrom power is a concept that combines carbon dioxide with hydrogen produced by electrolysis to
produce methanol. There is one plant in operation in Iceland (Carbon Recycling International, CRI). The plant
produces 5 million litres per year of methanol. Thenplases electricity from the grid to make hydrogen
which is converted into methanol in a catalytic reaction with carbon dioxide) (CBe C&is captured from

flue gas released by a geothermal power plant located next to the CRI facility. The originfloketlyas is
geothermal steam emissions.

There are many possible sources of, f@wer plants, fertilizer producers, ethanol plants) and variations of
the concept have been proposed where renewable electricity sources replace the grid power used ¢h Icelan
Smaller scale systems could use €@m biogas plants as an alternative to methanation.

The methanol could also be further processed into DME or gasoline with available commercial technologies.

Brief Technology Description

Methanol is produced commeialiy mostly via steam reformingf natural gas. In that process the methane
is reformed into hydrogen, carbon monoxide and carbon dioxide and then the gases-esmb@ed to
produce methanolln the power to methanol system separate sources of hydrogehcarbon dioxide are
combined to produce the methanol as shown in the following figure.
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Figurel Methanol to Power Process

Electricity is used to produce the hydrogen and to compress the gases prior to the methatiasis stage.
The attractiveness of the process is that if low carbon power is used the produced methanol has a low carbon
footprint.

Methanol can be used in a number of applicationsw leves of methanol(3-5%) havebeen blended with
gasoline and ceolvents in Europe and North America in the past. Higher level blends (M85) has been used
in flex fuel vehicledMethanol isalsoa good source of hydrogen for fuel cell vehicles. The Danish methanol
fuel cell manufacturer SerEnergy is now producing a cemaial reformed methanol fuel cell vehicle with a
driving range up to 800 km on a tank of methanol [1].

Input

The primary inputs to the system are electricity for hydrogen production and carbon diéstdenatively
the inputs could be carbon dioxide ahgidrogen(where the hydrogen would be produced by electrolysis
The carbon dioxide can come from many different sources.

Output
The output from the system is methanol and water.

Energy Balance
The energy balance is shown in the following figurehi case some of the waste heat is utilized internally
for the CQ capture which is why the output totals less than 100 MJ [2] [3].

Methanol
58.74 MJ

Electricity
100 1) Methanol

Production

Heat Loss
3284 M)

Figure2 Methanol from Power Energy Balance
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There are two sources of waste heat, from #lectrolyzer used for hydrogen production and the methanol
synthesis reaction. The electrolyzer energy loss is the larger of the two sources and is lower quality. The
temperature of the waste heat will vary with the electrolyzer design and could range#tota 150C for

most designs. Solid oxide electrolyzers operate at much higher temperatures (700°@) 80@ would have

higher quality excess heat.

Typical Capacities

The one operating plant produces 5 million litres/year (4,000 tonnes of methanol, BMWt is as much a
demonstration plant as a commercial operation. The EU funded Mep@gject brings together 8 partners
throughout Europe together for one mission: to demonstrate the economic feasibility of valorising captured
CCF by turning it into aversatile platform chemical and renewable fuel such as methanol using hydrogen
produced from renewable energy surplus. Their business case foresees plants from 4,000 to 50,000 tonnes
per year, with larger plants being possible depending on the availabfli€Q[4].

Atsonios et al [5] investigated the technical and economic aspects of methanol production through the power
to methanol process. Their plant capacity was limited by the size of the electrolysis unit at 140 MWe. This
would produce about 120,@t of methanol per year. A facility this size would consume 165,000 t/year of
CQ.

The 90 commercial methanol plants in the world have an average capacity of 1.2 million tonnes per year [6].
The power to methanol plants are considerable smaller thanahismay be limited both by the availability

of CQand the size of electrolyzers, although large electrolysis systems can be built with multiple electrolyzer
stacks

Regulation Ability

The electrolyzers [7] have excellent load following capability and e€spond to large load (100 to 25% of
capacity) changes within a fraction of a second. The commercial natural gas methanol production process
can take several days to reach operating capacity as both the natural gas reforming stage and the methanol
synthesisstages operate at high temperature and pressure.

I LI26SNI G2 YSGKIy2ft LINROSaa 62y Qi KIFI@S GKS yI {dzNT
still operates at about 300 C and 85 bar of pressure. If this stage is not operated at a continadahena
will be significant loss of overall efficiency for the process.

Space Requirements

A natural gas methanol plant has a space requirement of about 0.01 ha/million litres of methanol. Power to
methanol plants will be smaller in overall size which wibbably translate into more area per unit of
production. The 4,000 tpy CRI plant in Iceland occupies 0.8 ha of land or 0.16 ha/million litres of methanol
(3,000 m/MW), although the site is not fully occupied.

Advantages/Disadvantages
With renewable power the GHG emissions for this pathway are extremely low. The technology will be limited
in scale due to the supply of hydrogen and the availability of carbon dioxide.
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The relatively small scale of the production systems will likely result in higher cagstalfor the facilities.

The methanol production process is not well suited to intermittent operation making it a poor match to wind
and solar power generation without some storage capacity somewhere in the system prior to the methanol
synthesis stage. @z [8] investigated the cost of hydrogen storage for the SNG pathway, which has a similar
issue. He reported that for steady state operation of the methanation step the cost of hydrogen storage to
deal with the intermittent power supply added 28% to tregpdal cost of the hydrogen supply electrolyzer.

Environment
The process is relatively benign, there are some catalysts used in the methanol synthesis stage but these can
be recycled. The process produces water as well as the methanol.

The overall energyficiency of the process is about 60%. The carbon dioxide input has no energy and thus
all of the energy input into the process is supplied by the electricity. About 60% of the energy in the electricity
ends up in the methanol, a small portion is used lingdly for thermal use and a third could be available as
low grade heat for district heating systems.

Research and Development Perspective

Methanol production from power is a category 2 technology, a pioneer phase technology with limited
applications to dee. The technology has been proven to work through demonstration facilities or- semi
commercial plants. However, due to the limited application, the price and performance is still attached with
high uncertainty, since development and customization isrstgided.

The technology is at the early stage of development although both the hydrogen production by electrolysis
and the methanol synthesis are well established technologies. There is moderate development potential for
the technology.

Examples of MarkeStandard Technology
Carbon Recycling Internationaffers a standard Powebn-Liquids plant design with nominal 50,000 ton/yr
methanol production capacity.

Carbon Recycling International
Holtasmari 1

201 Kopavogur

Iceland

Predication ofPerformance and Cost

Commercial scale plants will be at least an order of magnitude larger than the one operating facility and so
the prediction of operating performance and costs at scale are uncertain. Some predictions of future costs
have been made irhe literature and theses are discussed later in this section.

Uncertainty
The one demonstration plant has been operating for several years and the process steps have been
commercially practices for many years. The overall uncertainty is with the integrati the two
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technologies, the potential need for a third stage to produce the requireg @@l the scalability of the
technologies.

Additional Remarks
The technology offers the opportunity to produce a liquid fuel (methanol) from electricity and iteatiad
means to address the range limitations of battery powered electric vehicles.

There are three types of electrolyzers that could be considered for the hydrogen supply. There are the
traditional alkaline cells, the emerging polymer membrane systenaspamentially solid oxide electrolysis
cells [9].The characteristics of each are summarized in the following table.

Alkaline Cells Polymer Cells Solid Oxide Cells
AEC PEM SOEC
Operating TemperaturéC 60-80 60-80 750-950
Pressure 32 bar| 100 barpotential 100 bar potential
Electrical Efficiency (HHV) 75-85% 10-85% 90%
Stage of Development Commercial Commercial Under development
Products Hand Q H, and Q H, CO, and ©

Tablel Electrolysis Systems

Energy balance should improve as the more efficient polymer and solid oxide electrolyzers are developed
and employed.

There are also technologies available that can produce gasoline from methanol [10] which would allow the
fuel to be used in existing gdswe powered vehicles. The methanol to gasoline process is very efficient so
that the overall efficiency of power to gasoline is not significantly lower than power to methanol. Capital
costs are higher due to the extra process step.

Quantitative Descripton
The quantitative description of the technology is provided below.

Typical Plant Size

Carbon Recycling International is offering process packages for 50,000 tpy plants. This is an order of
magnitude scale up from the existing facility. Other analysisoeas undertaken on plants of 140,000 tpy

[5] and 440,000 tpy [8].

Input and Output

The process requires carbon dioxide and hydrogen to produce methanol. The hydrogen would be produced
through electrolysis so electricity becomes the process input rathaar ttydrogen. The G@ould come from

many different sources and depending on the source, there could be some thermal energy and electric power
required to concentrate and purify the gdsor this work it has been assumed that the.@Cthe process

input andthat it is of therequired quality.

| Parameter \ Input | Output |
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Electricity 9.5 MWh
Hydrogen (0.14 tH)
Carbon Dioxide 1.4t
Methanol 1 tonne
Water 0.59 tonne
Oxygen 1.5 tonne

Table2 Mass and Energy Flows

Forced and Planned Outage

Themethanol synthesis stage of the process performs best when operated continuously, close to capacity
and for extended periods of time. Forced outages need to be minimized and the plant should be able to
operate at an average annual rate of 95% (15 dayyear downtime).

Technical Lifetime
Methanol plants have long operating lifetimes. Due to the maturity of the technology, plant lifetime is
estimated to be 20 years for plants build before 2025. Hereafter, it is expected to increase to 25 years.

Construction Time
Given the high temperature and pressure operating conditions for the methanol synthesis, the construction
time could be expected to be two years.

Financial Data
The financial data is extracted from literature reports since no commercial plantsbieavebuilt.

Investment Costs

The investment costs for three plant sizes from three reports are shown in the following table. The smallest
plant has the highest capital costs, as one would expHwt. medium and large plants have similar capital
costs, reflecting either the uncertainiy estimating the costs or the lack of economies of scale once a certain
plant size is arranged.

Enea [12] Atsonios [5] PerezFortes [11]
Plant size, tpy 8,400 120,000 440,000
Total 3,571¢ k MeDH/yr) M3 0 0 dle@HyQ) M3 HY Me@HyO)

Table3 Capital Costs

The capital costs range froed.00/litre to €3.00/litre methanol.

Operating and Maintenance Costs

Atsonios estimates the O&M costs as 5% of fixed capital investe@7oper tonne of methanol produced.
Perez estimated the O&M costs@g0 per tonne of methanol. It is assumttht 50% is fixed O&M and 50%
isvariable O&M.

Start-up Costs
Startup costsare included in the O&M costs above, however this technology can take several days to start
up and a similar time to shut down so the system performance will deteriorate significantly if the process is
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started up and shut down frequently. Starp and shutdown is also the most likely time for a mechanical
failure resulting in forced downtime.

Technology Specific Data
The power requirements to produce 1 GJ of methanol (LHV) are 470 kWh/GJ. Carbon intensities of power of
less than 190 g GB&Wh will result n GHG emissions that are less than gasoline.
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Data sheet
The technical information is summarized in the following table.

Technology Power to Methanol
Uncertainty Uncertainty
2015| 2020 2030| 2040| 2050 (2020) (2050) Note Ref

Lower‘ Upper Lower‘ Upper

Energy/technical data

Typical total plant size

1,000 t Methanol/year 5 50 100 125 150 50%| 150% 50%| 150%| A, B 4,5,11
Typical total plant size, MW 3 33 65 83 100 50% 150% 50% 150%| A, Al, B 4,5
Inputs

CO2 Consumption, t/t Methanol 1.37 1.37 1.37 1.37 1.37| 100%| 110%| 100%| 110%

Hydrogen Consumption, t/t Methanol| 0.192| 0.192| 0.192| 0.192| 0.192] 100%| 110%| 100%| 110%

Electricity Consumption,

MWh/MWh Total Inputs 1 1 1 1 1 90%| 120% 95%| 110% C 2,3
Outputs

Methanol Output, MWh/MWh Input 0.58| 058 0.61| 0.63]| 0.65| 100%| 133%| 100%| 133% D 2,3
District Heating Output,

MWh/MWh Total input 0.25| 0.25| 0.25] 0.25| 0.25 0%| 100% 0%| 100% E 2,3
Forced outage (%) 4

Planned outage (weeks per year)

Technical lifetime (years) 25 20 20 20 20

Construction time (years) 2 2 2 2 2

Financial data

Specific investment

bae ka2 aSilKIy2fyg 451 451 3.01] 226/ 150 50%| 100% 80%| 120% F 1,35,6
- equipment (%) 75 75 75 75 75

-installation (%) 25 25 25 25 25

CAESR hsgsa 6ae ka? 0053 0053 0.053 0053 0.053 90%| 110% 90%| 110%| E,F 1

£+ NAl06fS hga 6e « 6.27 6.27 6.27 6.27 6.27 90% 110% 90% 110% E,F 1
{0F NI dzZLld 6ae K MInN 0 0 0 0 0

Technology specific data

Specific energy content (GJ/ton)

methanol) 20.1 20.1 20.1 20.1 20.1

Specific density (kg/l) or (ton/m3) 0.79 0.79 0.79 0.79 0.79

Specific investment ; o

6ae KmZnnn U aSuK 3.0 3.0 2.0 15 1.0 50%| 100% 80%| 120% F 1,356
- equipment (%) 75 75 75 75 75

-installation (%) 25 25 25 25 25

CAESR hsa 6ae kwm3 0035 0035 0.035 0035 0.035 90%| 110% 90%| 110%| E,F 1

+F NKAF6fS hga dac 0.035| 0.035| 0.035| 0.035| 0.035 90%| 110% 90%| 110%| E,F 1
{GF NI dzLld 6ae K MZ 0 0 0 0
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Notes:

A. The plant size range is based on the CRI plants and other analysis in the literature.
Al. This value is the hourly rating and has been calculated as if the unit produces at capacity and was in operations 8,000 h/year.

B. CO; availability is likely to determine the maximum plant size.

C. Power use improvement depends on improved efficiency for electrolyzers.

D. Methanol is the only output.

E. Waste heat is of low quality.

F.  The methanol synthesis step does not lend itself to intermittent operation. The concept of intermittent power to methanol is not
practical without intermediate storage for hydrogen that would allow the methanol plant to operate continuously. This would
have a significant capital cost impact.

There is a wide range of capital costs in the literature.
H M 04/k tonne is million euro per 1,000 tonnes
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Qualitative Description

Synthetic Natural Gas (SNG) is produced by the methanation of biogas. The main components in biogas are
methane and CO Thecontent of C@Qmay vary between about 350 vol. % depending on the actual biogas
production technology. The carbon dioxide in the biogas is reacted with hydrogen to produce additional
methane. Alternatively, SNG can be produced via gasificatidrmethamtion of biomass which is described

in Biomass Gasificatiorgeneral introductiorand the subsequent chapters

This chapter does not consider the production of the hydrogen as there are multiple production options
available.

Biogas, hydrogen production, and methanation alecommercial technologies but the combination of the
three processes is a concept that is still at the research, development and deployment stage.

Brief Technology Description

The core unit in a methanation plant is the hydrogenation/methanation unittiich CQis converted to
methane by reacting with hydrogen. A catalyst is usually used for this process. The methanation reaction is
exothermic and will generate large amount of heat. There is also some research and development work being
undertaken on blogical conversion routes [IThis section is based on the chemical route.
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SN—rt N

biogas .
Biomass =——- —> Biomethane
—> H,0

Digestion Methanation
H,

Electricity =————-

Electrolysis

Figurel SNG Process

Input and Output
The systems require biogas, hydrogen and electricity to operate. They produce methane suitable for injection
into the gas distribution grids, a small amount of water and some recoverable heat.

Energy Balance

The energy balance is presented as a Sankey diagram in the following figure. Note that this is based on
hydrogen and the energy required to produce the hydrogen is not included. The data in the following table
Ad o0l &aSR 2y &LINEZ OS aeteraD@fficeddd Edérgy meport f2Jhis i8 Based gndhk Bighas C
having 65% methane; gas with less methane will require more hydrogen and have a different energy balance.

SNG
89.3 MJ
Heat
— Recovered
V. 10.54 MJ
Heat Loss
0.16 MJ

Figure2 SNG Energy Balance

Biogas
53.36 MJ

Hydrogen
4588 MJ

Electricity
0.76 MJ

The methanation stage relatively efficient with some high temperature (>100 C) heat recoverable from the
process.
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Typical Capacities

The capacities of the systems will likely be limited by the size of the biogas plants. Gotz et al [1] reports that
in 2016 the largest demonstriain plant was the Audi-gas plant in Wertle, Germany with a hydrogen
production capacity of 6 MW. The plant output was 325%iv(88,000 GJ SNG/year) (3 MW) [3]. Gotz et al
undertook their techneeconomic analysis on a plant that produced 1000°K(270,000 GJ/year) (9 MW).

The concept could also be applied to other sources of carbon dioxide such as biomass gasification or industrial
processes that produce high quality £&0ch as ethanol production, some natural gas processing plants and
processes sucas ethylene oxide production [1]. Larger plants may be possible with these systems.

Regulation Ability
Without storage capacity of the biogas and the hydrogen the overall system will have very limited regulation
capacity, as both inputs are required féretmethanation stage.

The methanation process itself operates at elevated temperatures and load changes can induce unwanted
temperature changes in the catalyst beds. Steady state operation will provide the optimum performance.

Space Requirements

The COSYM(Container Based System for Methanation) pilot plant in Switzerland put the entire methanation
process, including compressor and gas cleaning, is integrated into a standard 20 feet shipping container [2].
This was a small system but the space requiremevitl be less than the space requirements of the biogas
facility.

Advantages/Disadvantages

The SNG concept can be considered another variation of the power to energy concept, although any source
of hydrogen could be utilized in the process the most lilkghbodiment of the concept will produce the
hydrogen from electricity. The process would essentially double the quantity of low carbon natural gas that
can be produced from biogas plants and there is a ready market for the gas in the natural gas distributi
systems.

The size of the plants will be limited by the capacity of biogas plants, which tend to be relatively small.
Economies of scale that could reduce the production costs may be difficult to obtain. The potential to
standardize and produce a numbef systems that have an integrated electrolyzer and methanation unit
may provide some help in reducing system costs.

Larger systems based on other sources of carbon dioxide may have more favourable economics and the
potential to produce greater quantitiesf SNG. Th&oBiGas project in Goteborg Sweden was design to
produce 72 GJ/hour (576,000 GJ/year) of SNG in the first phase and eventually 2.3 to 2.9 million GJ/year in a
final phase [4].

Environment
The overall impact on the GHG emissions of the produced SNG will be dependent on how the hydrogen is
produced, hydrogen from electrolysis produced with renewable electricity will produce SNG with low GHG
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emissions. Some of the other potential systems whithze CQ from renewable sources may also have
good emission profiles but G@®om fossil systems will not produce renewable natural gas.

The environmental impact from the biogas production system and from the hydrogen production system will
be larger han from the methanation process.

Research and Development Perspective

SNG production from power is a category 2 technology, a pioneer phase technology with limited applications
to date. The technology has been proven to work through demonstration fasilir semicommercial

plants. However, due to the limited application, the price and performance is still attached with high
uncertainty, since development and customization is still needed. The technology still has a significant
development potential.

As noted the three sukprocesses are all commercial processes although the commercial methanation
processes are generally at a larger scale than would be required for biogas plants. What is required for
commercialization is the system integrators who caegmate hydrogen production and methanation into a
system that can be added to the biogas production unit.

Examples of Market Standard Technology
Haldor Topsge offers methanation technology, their TREEMPcess. The applications of the technology
have bea in larger fossil based industries.

The applications of the technology to smaller biogas facilities has been at the demonstration plant level, so
no market standard technology has developed yet. There are at least three groups that are promoting their
technology demonstrations.

The Paul Scherrer Institute in Switzerland along with their partners energie 360 and erdgas biogas have the
Biosweet project that has an operating system at Zurich Biogas [2]. They have published results of their
system analyses @drmdemonstration plant performance.

The Vienna University of Technology [5] is offering a system with a single stage methanation step and
membrane cleanup of the gas. They claim low capital and operating costs.

HZI Etogas develops and builds Potee6as Plants. They built the Audgas plant in Wertle, Germany in
2013. They claim to offer a modular structure that is suited for outdoor Uise. plant consists of the
following operating modules:

power electronicswvith rectifiers (connection to medium voltage level)
water treatment system

hydrogen production (alkaline pressurized electrolysis)

CQ feed gas treatment

methanation reactor

cooling system

ancillary systems

=A =4 -4 -4 -4 -4 -4
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The parent company is

Hitachi Zosen Inova.
Hardturmstrasse 127, 8005 Zurich, Switzerland.

They have recently received an order for a pilot facility in Japan that will take fossiXSions from a coal
fired power plant and combine them with hydrogen to produce SNG which will then be fed ixistimg
gas grid [6]HZI will supply the electrolyzer and the methanation unit.

Predication of Performance and Cost

Each of the three processes involved in the concept is a commercial process at some scale. What is not well
developed is the integrationf the three processes and the demonstration of the methanation at a suitable
scale. With very limited commercial deployment of the concept the predictions of performance and costs is
developed from published reports and peer reviewed papers.

Uncertainty
Given the lack of commercial development and the potential for variations in the methanation process
configuration there is a relatively high level of uncertainty with respect to the performance and cost.

Additional Remarks
The Audi ggas plant in Wertle Genany is shown in the following photo.

Figure3 SNG Methanation Plant

As with the discussion of power to methanol there are multiple options for hydrogen production for SNG
systems. Haldor Topsge designed and constructed apdot that became operational April 2016 [7]. The
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design capacity is 10 Nth of upgraded biogas. This capacity requires approx. 50 kW solid oxide electrolyzer
cell, which is provided by two Fuel Cores, each consisting of 4 SOEC stacks. Haldor Topswdesig§red

the biogas cleaning unit and the methanation plant which is located at the Agricultural Research Centre of
Aarhus University at Foulum, Jutland.

Chemical reactions at temperature and pressure can be easily upset if there arechapiges in the
temperature. However, this system has proven to be capable of withstanding power loss without having a
significant negative impact on the methanation catalyf$te high efficiency of the SOEC hydrogen production
system should lead to a bettenergy balance than shawin Figurel in chapter

98 Methanol fromPower The facility is shown below.

|

1T a

e

Figure4 Haldor Topsge SNG Pilot Plant

Quantitative Description
The theoretical chemical reaction that occurs with methanation of biogas is shown below.

CQ + 4H MHCH + HO

Thereaction is exothermic (releases heat) and the reactors are operated at temperatures below 200°C (at 1
bar) or 300°C (20 bar) to reach conversion rates of greater than 98%.
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The catalytic methanation reaction has been known since 1902. The technologyemeddyeloped for large
scale coal to gas plants. The application of the technology may require some different concepts for the
smaller scale and potentially intermittent or dynamic operation.

Typical Plant Size

It is the biogas plant that will determinehé typical plant size and the hydrogen production and the
methanation stages can be easily scaled to match the biogas output. Centralized Danish biogas plants range
in size from about 70,000 to 700,000 GJ/year [8]. The trend is towards larger plants,ldrigest reductions

related to economyof-scale effects for the biogas plant and in particular the upgrading facilities.

Biogas SNG systems hamoroximatelydouble the gas output of the biogas or 140,000 to 1.4 million GJ per
year. This range is fromt@ 20 times the size of the operating Audgas plant in Germany.

Input and Output

The inputs and outputs for a small system are shown in the following table [2]. The inputs to the system are
biogas, hydrogen, and a small amount of power. The system bigj8NG witlapproximately98% methane.

There are a number of possible process configurations involving the number of reactor stages, the operating
pressures, and gas upgrading schemes.

Parameter Input Output
Biogas, 65% CH4 4,777 MJ
Hydrogen 4,108 MJ
Electricity 19 kwh
SNG 8,000 MJ

Tablel SNG Inputs and Outputs

Forced and Planned Outage
Ten to 15 days per year of downtime should be expected for the system for routine maintenance and
changingcatalysts.

Technical Lifetime
The technical lifetime of the systems should be greater than 25 years.

Construction Time
The construction time should be less than one year given the relatively small size and the ability modularize
the hydrogen production anthethanation stages of the process.

Financial Data
The most recent and comprehensive analysis of capital and operating costs for Bio SDMG systems is the work
of Gotz [1].

Investment Costs
Gotz surveyed the literature and reported a wide range in the ehpibsts for methanation from a low of
36,000e/GJ/hr SNG to 415,060 k D K& Nidmall plant producing 70,000 GJ/year could have capital costs
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of 3.36 millione to a high of 29 millior (€48/GJ toe414/GJ). Gotz concluded that the costs at the low end
of the range were the most realistic as they were recently (2014) developed by an engineering company.

The capital costs of the methanation process were less than 5% of the capital costs of the electrolyzer,
compressor and hydrogen storage requirements.

Operating and Maintenance Costs

Operating costs are dominated by the cost of hydrogen, which is excluded in this analysis. There is some
electricity that is required for the operation of the methanation process but it is small compared to the
hydrogen costsLittle information in the literature was identified for operating and maintenance costs. The
fixed O&M costs are assumed to be 4% of the capital and the variable portion as 4% of the capital costs.

Start-up Costs
The startup costs are expected to bw in a welldesigned system. Some capital investment on
intermediate storage of hydrogen afor biogas will help to minimize the need for gas venting or flaring
during startup.

Technology Specific Data

The composition of the SNG will depend on the matition design and the approach used for gas clepn
The data from the Swiss project for the gas composition before the final-cleane shown in the following
figure.

malar fraction (%)
=1
1

551
F Y
10 .ﬂ‘lni;-i-‘lun.nnnlﬂa‘;‘i!“‘ll“";‘i Bk ks A A Ay kA A

0] e SeseeMmmssssssmmimihgrteligrgs mrmestennine b h o,y
I ! I ! I | I i | i I ! I ! I I I i |
0 100 200 300 400 S00 a0 [l 800 oo 1000 1100

cperational haurs (h)

Figure5 Gas Composition Prior to Final Cleap

With somegas clearup methane levels of greater than 95% can be achieved. Unlike the composition of fossil
natural gas there is little to no C2 to C4 components present. The heating value of the gas may be lower than
the typical fossil natural gas as a result, lewer as it is expected that the gas will be injected into the grid
and coemingled with fossil natural gas at a low concentration, there will be no impact on the final users.
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Data sheet

The information on the SNG production process is summarized in libgviiog table.

Technology

SNG from Biogas

Uncertainty Uncertainty
2015| 2020 2030| 2040| 2050 (2020) (2050) Note Ref
Lower‘ Upper Lower‘ Upper

Energy/technical data
Typical total plant size 1,000 GJ SNGlyear 70 100 250 500 700 75%| 125%| 75%| 125%| A,B 1,7
Typical total plant size, MW 2.3 3.3 83| 16.5| 231 75%| 125%| 75%| 125%| A Al, B|1,7
Inputs
Biogas Consumption, MWh/MWh Total Inpu| 0.53| 0.53| 0.53| 0.53| 0.53 80%| 120% 80%| 120% C, | 2
Hydrogen Consumption,
MWh/MWh Total Input 0.46| 0.46| 0.46| 0.46| 0.46 80%| 120% 80%| 120% C,E 2
Electricity Consumption,
MWh/MWh Total Input 0.01] 0.01f 0.01] 0.01] 0.01 50%| 150%| 50%| 150% D 2
Outputs
SNG Output, MWh/MWh Total Input 0.89| 0.89] 0.89] 0.89] 0.89 90%| 110%| 95%| 105% G 2
District Heating Output,
MWh/MWh Total input 0.10| 0.10f 0.10] 0.10f 0.10 50%| 150%| 50%| 150% G 2
Forced outage (%) 4 4 0 F
Planned outage (weeks per year)
Technical lifetime (years) 25 25 25 25 25
Construction time (years) 1 1 1 1 1
Financial data
{LISOATAO Ayw@SaldySyi 1.09] 091 0.76] 0.60| 0.45 50%| 150%| 50%| 150% H 1
- equipment (%) 75 75 75 75 75
-installation (%) 25 25 25 25 25
CAESR hsgsa 6ae ka?«ké&§ 0044 0036 0.030] 0.024| 0.018 90%| 110%| 90%| 110% 1
+ NAlF6fS hsa 0e ka2?f 518 432| 360 2.88] 216 90%| 110%| 90%| 110% 1
{dF NI dzZld 6e¢ kDW {bD( 0 0 0 0 0
Technology specific data
Specific energy content (GJ/ton) SNG) 50.7| 50.7| 50.7| 50.7| 50.7
{LISOATAO Ay@SadySyid | 0036 0.03] 0025 0.02]| 0015 50%| 150%| 50%| 150% H 1
- equipment (%) 75 75 75 75 75
-installation (%) 25 25 25 25 25
CAESR hsa 6e€¢ kDW { bl 014 012 0.10| 0.08| 0.06] 90%| 110% 90%| 110% 1
+F NAFofS hsa 6ée kDW| 014 012 0.10| 0.08| 0.06 90%| 110%| 90%| 110% 1
{dF NI dzZlJ 6¢ kDW {bD( 0 0 0 0 0
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Notes:
A. The plant size range is likely limited by the biogas availability.

B. Al. This value is the hourly rating and has been calculated as if the unit produces at capacity and was in operations 8,000
hlyear.

Plant size progression is based on moving from small biogas system to large systems as the technology is proven.

D. There are variations in the process that will have some impact on the overall efficiency. It is not yet clear what might become
the industry standard.

E. This is the power for the system excluding the electrolyzer.

The methanation step does not lend itself to intermittent operation. The concept of intermittent power to SNG is not practical
without intermediate storage for hydrogen that would allow the methanation plant to operate continuously. This would have a
significant capital cost impact.

Some recoverable waste heat is available from the process.
H. There is a significant range in the capital cost estimates.

I. Assumes that the biogas is 65% methane.
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Qualitative Description

Hydrothermal liquefaction of biomass is the thermochemical conversion of biomass into liquid fuels by
processing in a hot, pressurized water environment for sufficient time to break down the solid biomass
structure to mainly liquid componentsTypical hydothermal processing conditions are 2BR20°C of
temperature and operating pressures from 40 to 350 bar of pressure.

Alkali catalysts are often used to facilitate the degradation of macromolecules by hydrolysis, decarboxylation,
and depolymerisation type akactions, as well as inhibit formation of tar, char, and coke.

The process can handle most types of biomass and unlike some other thermochemical process it does not
require dry biomass.

Brief Technology Description

A biomass slurry is fed into reactors ldgh pressure and high temperature. The slurry contains water,
biomass and the alkali catalysts. The reactors provide sufficient residence time for the solid biomass to
breakdown. After leaving the reactor the product stream is degassed and the ligs@basated into an
aqueous phase and an oil phase. The aqueous phase is recirculated through the reactors and oil is available
for market or further processing. The gas is used internally in the process to provide the thermal energy. The
basic process flovg shown in the following figure.
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Figurel Hydrothermal Liquefaction Process Flow

Input

The process inputs are biomass, water, and an alkali catalyst. Some electricity is required to operate the

process.

Output

The primaryoutput from the system is the bioil and water that is recycled through the process. There is
some gas produced in the reactors but this is consumed in the process to provide the process heat to maintain

the reactor operating temperature.

EnergyBalance

The energy balance of the process is shown in the following figure [4]. This energy balance is based on
laboratory scale operations and could change with feedstock and operating conditions. A similar energy

balance but without the electrical inpwtas reported by Jensen [5].
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Figure2 Hydrothermal Liquefaction Energy Balance

Typical Capacities

Steeper Energy, one of the companies developing the technology is proposing that its first commercial plants
will produce 2,00Mbls or oil per day (140 MW) and consume 240,000(oden dry tonnepf feedstock per

year [6].

Zhu [7] undertook a technreconomic analysis of an HTL plant and upgrader that processed 2,000 odt per
day and produced 3,780 to 4,900 bbls of oil per day B end of the production range represents the
state of the art according to Zhu and the high end of the range, the ultimate design goal.

Regulation Ability

There is little published on the performance of continuously operated plants. Given the higumesd
temperatures required in the reactors and the required reactor residence time it is likely that the
performance will be altered when the process is operated at rates below the design capacity.

Space Requirements

The space requirements are liketyhe dominated by the area required for feedstock storage. None of the
techno economic analyses found in the literature report the area required for the plants. There have been
no large scale, similar technology plants built. The best estimate is tharé@erequired would be similar to

pulp mills that have the same feedstock inputs.

Advantages/Disadvantages

The primary attractiveness of the technology is that biomass can be converted into a liquid fuel. The HTL
process produces a liquid with a low oxygemtent compared to pyrolysis processes and may be suitable

for use as a fuel that can substitute for heavy fuel oil in applications such as the marine sector. The low oxygen
content will al® make the fuel easier to hydireat to remove the oxygen and gpade the fuel so that it is
suitable for more demanding applications such as the use in transport diesel applications. The product could
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also be used as a bio crude oil for use in existing petroleum refineries to produgadnbne and diesel
blendingcomponentsthat are available after fractionation.

Environment

The GHG emission performance of the product is expected to be very good due to the limited fossil fuel
inputs into the system and the high oil yield. The high oil yield is also attractive witenass availability is
limited. The low oxygen content of the product will also mean that if it is upgraded through hydrotreating,
the hydrogen requirements will be modest and the GHG emission profile will still be good.

Research and Development Perspizet

Hydrothermal liguefaction of biomass to produce a-bibis a category 1 technology, a technology in the
research, development and deployment stage. There is significant uncertainty with respect to the
performance and costs of the technology.

There igotential to improve yields and reduce costs as more experience with the technology is gained from
a demonstration facility and then the technology is scaled to commercial plants.

Examples of Market Standard Technology

Since this is a Category 1 techngladpere are no market standard technologies. One of the leading
development companies with this technology is the Daiisimadian company Steeper Energy. They have
recently announced plans [1] for an industrial scale demonstration plant at a former plilfpoaited in
Tofte, Norway with their partner Silva Green Fuel, a Norwe§ardish joint venture.

Steeper Energy
Sandbjergvej 11

DK 2970 Hgrsholm
Denmark
http://steeperenergy.com/

The other majotechnology supplier is the Australian company, Licella. They have form a joint venture with
the Canadian pulp and paper company Canfor and announced plans to build a 400,000 bbl/day facility in
Prince George, BC, Canada [8].

Licella Pty Ltd

Level 7, 140 Alnur Street

North Sydney NSW 2060 Australia
http://www.licella.com.au/contact/

Predication of Performance and Cost
Given the early stage of development predictions of performance and coshasgtain. The announcement
of an industrial scale demonstration facility is a significant step in the development of the technology.
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100 Hydrothermal Liquefaction

There is some discussion in the literature [7] of the current state of the art with respect to performance
capital costsand operating costs. These estimates have been developed by independent third parties and
not by process developers.

Uncertainty
There is significant uncertainty with respect to performance and economics due to the stage of the
development of theechnology.

Additional Remarks

There is significant interest in this pathway from petroleum refiners. Due to the low oxygen content of the
product there isa potential for the product to be c@rocessed in existing refineries with minimal
modifications.

HTL oil is very viscous which will limit the potential applications of the oil to a replacement for other heavy
viscous oil. The physical properties of HTL can be improved by hydrotreating the oil.

Jensen et al [9] have reported that about 2% wt. hydrogenoissumed when the oil is hydrotreated.
Hydrotreating yields were about 80% on a mass basis, and over 90% on an energy basis. Hydrotreating also
produced 9% water and-6% gas. The properties of the HTL and the hydrotreated HTL are shown in the
following table. The hydrotreated HTL properties will vary with the severity of the hydrotreating.

HTL Hydrotreated HTL
Density (kg/m3) 1103 989
Viscosity at 28C (cP) 80,432 297
HHV (MJ/kg) 37.2 42.1
Carbon (wt. %) 80.6 88.1
Hydrogen (wt. %) 9.1 11.9
Oxygen (wt. %) 10.1 0.0
Nitrogen (ppm) 1500 1175
Sulphur (ppm) 309 389
TAN (mg/g) 55.7 0.0

Tablel Hydrotreated HTL Properties

Quantitative Description

The reaction chemistry of hydrothermal liquefaction is complex, mady different chemical reactions may
proceed depending of the specific operating conditions. Jensen et al [2] have proposed a number of the major
chemical reactions involved in the process and these are shown in the following figure.
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Figure3 Major Chemical Reactions in the Steeper Energy Process

Typical Plant Size

The technology has not yet moved beyond the pilot plant stage. Steeper and Licella are planning commercial
plants in the range of 1,000 to 2,000 bbls paydTechneeconomic assessments [7] have considered plants

of 5,000 bbls/day as long term design objectiVbese different plant sizes are shown in the following table
with different approximate equivalent metrics.

Volume Based, bbl/day Input Mass Basedpy Energy Output Based, GJ/dg
1,000 120,000 6,100
2,000 240,000 12,200
5,000 600,000 30,500

Table2 Typical Plant Sized

Input and Output

The input and output for a 1,000 bbl/day plant has been extrapolated from Steeper published information
[4] and summarized in the following table addition to the parameters shown in the table there wobtl
420 GJ of produced gas that is utilized ia grocess.

Input Output
Wood, tonnes/day 350
Power, kWh 93,325
Bio-oil, bbls/day 1,000 Bblg

Table3 Typical Input and Output
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Forced and Planned Outage
Harris Group prepared a report on HTL reactor design foNgi@nal Renewable Energy Laboratory (NREL)
and used a 90% on stream design factor. That allows 36 days per year for system maintenance.

The combination of a solid feedstock and the high pressures involved have been problematic for systems like
pressurized biomass gasification systems. Harris reportecptitagiry challenges associated with the reactor
section design were (1) maximizing heat integration, (2) managing the potential for poor heat transfer from
the reactor effluent to the reactor f&d due to the potential for high viscosities in the feed streams, and (3)
minimizing cost associated with the reactor system itself, given the very high required pressures. It is possible
that the first large scale demonstration plants will experience séoneed outages as these challenges are
addressed.

Technical Lifetime
Plants of this type would normally be designed for at least a 20 year lifetime.

Construction Time
Construction periods of 2 years are likely due in part to the fabrication time of theiafy high pressure
reactors involved in the process.

Financial Data

Several sources of detailed information [7] [10] [11] [12] on capital costs and operating costs are in the public
domain. These have mostly been generated by independent third pamidshat by the leading process
developers. However, Pedersenadf12] are involved with Steeper Energy so the information from this paper
has been used in the data sheet. The information from of the reports is discussed below.

Investment Costs

Zhuet al[7] and Pedersert al[12] provided information for both the production of HTL and for upgrading
the HTL to a pure hydrocarbohhe capital costs are compared in the following tablee Harris Group [10]
investigated five different designs withidely varying capital costs due to trying to address the design
challenges identified above.

Parameters Zhu Harris Pedersen
Base Year for Costs 2007 2011 2016
Feedstock, tpd 2000 2000 500
Total Capital $512 Million| $222 to $1,646nillion $225
Investment

Best case $364 million

Table4 Capital Cost Comparison

Thecost estimateby Zhu et alvas prepared using Aspen Process Economic Analyzer includes an allowance
for potential missing equipment in the design. The estintatédarris Grous an engineering estimate based

on vendor quotes for the equipment. Bo#tstimate approachesise factors ér the installation costs and
indirect construction costs.

Page231| 315- Technology Data for Renewable Fuels



100 Hydrothermal Liquefaction

Using the estimatdy Pederseret aland an output of 1150 bbl/day the capital costs are $3.40/annual litre
(€3.5/annual litre for a plant in Europe).

Operating and Maintenance Costs

The operating and maintenance costs were estimated in the studies. The results are compared in the
following table.The reportby Zhu et atloes not separate the operating costs for the upgrading from the HTL
production.

Parameters Zhu Harris
Feedstock $46 million Not reported
Waste disposal $25 million Not reported
Utilities $8 million $22 million
Fixed costs $24 million $10 million

Table5 Operating and Maintenance Costs

The operating and maintenance costs from the two reports have significantly different profiles. Pedersen
provided a more detailed breakdown of the variable operating costs. The data was presented per litre of
gasoline equivalent (LGHJere, the data i€onverted toa per-litre of HTL basis by assuming that 1 LGE is
equal to 0.90 litres of HTThe information is shown in the following table.

Parameter US$ per Litre HT
Feedstock 0.13
Hydrogen 0.11
Thermal energy 0.24
Power 0.05
Wood Grinding 0.058
Water disposal 0.014
Fixed O&M 0.10

Table6 Operating and Maintenance Costs

The variable O&M costs less feedstock, power and thermal energy is 0.18 US$/lit@l{De)zand the fixed
O&M is 0.10 US#$/litre (0.08litre).

Start-up Costs
The startup costs are included in the operating cost estimates.

Technology Specific Data

The properties of the Hydrofaction oil produced by the Steeper Energy process are shown in the following
table [2] and compared to typical values for heavy fuel oil [3]. Th@ibiwas some oxygen which reduces the
energy content and increases the dendityt the properties are broadly similar. The i viscosity is very
sensitive to the temperature and is more viscous that the petroleum HFO at the same temperature.
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Parameter Hydrofactiormt Oll Heavy Fuel Oi
Energy Content, MJ/kg (LHV) 36.7 39
Water Content, wt. % 0.8 0.1
Density, kg/m 1.05 0.98
Oxygen Content, wt. % 9.8 0
Pour Point, C 24 15
Flash Point, C 29 100
Kinematic viscosity at 40 °C, rfim 17,360

Kinematic viscosity at 50 °C, rfim 200-600
Kinematic viscosity at 60 °C, rfim 1,545

Table7 HTL BieOil Properties
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Data sheet

The information on HTL production is summarized in the following table. Since there are no operating plants
in 2015, the data is presented for the years 2020 to 2050.

Technology HTLBIo Oil

Uncertainty Uncertainty
2015| 2020 2030 2040 2050 (2020) (2050)

Lower | Upper | Lower | Upper

Note Ref

Energy/technical data

Typical total plant size. MW n.a. 145 220 300 360 50% | 125% | 75% | 125% | A,Al,B|1,6
Inputs

;iﬁsm‘:k Consumption, MWh/MWh Total | | 095 | 095 | 095 | 0.95 | 90% | 150% | 90% | 125% | E | 4
Electricity Consumption, MWh/MWh Total Inp| n-a. | 0.05 0.05 0.05 0.05 75% | 125% | 75% | 125% E 4
Outputs

Bio Oil Output, MWh/MWHh Total Input n.a. 0.82 0.82 0.82 0.82 90% 110% | 90% 110%

Coproducts Output MWh/MWh Total Input | N-& 0 0 0 0 90% | 110% | 90% | 110%

Forced outag€%) n.a. 4 0 0 0

Planned outage (weeks per year) 4 4 4 4 4 C 8
Technical lifetime (years) 20+ | 20+ 20+ 20+ 20+

Construction time (years) 2 2 2 2 2

Financial data
{LISOATAO AySSadGYSyl na | 220 1.65 1.24 110 | 75% | 125% | 75% | 125% | D,G |6,8

- equipment (%) n.a. 75 75 75 75

-installation (%) n.a. 25 25 25 25

CAESR haga Bodilyear) a? na. | 0.063 | 0.063 | 0.063 | 0.063 75% | 125% | 75% | 125% F,G
tFNAFOES hsa 6e ka2 K| na | 14.013| 14013 | 14.013| 14.013| 75% | 125% | 75% | 125% | F,G
{GFNI dzLJ 6e€ Kka? . A2 na 0 0 0 0

Technology specific data

Specific energy content (GJ/ton) HTL) 36.7| 367 36.7 | 36.7 36.7

Specific density (kg/l) or (ton/m3) 1.05| 1.05 1.05 1.05 1.05

{LISOATAO Ay@SailySyl n.a. 2.67 2.00 1.50 1.33 75% | 125% | 75% | 125% D,G |6,8
- equipment (%) n.a. 75 75 75 75

-installation (%) n.a. 25 25 25 25

CAESR hsa 6ae kmznnnl|na| 0076 | 0076 | 0076 | 0.076 | 75% | 125% | 75% | 125% | F,G
s NRAFOES hodBio®Be wkmy| na | 0143 | 0143 | 0143 | 0143 | 75% | 125% | 75% | 125% | F,G

{GF NI dzLJ 6ae kmZInnn n.a. 0 0 0

Notes:

A. The plant size range is likely limited by the feedstock availability.

ALl. This value is the hourly rating and has been calculated as if the unit produces at capacity and was in operations 8,000 h/year.
B. The plant size range is typical of the range found in the literature. It is highly uncertain given that there is no commercial
demonstration plant in operation yet.

C. This s twice the time normally found in process operations.
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D. Capital costs for ' plant are used for 2050 and earlier costs are estimates.

E. These are based on extrapolated pilot plant results.

F. N"plant estimates

G. Ma/ k tonne is million euro per 1,000 tonnes
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Qualitative Description

Catalytic hydropyrolysis (CHyP) of biomass is the thermochemical conversion of biomassaiitordiquid
fuels by processing with hydrogen and a catalyst to break down the solid ssostraicture to liquid, gaseous
and solid components. Typical catalytic hydropyrolysis processing conditions adg37& of temperature
and operating pressures from 10 to 30 bar.

There are a number of possible configurations of the technology. In soooged configurations the
catalytic hydropyrolysis stage is followed by a further hydrotreating stage andidrlguid fuels in the
gasoline and diesel range can be produced instead ebihidike the fast pyrolysis process, the feedstock
must be appopriately sized and relatively dry (<10% moisture).

Brief Technology Description

Dry and sized biomass along with hydrogen is fed into a reactor at high pressure and high temperature. The
reactor contains a catalyst and most proponents utilize a fluid t@eattor for rapid heat transfer. After
leaving the hydropyrolysis reactor the char and catalyst are removed by a cyclonic separator and the gas goes
to a hydroconversion reactor where more hydrogen is added. After that hydroconversion reactor the gaseous
stream is condensed and the condensed liquid is phase separated into an aqueous phase and an oil phase.
There is also an uncondensed gaseous phase. In some systems the liquid is further hydrotreated and distilled
to produce gasoline and diesel fuel fractooniThe aqueous phase and uncondensed gas can be steam
reformed to produce the energy and hydrogen required by the process.
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The basic process flow is shown in the following figure.

— ~— R ~—
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Solid Feed Fluid Bed Hydroconversion  geparator

Hopper Hydropyrolysis Reactor
Reactor Y Aqueous and
Gas Phase
" Char Ash H,
» CO: & H-0
Reformer

Figurel: CatalyticHydropyrolysis Process Flow

Input

The process inputs are biomass, hydrogen, and a catalyst. Some electricity is required to operate the process.
In some configurations, including the one closest to commercialization, the hydrogen can be produced
internally using the produced gas and char.

Output

The energy containing outputs from the system can be organic liquidilpidiochar, gas and heat. The
gas could be a source of £fOr methanization for SNG production. There is also water produced by the
sysem. Other configurations consume the gas and the char to produce the hydrogen.

The bieoil produced in the first reactor will still have some oxygen in it, although at reduced levels compared
to the fast pyrolysis process. It will have limited miscibiitth petroleum products and will require further
processing for many applications. Systems with the secondary hydrotreating can produce hydrocarbons in
the gasoline and diesel fuel range.

EnergyBalance

The energy balance for catalytic hydroprocessing is shown in the following figure [1]. This data is based on a
laboratory study that investigated the impact of temperature and pressure on the distribution of products.
The catalytic hydropyrolysis was untien in a fluid bed reactor with a cobalt molybdenum catalyst,
followed by deep hydrodeoxygenation using a nickel molybdenum catalyst in the hydroconversion reactor.
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Since this is based on an experimental system it is not fully optimized and the chandaxcess heat are
shown as products.

Biofuel
37.6 MJ
Wood 2
769 MJ Hochar
Hydrogen Gas
23 MJ 31.4MJ
District
Heat
17.9MJ

Figure2: Catalytic Hydropyrolysis Energy Balang€onfiguration 1

A second version of the energy balance of the process is shown in the following figure [2]. This energy balance
is basedn renewable gasoline and diesel produced by the integrated hydropyrolysis and hydroconversion
(IH9) process at an existing petroleum refinery in the United States. This process has been optimized to
produce liquid products and it utilizes all of tblear and gas to supply the energy and hydrogen requirements

for the process. It is this process which has received the most attention in the literature and has published
techno-economic assessments. It is this process that the primary data sheet has dsshdn.

Gasoline
40 MJ
Wood
98.8 MJ
Diesel
18.5 MJ
Electricity
1.2 MJ
Char and Gas
for Internal
Consumption
41.6 MJ

Figure3: Catalytic Hydropyrolysis Energy BalangeConfiguration 2
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Alternative configurations may be possible, particularly where the char has higher value applications than
just energy production, but then other engrgnputs into the system would be required.

TypicalCapacities
CRI Catalyst, the company developing th@dehnology has a demonstration facility in India which processes
five metric tonnes of feedstock per day on a dry,-&ge basis [3].

They claim tht they have provided 11 P echnology licenses through the end of 2017 for customers to
conduct detailed sitespecific feasibility studies (FEED). These facilities span the biomass feedstock spectrum,
including wood, crop residues, municipal solid wastd celocated and integrated with a petroleum refinery

with clients in North America, Europe and Asia. Most of these commercial facilities would be brownfield sites,
integrating with existing operations. The FEED designs are for units between 500 afdtdn&@s
biomass/day plants using paper & pulp, forestry and agricultural residue feedstock.

The latest license has been signed with Biozin AS, a wholly owned subsidiary of the Norwegian forest products
company Bergene Holm AS. They have plans for favgspleach producing 120 million litres of fuel per year
plus biochar [4]. The product will be further process to meet specifications at an oil refinery.

CRI also participated with the National Renewable Energy Laboratory (NREL) in aetamtomic studyf
2,000tonnes/day woody biomass feed and 230 million litre/year facility [5].

RegulationAbility

There is little published on the performance of continuously operated plants. Given the high pressure and
temperatures required in the reactors and thequired reactor residence time it is likely that the
performance will be altered when the process is operated at rates below the design capacity.

SpaceRequirements

The space requirements are likely to be dominated by the area required for feedstockestdifae NREL
techno economic analyses [5] found in the literature assumed 46 ha would be required for the 2000 tpd
plant. There have been no large scale, similar technology plants built.

Advantage#Disadvantages

The primary attractiveness of the technoloi that biomass can be converted into drop in liquid fuels if the
second stage hydrotreating and distillation steps are included. There is also a relatively high energy and
carbon efficiency compared to other cellulosic biomass conversion technologies.

Feeding solids into a high pressure reactor has been a problem for other biomass technologies and there is
the potential for catalyst deactivation with the direct contact between the catalyst and the biomass in the
first reactor.

Environment
The GHG emissigerformance of the product will depend on the process configuration. When the char and
gases are used to produce the hydrogen most of the energy will be internally generated and the GHG
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emission performance will be very good. When the hydrogen is supgkternally from fossil resources, the
GHG emissions will be higher and the overall system GHG performance will be a function of how the
allocation of the emissions to the char and the gaseouproducts are handled.

The fuel gas is biogenic and vadintain a range of light hydrocarbons, carbon monoxide and dioxide and
hydrogen. It is suitable for combustion and can replace natural gas or other fossil fuels.

Biochar could have a humber of potential applications. It has been used as a soil amendthi¢ratpgrears
to stimulate plant growth and at the same time be relatively inert with a long life in the soil, making it a form
of carbon sequestration. It may also be used to replace coal in power plants and in steel making.

Researchand Development Persp#ive

Catalytic hydropyrolysis of biomass to produce eitherdilaor a dropin fuel is a category 1 technology, a
technology in the research, development and deployment stage. There is significant uncertainty with respect
to the performance and costs tfie technology.

There is potential to improve yields and reduce costs as more experience with the technology is gained from
a demonstration facility and then the technology is scaled to commercial plants.

Examplesf Market Standard Technology

Since thisg a Category 1 technology there are no market standard technologies. One of the leading
development companies with this technology is CRI Catalysts. CRI/Criterion Catalyst Company LTD (CRIUK),
a global catalyst technology company wholly owned by RoyahCihell.

CRI Catalyst
London England

https://www.cricatalyst.com/cricatalyst/contaetis

Predicaton of Performanceand Cwt

Given the early stage of development predictions of performance and cost are uncertain. The NREL techno
economic analysis was done in 2013 [5] and the demonstration plant in India did not become operative until
2017.

Another techneeconomic analysis wadone on a mild catalytic pyrolysis process [6] but this was also
published in 2014. This process employed catalytic pyrolysis followed by hydrotreating and was similar in
concept to the Kior process, which was not a commercial success.

Uncertainty
There is significant uncertainty with respect to performance and economics due to the stage of the
development of the technology.
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Additional Remarks

There is interest in this pathway from petroleum refiners. Due to the low oxygen content of the stage 1
product, there is the potential for the product to be quocessed in existing refineries with minimal
modifications. Mehta [7] reported some of the product properties after the first stage and the second
hydrotreating stage. The nitrogen content in the table iefn Marker [9) and is dependent on the
feedstock (values for wood are shown). The amount of deoxygenation after the first stage is significant
compare to other pyrolysis systems and hydrothermal liquefaction (HTL) processes.
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First Stage Second Stagy
Density (kg/m3) 865 832
Carbon (wt. %) 85.7 88.0
Hydrogen (wt. %) 11.0 12.0
Oxygen (wt. %) 3.3 0.0
Sulphur (ppm) 273 9
Nitrogen (wt%) <0.1
TAN (mg/qg) 2.2 <0.001

Tablel: Catalytic Hydropyrolysis Oil Properties

Thefirst stage product has specific gravity of 0.865 and a low sulphur content (0.03%). It is heavier than Brent
or WTI crude oil, but it does have one tenth the sulphur content and 3.3% oxygen compared to less than 1%
in the petroleum crude oils.

The biochamproduced from wood was analyzed by Marker [9] and the results are shown in the following

table.

Component Weight %
Carbon 77.60
Hydrogen 4.46
Nitrogen 0.22
Sufur 0.24
Oxygen 13.24
Ash 4.25
Moisture 0.73
Potassium 0.29
Sodium 0.04
Phosphorus 0.04
Heating value, MJ/kg 28.8

Table2: Biochar Analysis

The gas composition varies with operating conditions [14] as shown below. The percentages are of the mass
of products produced, oil, char, and gas.

Component Range
CO plus CO 8-14 wt %
C1 + C2 + C3 hydrocarbons 10-18wt %

Table3: Gas Composition

Quantitative Description
The IH technology was originally developed with the Gas Technology Institute in the United States before
Shell and CRI became involved. The early work was supported by the US Department of Energy and there are
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a number of progress reports on the technology theg available detailing research between 2010 and 2017
[8] [9] [10].

Energy/TechnicaData
Some quantitative information on the process is presented below.

Typical Plant Size
The technology has not yet moved beyond the pilot plant stageariiplanning on plant sizes between 500
and 1500 tonnes per day [3] [5].

Input Mass Based, tpd Litres/year Energy Output Based, GJ/d|
500 58 Million 5,000
1,000 115 million 10,000
1,500 172 million 15,000

Table4: Typical Plant Size

Input and Output
The input and output for a 1,000 tonne/day plant has been interpolated from the NREL published-techno
economic report [5] and summarized in the following table. This plant produced itpower and hydrogen.

Input Output
Wood, tonnes/day 1,000
Gasoline, litres 197,000
Diesel, litres 101,000

Table5: Typical Input and Output TechneEconomic Data

The inputs and outputs that were used for the LCA studpénsame report have slightly different values
when they are scaled to the same 1,000 tonne/day plant as shown in the following table. In this configuration
the internal use of the char and the gas produced more hydrogen than the process required axdaks e
was exported to the adjacent oil refinery.

Input Output
Wood, tonnes/day 1,000
Power, kWliiday 5,880
Gasoline, litres 213,000
Diesel, litres 120,000
Export steam, 1000 kg/day 1,450
Excess hydrogen, kg/day 8,200

Table6: Typical Input and Output LCA Data

Forced and Planned Outage

The NREL techreconomic report was based on 350 operating days per year with 15 days available for planned
maintenance. Since this is an immature technology a twokvedletment (4%) is provided for forced allocations.
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Technical Lifetime

Plants of this type would normally be designed for at least a 20 year lifetime. The NREL-dechamic study
assumed a 30 year life.

Construction Time
Construction periods of gears were allowed for the NREL teckemmnomic study.

Financial Data
There is limited recent financial data available for the proc€ss.NREL study has the most detail available.

Investment Costs

bwo[ Qa wp6 OFLIAGET O2al rhiplmkant iiaS regoited in 2007aUS ollddsyA | H
more recent capital cost estimate was published by Meerman [15]. This was for a first of kind plant with some
differences in scope to the NREL plant but Meerman also undertook some adjustments to provide a

direct comparison and found that the costs were within 15% of each other. The tegdurmmic analysis
published by Thilakaratne et al [6] has a much lower liquid product yield so it is not considered in this analysis.

Parameters Tan Meerman FOAK Meerman nth plant
Base Year for Costs 2007 2014 2016
Feedstock, tpd 2000 3425 2000
Total Capital Investment $211 Million $612 Million $199 million

Table7: Capital Cost Comparison
¢FyQa 0O2ail RAR pfeparation yosts (dereéningaddgRnilinig} vihich were imbedded in the
feedstock delivery costs.

Operating and Maintenance Costs
The operating and maintenance costs were estimated in the Tan study. The system produced its own
hydrogen and power was also phaced on site. These factors keep the operating costs low.

The fixed costs were $10.8 million per year and the variable costs (excluding feedstock) were $4.5 million per
year.

The fixed costs amount to $0.047/litre (US $) and the variable costs $0.02U&&).

Startup Costs
Tan estimated that three months would be required to start up the plant.

Technology Specific Data

There has been relatively little detailed technical information released in the last several years. Presentations
FNBY HAMpP OMHB AYRAOIGS dGKFdG GKS FTAYAAKSR Il azftAiy
specifications and most of the isss are related to high aromatic contents. A 2018 presentation [13] indicates

that the products do now meet the EN 228 standard for gasoline (35% aromatics max) and EN 590 for diesel
except for the cetane number.
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Data sheet

The information on catalytic lbyoprocessing is summarized in the following table. Since there are no
operating plants in 2015, the data is presented for the years 2020 to 2050. The data table is based on
Configuration 2, since that is the closest to commercialization.

Catalytic Hydropocessing Datasheet, Configuration 2

Technology Catalytic Hydropyrolysis con®
Uncertainty Uncertainty
2015| 2020| 2030| 2040 2050 (2020) (2050) Note Ref

Lower | Upper | Lower | Upper

Enegy/technical data
Typical total plant size 1,000 t Bio Oil/lyear| n.a. 40 80 120 160 50%| 125% 75%| 125%| A, B 3,4

Typical total plant size. MW n.a. 57 114 171 228 50%| 125% 75%| 125%| A,Al1,B| 3,4
Inputs

Feedstock Consumption,

MWh/MWHh Total Input na.| 0.99| 0.99| 0.99| 0.99 90%| 150%| 90%| 125% D 5
Electricity Consumption,

MWh/MWh Total Input n.a. 0.01 0.01 0.01 0.01 75%| 125% 75%| 125% D 5
Outputs

Gasoline fraction, MWh/MWh Total Input | n.a.| 0.38] 0.39] 04| 041] 90%| 110%| 90%| 110% DH

Diesel fraction, MWh/MWh Total Input na.| 017 018 0.18| 0.19| 90%| 110%| 90%| 110% DH
Coproducts Output MWh/MWh Total Inpy n.a. 0 0 0 0 90%| 110% 90%| 110% D 5
Forced outage (%) n.a. 4 4 0 0

Planned outage (weeks per year) n.a. 2 3 4 5 5
Technical lifetime (years) n.a. 20+ 20+ 20+ 20+

Construction time (years) n.a. 2 2 2 2 5

Financial data
{LISOATAO Ay@SaidySyid na| 278 158| 1.15| 0.93] 75%| 125%| 75%| 125%| C,F |5,11
- equipment (%) n.a. 75 75 75 75
-installation (%) n.a. 25 25 25 25
CAESR hga 6ae ka? k@ na/| 0027 0027 0.027| 0.027| 75%| 125%| 75%| 125%| E,F
tF NAFotS hsa o6e€e ka?|l na| 131 131 1.31| 1.31| 75%| 125%| 75%| 125%| E,F

{GFNI dzZl) 6e¢ «kf . A2 n.a. 0 0 0 0

Technology specific data

Specific energy content (GJ/ton) 43 43 43 43 43

Specific density (kg/l) or (ton/m3) 0.78| 0.78| 0.78| 0.78| 0.78

{LISOATAO AyoS@sBioofyd nal| 3.96] 224 164 1.32 75%| 125%| 75%| 125%| C,F | 5,11
- equipment (%) n.a. 75 75 75 75

-installation (%) n.a. 25 25 25 25

CAESR hga o6ae kmInn na.| 0.039 0039 0.039| 0.039 75%| 125%| 75%| 125%| E,F
+l NAl 6fS hsgsa 6e¢ km3 nal| 0.016| 0.016/ 0.016| 0.016] 75%| 125%| 75%| 125%| E,F
{GF NI dzLd 6e¢ kf . A2 n.a. 0 0 0 0
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Notes
A. The plant size range is likely limited by the feedstock availability.

Al. This value is the hourly rating and has been calculated as if the unit produces at capacity and was in
operations 8,000 h/year.

B. The plant size range is typical of the range found in the literature. It is highly uncertain given that there is
no commer@@l demonstration plant in operation yet.

Capital costs fortfhiplant are used for 2050 and earlier costs are estimates.

These are based on extrapolated pilot plant results.

N plant estimates

a ekl 0(02yyS A& YAttA2y SdNR LSNI mInnn (2yySa

The values are or to distillation into the diesel and gasoline fractions.

I oG mmOoo

The gas to diesel ratio could vary with the feedstock. The lignin is likely to produce heavier products (more
diesel) than the cellulose.

A separate data sheet is provided farnfiguration 1. This is not a complete data set as this configuration is
based on research studies and no scale up or costing of the configuration has been undertaken.

Catalytic HydroprocessinDatasheetc Configuration 1

Technology Catalytic Hydroprocssing conf. 1
2015 | 2020 | 2030 | 2040 | 2050 Uncertainty Uncertainty Note Ref
(2020) (2050)

L0wer| Upper | Lower | Upper

Energy/technical data

Typical total plant size 1,000 t liquid n.a. 40 80 120 160 50% | 125% | 75% 125% | A,B 3,4
fuels/year

n.a. 57 114 171 228 50% | 125% | 75% 125% | A Al 3,4
Typical total plant size. MW B
Inputs
Feedstock Consumption, MWh/MWh n.a. 0.77 0.77 0.77 0.77 90% 150% 90% 125% Cc 1
Total Input
Hydrogen Consumption, MWh/MWh n.a. 0.23 0.23 0.23 0.23 75% 125% 75% 125% C 1
Total Input
Outputs
Liquid Fuel Output, MWh/MWh Total na. | 038 | 0.38 | 0.38 | 0.38 | 90% | 110% | 90% 110% C 1
Input

na | 013 | 013 | 013 | 013 | 90% | 110% | 90% 110% C 1
Biochar, OutputMWh/MWh Total Input

na. | 031 | 031 | 031 | 031 | 90% | 110% | 90% 110% C 1
Gas OutputMWh/MWh Total Input

na | 018 | 018 | 0.18 | 0.18 | 90% | 110% | 90% 110% C 1
District HeatMWh/MWh Total Input
Financial data
{LISOAFTAO Ay@SaidyYS| na | 218 | 1.23 | 090 | 0.73 | 75% | 125% | 75% | 125% | D,EF | 5,11
Fuels)
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- equipment (%) n.a. 75 75 75 75
-installation (%) n.a. 25 25 25 25
CAESR hga oOmInnn { na. 44 44 44 44 0.75 1.25 0.75 1.25 E,F 5
£+ NAFo6fS hga d6e « n.a. 0.02 0.02 0.02 0.02 0.75 1.25 0.75 1.25 E,F 5
Startupo e kf [ AljdzAR C| na. 0 0 0 0
Technology specific data
Specific energy content (GJ/ton) 43.0
Specific density (kg/l) or (tonfin 0.83
Notes

A. The plant size range is likely limited by thedstock availability.

Al. This value is the hourly rating and has been calculated as if the unit produces at capacity and was in
operations 8,000 h/year.

B. The plant size range is typical of the range found in the literature. It is higbbrtain given that there is
no commercial demonstration plant in operation yet.

C. These are based on extrapolated pilot plant results.

D. Tan [5] reports that the hydrogen plant and distillation account for 45% of the total plant costs for
configuration 2The cost for this configuration are therefore 55% of Configuration 2.

E. N"plant estimates

a ekl 0(02yyS A& YAttA2y SdNB LISNI wmInnn (2yySa

o
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Publication date

May 2020
Amendments after publication date
Date Ref. Description
07 2020 Minor adjustment in DH output for hydrogen to jet, note letters fixe

and note added

Quialitative Description

The power to jet fuel technology described in this chapter utilizes electricity to produce hydrogen and the
hydrogen is reacted with carbatioxide (C@) to produce syngas (hydrogemnjtdnd carbon monoxide (CO)),
which is then used in a Fisch&ropsch (FT) process to produce syncrude or Fisttogrsch wax, which can
subsequently be hydrocracked and upgraded through refinery processess®l, dierosene, jet fuel, other
hydrocarbons, and heat.

The system can take several forms. There are several different electrolysis technologies, the carbon dioxide
could come from many different sources, and there are several different technologiesdmiafpped for

the conversion of carbon dioxide to carbon monoxide, which along with hydrogen is the reactant for the
FischefTropsch synthesis. There is also some research underway on the direct utilization of carbon dioxide
rather than first producing céon monoxide.There are other production methods for the production of
emission free hydrogen, for example methane pyrolyHisthese are not desdred in this chapter.

This technology for direct conversion of power to jet fuel is at the early stage of development with only a few
pilot plants that are operable, while conversion of syngas to Fisthmgsch wax and the subsequent
upgrade has been inige-scale industrial operation for decades in South Africa, Malaysia and the Middle
East. The plants have been developed by technology aggregators, who might have developed one of the
subsystems but rely on other technology providers for the balance opledna.

There are other power to jet routes that could be considered as well. The power armb@®first be used

to produce methanol, this can be accomplished without the conversion of theédO00 and was described

in the Methanol from Power chaptef he methanol could be converted to olefins and then to light ends,
gasoline, and jet fuel fraicins P]. The power to methanol production portion of the system has a higher TRL
than the FT pathway but the subsequent conversion of methanol tadoatbons involves more process
steps and has a lower TRIlhis route is being explored by a Finish group of compa8jes [
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102 Power to Jet Fuel

Brief Technology Descripin

Electricity is used to make hydrogen via electrolysis and carbon dioxide is reduced to carbon monoxide and
water. The two streams are combined to produce a syngas, which is then synthesized through the Fischer
Tropsch reactions to produce liquid hydrosans and heat.

The basic proass flow is shown ifigurel.

H,

Power =——>

Electrolyzer

H,

Y

> =3 Naphtha
= co > -3 Jet Fuel

CO,—> ﬂ —3 Diesel

Reverse Water 20 FT
Gas Shift Synthesis

Figurel: Power to Jet Process Flow

The water from the reverse water gas shift (RWGS) can be recycled back to the electrolyzer for hydrogen
production.

There ae a number of catalysts that can be used for the Fisd@epsch synthesis but iron and cobalt based
catalyst are the most common. The iron catalysts typically operate in a temperature range of 300 to 350 °C
and the cobalt catalysts operate at lower temrpures (200 to 240 °C) and both operate at pressures of 20

to 25 bar 4.

Input

The process inputs are electricity (for hydrogen production) and carbon dioxide. Data sheets at the end of
the chapter are provided for both electricity as the input and for hydrogen as an input. Renewable sources
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of electricity are preferred in order toeduce the greenhouse gas (GHG) emissions associated with the
produced products. Some analyses include about 3% external fuel.

Cobalt catalysts required in situ regeneration every 9 to 12 months and replacement every five6years |
Cobalt catalyst consumption rate of 0.0009 kg per kg of FT liquids produced was modelled in a recent lifecycle
analysis of an FT systeif.[Iron catalysts have limited lifetimes of 40 to 100 days but are 1/1@66 cost

of Cobalt catalysts. Large scale natural gas to FT plants employ multiple parallel reactors that can facilitate
catalyst changes.

The carbon dioxide can be from concentrated sources such as ethanol fermentation facilities and ammonia
plants, through medium concentration sources such as thermal power plants, and even to dilute sources such
as direct air capture facilities. The energguaéements for the concept will increase as the concentration of

the CQ sources decrease.

The FT synthesis actually needs carbon monoxide, not carbon dioxide, as one of the reactants. The traditional
process to convert carbon dioxide to carbon monoxidénisugh the use of the reverse water gas (RWGS)
shift reaction shown below. The process is described in more detail by Daza8}t @h¢ reaction is
endothermic (equires heat).

CQ+hz CO+ED

The reaction is undertaken at temperatures between 350 to 600°C, depending on the catalysts used and at
relatively low pressures. The reaction is reversible so that there will always be sonie (B©® gaseous
stream leaing the reactor. Konig et ab] designed for 80% conversion to CO in the RWGS and recycled the
excess Cgrom the FT synthesis back to the RWGS reactor.

It is also possible to use an electrochemical process to convert CO2 &.dQdre is developmenwork
ongoing in this area, and Haldor Topsoe offers a small scale commercial product (eCOs). The reaction is shown
below.

CQ+2H+2éM / h,Ob |

There is also work going on with thermochemical and photochemicate@i@ction processes but these are
not yet commercially availabléd (] [11].

The FT synthesis process needs a H:C ratio of about 2, for exantplgt@decane, a typical component of

jet fuel) the ratio is 28:13 = 2.18][ Considering the overall ratio, including the hydrogen required for the
reverse water gas shift, the ratio for H:2@quired for the FT synthesis becomes about 3:1. There is a range
of assumed carbon effencies in the literature. Itis likely that early plants will have a higher ratio of hydrogen
to CO and then improve over time.
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Output

The Fischefropsch synthesis is essentially a polymerization reaction in which carbon bonds are formed from
carbon atomgderived from carbon monoxide, under the influence of hydrogen in the presence of a metal
catalyst. The reaction leads to a range of products which depend on the reaction conditions and catalysts
employed. The most abundant compound classes are paraffins,

olefins, and alcohols (oxygenates) as shown bel§jwThe alcohols can be removed in the post reaction
processing or used for energy to drive the process.

nCO + (2A1)HIMGHen+2+ NHO
nCO + 2nlGHzn + NHO
nCO + 2nlCnHn+10H +(R)HO

The FT reactions are not particularly selective and they typically make a range of alcohols, olefins and
paraffinic hydrocarbons that range from light naphtha that could be used for gasoline production, through
to jet fuel, diesel fuel and traditionally gy waxes, whichcan be further processed into high quality
lubricants. There can be trad#fs between liquid product yield and product selectivity. DeKléfkdported

the typical product range for different catalysts and operating conditions. The results are shown in the
following table; jet fuel is composed of the heavy end of the naphtha and the light end of the diesel fuel (C8
to C16).

Low templron | Low temp Cobal| High temp Iron
W1t%

Clto C2gas 6 7 23
GcG 8 5 24
Oxygenates 4 2 10
Naphtha (€to Gua) 12 20 33
Diesel (&-Co) 20 22 7
Wax (C1&C100) 50 44 i
Total 100 100 97

Tablel: FT Synthesis Product Distribution

DeKlerk reports that the production of especification jet fuel is the easiest of the transport fuel types to
accomplish. It is necessary that the paraffins in the kerosene rg@gd¢o C16) are sufficiently branched to
meet the cold flow specification, which requires a freezing point below minus 47°C. It is also necessary to
have (825) % aromatics in the kerosene range. On specification fully synthetic jet fuel as well as semi
synthetic (50% blend with crude oil derived kerosene) are produced on industrial scale fridinFHederived
synthetic oil using fossil feedstocks.

A US Patent was issued to De Kl&H [n 2014 for a process, which has FT jet fuel yield of 80 patent
is assigned to Sasol in South Africa. The process includes at least four of the following five processes.
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a) Hydrocracking the kerosene or heavier fraotend a C9 or heavier FT Syncrude fraction.

b) Olefin oliogmerizing produces kerosene range material from lighter olefinic materials.

¢) Hydrotreating one or more of an FT syncrude fraction, a product from process b. , and an alkylated
FT Syncrude fraction

d) Aromaizing one or more of an FT syncrude fraction including hydrocarbons in the range C2 to C8,
a product from process a, a product from process b, a product from process ¢, and a product from
an aromatic alkylation process.

e) Alkylating one or more of an FTrsyude fraction including hydrocarbons in the C2 to C6 range , a
product from process b, and a product from process d

Such a process would add significantly to the capital cost of a facility. Many of the processes are typically
found at a petroleum refingrso celocating the Power to FT facility at a petroleum refinery may be an option
to take advantage of the economies of scale typically found in petroleum refineries.

The FT reactions are also exothermic so some excess heat can be captured by the droedstal amount of

excess heat is about 25% of the heat of combustion of the synthesis gas, which means that both significant energy
is available for export, (up to 25% of the syngas input) and that there is a theoretical limit for the efficiency of the
process (75%)1B]. Konig §] reports tha low (125°C), medium (175C) and high (>208C) pressure steam is
available from the FT process. Seventy percent of the steam is high pressure, seventeen percent is low
pressure, with thirteen percent being medium pressure.

Energy Balance

Theoverall system energy balance will depend on the choices of technology that are employed.

For the hydrogen production there are three choices; Alkaline electrolyzers, which are the most common
systems used today, polymer electrolyte membrane (PEM) elgetdd, and solid oxide electrolyzer cells
(SOEC), which use a solid ceramic material as the electrolyte that selectively conducts negatively charged
oxygen ions (&) at elevated temperatures and generate hydrogen in a slightly different way.

Alkaline eletrolyzers have the largest market share, they have no expensive noble metals (platinum,
palladium, ruthenium, etc.) like PEM systems, but they have a lower efficiency than PEM or SOEC systems.

PEM systems typically have slightly higher efficiencies thealimd systems, operate at a slightly lower
temperature, but they use noble metals as the catalyst which can result in higher capital costs.

Solid oxide electrolyzers must operate at temperatures high enough for the solid oxide membranes to
function propety (about 700£800 °C, compared to PEM electrolyzers, which operate ag900°C, and
commercial alkaline electrolyzers, which operate at¢®0°°C). The solid oxide electrolyzers can effectively
use heat available at these elevated temperatures (fromoarisources, including from the FT process) to
decrease the amount of electrical energy needed to produce hydrogen from water. They are not yet used
commercially. Further information is available in electrolysis chapters of the Danish Energy Agency
Technobgy Catalogue.
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Lehner et al 4] compared the characteristics of the systems and provided some advantages and
disadvantagesThis 2014 book has beeiterl over 200 times in the literature. It is possible that further
technological advances have occurred with the technologies since publication, particularly with the
developing technologies. Power requirements for electrolysis systems are not alwaysl quodsconsistent

basis. Not all reports will include ancillary loads for pumps and fans and some only quote the stack power
requirements without including the losses from the conversion of AC to DC power. The size in the table refers
to a module size; mtiple modules could be used at a single site for increased capaldigse are
summarized imable2.

Alkaline PEM SOE(
Maturity Mature Commercial Demonstration
Efficiency, kWh/rfH,* 4.56.6 4.2-6.6 >3.7
Mid-point Efficiency, % LHV 50% 52% 75%
Size, rfH./hr <760 <40 <40
Gas purity, % >99.5 99.99 99.9
Capital costsg/kw 10001200 18602320 >2000

Table2: Electrolyzer System Comparisoi¥]

There are only two operating power to FT synthesis pilot plafs[[L6] and neither have publicly released
Fye LISNF2NXYIFYyOS RFEGFE FyR LINRBRdAzOGA 2 y SukirefiStprodudeds 2 v
FT distillates at their research facilitiesDnesden Germany in 2015. They used £@n direct air capture

and a solid oxide electrolyzer to produce the hydrogen. They claimed up to 70% efficiency for the power to
liquids technology but no detail of that calculation is publicly available. Carbgimegning 15] also use

direct air capture for the Cut use an alkaline electrolyzer for hydrogen. They have also not provided any
technical performance data. Thenergy balance must therefore be estimated from information in the
literature.

There have been a number of papers and publications that have performed prospective -smamic
laasSaaySyita 2F LRoSNI (2 2SS0 a2albYNIOA O KB¢ [Y2 d3@e REA
al [19]. That study also reported the highest liquid fuel efficiency at 65% as a SOEC system was assumed. A
2016 report for the German Gernment by Schmidt et aR[l] reported fuel efficiencies from 53 to 64%
depending on the electrolysis system used. The World Energy Cajaiéported fuel efficiency of 45%,

which they considered a realistic process efficiency considering an economic perspective. Konfj et al [
undertook process modelling and reported a 43.3% power to liquid efficiency and a 73.7% carbon efficiency,
which is lower than reported in some other studies. Light fuel products that are generated by theéhi€Bisyn

are separated and used for fuel to drive the process, thus there are carbon losses from the system. See the
mass balance detail figure in the Quantitative sections. This study included the product separation and
upgrading to gasoline, diesel, and feel.

4 The reference used standard cubic meters. A temperature of 15 °C (288; B000 °F) and a pressure of 101.325
kilopascals (1.0000 atm; 14.696 psi).
5> Hydrogenics, a producer of alkaline and PEM electrolyzers now has PEM systems as large a#3t000 m
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The technology that is closest to being commercially available at a reasonable scale is the use of an alkaline
electrolysis system and the reverse water gas shift reaction. The estimated energy balance for this system is
shown below 19]. Carbon dioxide does not contain any energy but depending on the source of the CO
some energy may have been expended to capture and concentrate thel@©distribution beteen losses

and steam for district heat is our estimafEhis reference did not include any external fuel.

Electricity
100 MJ

Jet Fuel
33md

Other Hydrocarbons
22 MJ

District Heat
25 MJ

Internal Use
and Losses
20 MJ

Figure2: Power to Jet FueEnergy Balance 2050 Projection

This energy balance has a higher jet finattion than DeKlerk4] and others have suggested. The other
hydrocarbons will include gaseous hydrocarbons and liquids that are both lighter and heavier tham. jet
Different FT systems could have different distributions of energy available for district heat versus own use.

Using the miepoint of the efficiency ranges reported by Lehngd][which is shown iTable2, which are
representative of commercial systems, and the high end of the FT synthesis report&8] thye[following
Table3 can be developediVhile the reverse water gas shift reaction is endothermic it has been assumed
that this energy can be obtained frothe exothernic FT synthesis.

Alkaline PEM SOE(Q
KWh/miH,[270] 5.5 5.3 4
MJ electricity/n? Hy 19.8 19.08 14.4
MJ B (LHV)/ni 9.84 9.84 9.84
H, Efficiency 50% 52% 68%
FT Synthesis Efficienfd3] 75% 75% 75%
Overall Efficiency 37% 39% 51%

Table3: Potential System Efficiencies

From the table it would appear that some of the expected enegfficiencies in the publicly available
feasibility studies 19| [21] [22] may be difficult to achieve in the first demonstration and commercial

facilities.
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Typical Capacities

The existing pilot plants have the capacity to producelit6s of fuel per day (~1 barrel). Commercial plants
will be much larger.

The Schmidt study2[l] looked at a plant that produced 123,000 tonnes per year of fueb@~tillion
litres/year). The Nordic GTL study9] was based on a plant that produced 190,000 tonnes of liquid fuels.
Plants of this size are similar to commercialdisel or grain ethanol plants.

A plant that produces 150,000 tonnes of fuel will consume about 580,000 tonnes.aft @@5% carbon
efficiency. It will need 400 MW of power.

Carbon Engineering has recently reportgd][that the first plants are likely to produce about 2,000 bbls/day
of fuel and will utilize 1,000 tpd of GOrhis is about 85,000 tonnes per year of fuel from 350,000 tonnes of
CQ(this is about 75%arbon efficiency).

The first plants will likely be smaller than the plants studied in the literature.

Regulation Ability

There is little published on the performance of continuously operated plants. Given the high pressure and
temperatures required in thereactors and the required reactor residence time it is likely that the
performance will be altered when the process is operated at rates below the design capacity. Goldmann et
el [24] reported that the FT process (including the RWGS) has a low tolerance for variations in the supply of
reactants and that hydrogen would need to be stored in excess to be available at a constant rate. The
regulation ability will therefordnave a linkage to the capital cost of the system. Overtobrhreported that

the Shell FT plant in Malaysia requires two to three days to start the complex aridgattio full production.

During startup the process is consuming energy without producing products and frequerigtamd shut

down can have a significant negative impact on overall system efficiency and economic performance.

Space Requirements

The Schmidt reportZ1] calculated that the land requirements were 0.001 to 0.002 ha/GJ Jet fuellyear,
however this included the land requirementg filne wind power which is outside the scope of this chapter.

A 4,000 bbl/day plant would require 7,000 to 14,000 ha according to this metric. The authors report that
some of the land could still be used for agriculture.

Without any commercial scale plantsoperation it is difficult to estimate the space requirements. The Pearl

GTL plant in Qatar has a 140,000 bbl/day capacity and occupies 550 ha. It has 29 FT reactors, so each reactor
would produce 4,800 bbl/day, which is 20% larger than the scale dfithdic plant that was analyzedq).

This suggests that the Nordic plant might require 20 ha. It is possible that the space requirements might be
larger than this as the Qatar plant is part of a large petrochemical process and it might share some facilities
with other operations and the power to jet fuel plant will have electrolyzers and probably some hydrogen
storage.
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The spaceequirements do not include any required space for, €apture if that is part of the processing
system.

Advantages/Disadvantages

The primary attractiveness of the technology is that the liquid fuel can have a very low GHG emission profile
if the power isfrom a low carbon source such as wind, solar, or hydro.

The challenge with this technology will be that the availability of the low carbon electricity will likely be
intermittent and since the fuel synthesis portion of the process likes to operate atstarttrrate there will

0S I NBIdANBYSYy(d F2NJ KERNR3ISy ai2N)r3IS G2 Fff25 F2
hydrogen. Hydrogen storage will increase the capital costs. Carbon dioxide storage might also be required
depending on the staility of the supply source.

The FT process also does not have a high selectivity for jet fuel (or any of the liquid product components). In
addition to producing jet fuel there will be significant quantities of gaseous fuels, gasoline, diesel fuel, and
perhaps heavy waxes produced, depending on the catalysts used and the operating conditions. The heavy
wax can be used as a feedstock to produce high quality lubricating oil base Jtoeks. products will also

have low carbon intensity.

Environment

The GHG mission performance of the product will depend on the carbon intensity of the power use to
produce the fuel. The carbon dioxide used to produce the fuel will be released when the fuel is combusted.
One cannot generate carbon credits for the @@pture andconsider the combustion of the fuel from the
process to be carbon neutral. In a lifecycle assessment only one of these options can be considered. That is,
if CQ credits are issued for the G@apture then the fuel combustion emissions are the same assilffuel.

It is important that if the C&from the combustion is not counted in the system GHG emissions that there is

no credit given for the use of the €@oing into the process.

The production of hydrogen by electrolysis also requires water. ScH@iiflcalculated a theoretical net
process water demand of 0.8 litres per litre of jet fuel but estimated that in reality the demand would be 1.3
to 14 litres per litre of jet fuel produced. Water is produced in the reverse water gas shift process that can
be recycled back to the electrolysis step.

There is some evidence that FT jet fuels may reduce soot formation compared to crude oil based jet fuels
[20]. With fewer soot particles, it is likely but not yet proven that jet planes would form thinner, less dense
contrails and cirrus clouds, which widueduce their contribution to global warming.

Research and Development Perspective

Power to jet fuel is a category 1 technology, a technology in the research, development and deployment
stage. The individual components (electrolysis, RWGS, FT syntfigbisprocess are mature technologies
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but they have not been combined nor commercialized at the scale envisioned for this technology. There is
significant uncertainty with respect to the performance and costs of the technology.

There is potential to impnee yields and reduce costs as more experience with the technology is gained from
a demonstration facility and then the technology is scaled to commercial plants.

Examples of Market Standard Technology

There are two companies that have built power to fa&l pilot systems. Both systems are capable of
producing about 160 litres of liquid fuels per day.

Sunfire Gmbh develops and manufactures Higimperature electrolysers (SOEC) and Higinperature fuel
cells (SOFC). They work with Ineratec Gmbh who cotiverhydrogen and CQo liquid fuels. They have
also worked with Climeworks to include direct air capture to produce thef@@he system. KIT have also
been involved with the German Government funded R2X¥ernikus projectZs).

Sunfire GmbH
Gasanstaltstral3e 2

01237 Dresden, Germany
T: +49 351 896790

https://lwww.sunfire.de/en/
INERATEC GmbH

Innovative Chemical Reactoedhnologies
Siemensallee 84

76187 Karlsruhe

Germany

T: +49 721/ 864 844 60

https://ineratec.de/en/home

The other company that has developed a pilot plant is Carbon Engineering in Canada. Their core area of
expertise is the direct air capture system and they have partnered with Hydrogenics for the electrolysis and
Greyrock for the FT synthesis step.

Carbon Engineering Ltd.
PO Box 187,

37322 Galbraith Road,
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Squamish, B.C.,
Canada
V8B 0A2

https://carbonengineering.com

Greyrock
2020 L Street, Suite 120
Sacramento, California 95811

http://www.greyrock.com/ A
Sasol and Haldor Topsoe, have entered into a collaboration agredimgnt 2 F - Silglefiint[licensing

of GTL solutions to produce diesel, kerosene and naphtha from natural gas. The two companies have worked
G23SGKSN) 2y ydzYSNRBdza D¢ LINEP2SOGa FyR (SOKy2ft23A
FischefTropsch technologies have been licensed into several waddle GTL ventures. Under the
collaboration agreement, the companies will continue to offer these core technologies and will now also
LINE BARS ¢21LJA25SQ4 Ke@RNRLINRPOS&daAy3d FyR KeRNR3ISy GSO

Haldor Togoe A/S (HQ)
Haldor Topsges Allé 1
Dk2800

Kgs. Lyngby

Denmark

https://www.topsoe.com/

Prediction of Performance and Cost

There have been several techiroonomic studies done on the concept of power tofjel. In addition to
the technical analyses already identified in this chapter the report by Frontier Economics for Agora
Energiewende contains some economic analysis for the years 2020, 2030, an@&050 [

The capital cost estimates that have been reported in the literature could be categorized as Class 5 or Class
4 estimates 27]. The Cost Estimate Classification System maps the phases and stages of project cost
estimating together with a generic maturity and quality matrix, which can be applied across a wide afariety
industries. The classes range from 1 (Check Estimate or Bid/Tender with Detailed Unit Cost and Detailed Take
Off) to class 5 (Concept screening using factored parametric models or judgement).
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Class 5 estimates have uncertainty on the low en@0fto-50% and on the high end of +30 to +100%. Class
4 capital cost estimates are feasibility type estimates with slightly narrower rang&s tf-30% on the low
end and +20 to +50% on the high end of the range.

Uncertainty

There is significant uncertaintyith respect to both economics and the performance due to the stage of the
development of the technology. There is a significant range for performance and costs found in the literature.

The capital cost estimates have a wide range due to the early stagevefopment of the concepts. It is
more likely that capital costs will be above the central estimates rather than below the estimates.

Both of the main technologies (electrolysis and FT synthesis) have uncertainty. In the case of the electrolysis
there ate three potential technologies. The mature alkaline electrolysis which can be characterized by lower
cost and efficiency, the emerging PEM systems which have higher cost and efficiency, and the solid oxide
electrolytic cells which have the highest effiasgnhighest cost and the lowest TRL.

FT synthesis stage which is employed commercially in large scale fossil production systems but not yet at
smaller scale electrofuel systems where liquid fuel selectivity will be important to keep the system cost and
complexity at reasonable level$he range of selectivity was shown in

Additional Remarks

There are a number of different FT catalysts that are used commercially or have been developed for
commercial use. Commercial FT catalysts suppliers include JohnsbhayyatOP, CRI/Criterion (Shell), and
BASF. The catalyst can have different optimum operating conditions and produce fuels of different quality.
One of the challenges of FT jet fuel is that it has a very low aromatics content and some aromatics in jet fuel
are required to prevent elastomeric seals from shrinking. Currently FT jet fuel is only approved as a blend of
up to 50% with the remained being crude oil derived jet fuel. The comparison of the properties of the two
fuels is summarized in the followingtile R8]. Fossil 38 is the military equivalent to JetAbut has some
corrosionandanth OAy 3 | RRAUGAGSEAY GKS | RRAGAGSEA R2y QG AYLI

FT Jet Fug Fossil JB FuelJet Al)
Flash Pt., °C 54 48
Density, kg/L 0.754 0.794
Aromatics, vol. % <1 19.7
Sulfur, mass % <0.002 0.08
Freeze Pt., °C -52 -49
Visc., 40°C 1.4 1.3
Simulated Distillation °C
Initial Boiling Point 131 109
10% 156 159
90% 272 251
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95% 282 259
Final Boiling Point 332 282
Cetane Index 70 47

Table4: Comparison of Fuel Properties Between FT Jet and Fossil Jet

The FT jet fuel has lower aromatics (which is one ofd¢lasons that it is blended with crude oil derived jet
fuel to avoid seal shrinkage), lower sulphur, and much higher cetane value.

Quantitative Description

Since there are no plants operating at a large scale, the quantitative information on the prangahésized
from the literature and presented below.

Energy/Technical Data

The Mortensen19] and SchmidtZ1] reports have the most complete set of technical and economic data
and are used as the basis for the quantitative information presented. There is a fundamental difference
between the assumptions made in the two reports, The Schmidt report assumes less than 4,000 hours per
year of operation whereas the Mortensen report assumes almost 8,000 hours per year of operation for the
FT synthesis portion of the plant. Operation of 8,000 hr/year wdiklely require large scale hydrogen
storage, or as Mortensen assumes a hybrid concept with the alternative supply of synthesis gas from
methane. The Schmidt report explicitly includes capital for hydrogen storage (in one scenario) whereas the
Mortensen rgoort is silent on the issue.

Typical Plant Size

The technology has not yet moved beyond the pilot plant stage. These pilot plants could produce 50,000
litres per year of liquid fuels if they were operated continuously. Not all of this would be jet fuemewial

plants will have to be larger to be economical. A possible progression of plant sizes are shown in the following
table. It is assumed that the plants operate for 8,000 hours per year, that 5.5 kWh of power produces a cubic
meter of hydrogen, one wle of CQrequires 3 moles of hydrogen and the FT synthesis process has a 95%
carbon efficiency.

Input Power MW for H, Required, CQrequired Liquid Fuel Litrégyear
Hydrogen tonnes/year tonnes/year

50 (Alkaline) 6,000 46,000 18,000,000
150(PEM) 18,000 138,000 55,000,000
600 (SOEC) 72,000 552,000 222,000,000

Table5: Typical Plant Size

6 Liguid Fuel equivalents, some gaseous hydrocarbons will be prodacedthese are converted to liquid fuel
equivalents based on their energy content.
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The FT synthesis and the reverse water gas shift processes are chemical processes and should benefit from
larger plantghrough economies of scale, although the Shell Pearl GTL plant has 24 re2glavkifh will
limit the economies of scale achievable from larger reactors.

The production of hydrogen through electrolysis has limited potential for economies of scale. The more
efficient PEM and SOEC electrolyzers are currently smaller than the alkaline systems and will require more
modules for the same hydrogen production rate.

Theeconomies of scale will also be impacted by the quantity of &@ilable at a single site unlessCO
pipelines are developed to collect €@m multiple sources.

Input and Output

The high level input and output are shownTiable5: Typical Plant Siz&he detailed output will depend on
the design of the FT synthesis process as shown in

District heat in the form of steam can be recovered from the Fithggis step (~15% of energy in the FT
products). It can also be recovered from the electrolysis stage. The quantity and quality will be a function of
the type of electrolyzer used.

Konig b] developed a detailed mass balance based on the process simulations undertaken in his study. That
figure is shown ifrigure3. There is a small amount of external fuel for the system and some steam, although
it should be possible to generate the steam internally.

Fuel
3.8th

Fuel
0.1th Recycle
Yy

Splitter

v External Recycle
11.0th Internal Recycle

Bumer 130.9 th
1,4 th
Flue Gas
Air
28.1th -
24.2 th l

Condensate -15°C
1.5th
Condensate 40°C
0.5 th
Condensate 70°C Total Liguid Product
1.8 th
Condensate 150°C
0.7 th

159.9 vh Mixer f—————»

H,
3th

o High Temperature Water ] 29.5th | Fischer-Tropsch
2 Reformer Knockout Reactor
22,9 th
RWGS FTS

9.7 th
Steam
23th

Cracked
1th

H,
0.01 t/h
Waxes

0.4 th Hydrocracker F-7

Figure3: Mass Balane
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Forced and Planned Outage

The Mortensen report assumed that the plant has 93% online availability. This is 340 days per year. The
Schmidt report 270] appears tobe based on only 3,750 hours per year of operation. They include some
capital for hydrogen storage when the hydrogen is produced by low temperature electrolysis but not when
it is produced by high temperature electrolysis (SOEC). Hydrogen production®yw80l utilize the excess

heat from the FT synthesis to produce the hydrogen, thus both systems must operate at the same time.

Technical Lifetime

Plants of this type would normally be designed for at least a 20 year lifefiitme.Mortensen techno
economicstudy assumed a 25 year life.

Construction Time

Construction periods of-2 years are typical for large complex thermochemical production facilities. Smaller
plants will take less time and there may be some technology learning with multiple plants.

Financal Data

There is limited financial data available for the process. The information from the two sta8jg21] are
mostly used below.

Investment Costs

There are two other estimates of capital costs, Schralslb published a papeB(] in addition to the report

for the German government, most of the information is the same except that the paper also had a capital
cost fa a 60 MW plant. The Agoraf] report also has some capital cost estimates but with very little detail.
The various estimates are shown in the following table. flaat size is the MW of power inpuichmidt
assumes very little technolodgarning between 2020 and 2050.

Plant Size, MW Year I FLIAGLE £ ) Capital per MW
Schmidt p1] 588 2020 308 0.52
Schmidt p1] 613 2040 322 0.52
Schmidt 80| 60 2020 84 1.4
Schmidt 80| 588 2050 308 0.52
Mortensen [L9] 449 2030 407 0.91
Agora p6] Not stated 2020 Not stated 1.3
Agora[26] Not stated 2030 Not stated 1.1
Agora[26] Not stated 2050 Not stated 0.83

Table6: Capital Costs

The breakdown of the capital cost in the Schmidt paper is shown in the following table. These thee for
utilization of a concentrated source of €&hd exclude any capital costs for @&@pture and concentration
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Low temperature Electrolysi High temperature Electrolys
Power Input, MW 588 613
Fuel Output, kt/year 97 123
Efficiency 53% 64%
Electrolysis, M 140 159
H, Storage, M 30 0
CQ Supply, M 45 53
Synthesis and Conditioning,eM 94 111
Total, Me 308 322
Me Kk a2 Ay Lzl 0.52 0.53
Me kK { G FdzSf 2 dzi LidF 3.2 2.6

Table7: Capital Cost Breakdown

Operating andMaintenance Costs

There is even less information on the operating and maintenance costs. Mortensen assumed that the Fixed
O&M costs were 5% of the capital costs and that the variable costs were 1.5% of the capital costs. Agora
assumed that operating costsere 3% of the capital costs but did not differentiate between fixed and
variable costs.

Start-up Costs

None of the reports identified statip costs or time. We have assumed that 3 months are required, similar

to the assumptions made in othehapters.

Technology Specific Data

There is very little technology specific data available for this process. Wu &t]akported some of the

physical properties ajas to liquids diesel fuel$hese values are shownTiable8.

Property Units Value
Density Kg/m? 779
Lower Heating Value MJ/kg 43.6
MJ/litre 34.0

kWh/litre 9.44

Carbon Wit % 84.9
Hydrogen Wit % 15.1

Table8: Properties of FT Fuels

Summary

The information on power to jet fuel is summarized in the following table.
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Technology Power to Jet Fuel
2020 | 2030 | 2040 | 2050 Uncertainty Uncertainty Note Ref
(2020) (2050)
Lower | Upper | Lower | Upper

Energy/technical data
Typical total plantsize 1,000 t F| 2 13 41 | 165 | 50% | 150% | 50% | 150% | A,BC| 19,2123
Liquids/year
Typical total plant size, MW Output 3.1 20.5 | 64.5 | 259.6| 50% | 150% [ 50% 150% | A,BC 19,21
Inputs
CQ Consumption, t/t FT Liquids 4.3 3.9 3.6 3.3 |100% |110% |100% |110% D,E
Electricity Consumption, MWh/MW| . ) . )
Total Inputs 1.0 1.0 1.0 1.0 100% | 100% | 100% | 100% F
Outputs
FT Liguids Output, MWh/MWh Tot
nput a P 037 | 040 | 050 | 055 | 80% | 120% | 80% | 120% |G, HO| 21,19
District Heat OutputMWh/MWh Total
In'surt'c eat OutputM % 043 | 040 | 030 | 0.25 | 80% | 120% | 80% | 120% | 1
Forced outage (%) 0 0 0 0 J
Planned outage (weeks per year) 3 19
Technical lifetime (years) 25 20 30
Construction time (years) 2.0
Financial data
{LSOATAO Ay@Satvyyq 32| 25 | 1.9 | 1.6 | 75% | 150% | 75% | 125% K 19,21, 26,30
- equipment (%) 75 75 75 75 L
-installation (%) 25 25 25 25
CAESR hga 06e¢ ka2 K| 265]| 159 | 106 | 53 | 90% | 110% | 90% | 110% | M 19
£t NAF0otS hga o6e k| 85 5.3 3.2 21 90% | 110% | 90% 110% 26
{GF NI dzZLd 6e ka? K 0 0 0 0
Technology specific data
{LISOATAO Ay@SaiyS$S| 50 4.0 3.0 25 75% | 150% [ 75% 125% K 19,21, 26,30
- equipment (%) 75 75 75 75 L
-installation (%) 25 25 25 25
CAESR hga o6e kf C| 025] 015]| 010 | 0.05 | 90% | 110% | 90% | 110% | M 19
+F NAF6tS hga o6e k| 008 005 003 | 002 | 90% | 110% | 90% 110% 26
{dG1F NI dzLJ 6e¢ «kf C¢| O 0 0 0

Table9: Power to Jet FueDatasheet
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Notes:

A. The plant size range is based on the Schmidt and Mortensen reports and other analysis in the
literature. Scale up is our assumption.

B. CQ availability is likely to determine the maximum plant size.

C. Conversion to MW is based on 8,000 operating hours per year and the energy output in all liquid
fuels. The conversion is rounded. Some reports are based on only 4,000 hours of operation. Figure
1-2 utilizes the 2050 estimates.

D. Carbon efficiency in the literature ranges from 75 to 95%. Assuming that the early plants have low
carbon efficiency and increase over time.

E. Denominator of FT liquids is the total liquid fuel output.

Power is the only energyput. Power will be required for pumping, compression, and utilities in
addition to hydrogen production.

G. FT Liquids efficiency increases as hydrogen production efficiency increases with adoption of more
efficient technologies. 2020 and 2030 assume aikaélectrolysis, 2040 is based on PEM systems,
and 2050 assumes SOEC. Limited improvement in FT synthesis assumed, although jet fuel selectivity
may improve over time.

H. Own calculations.

I. Some heat is lost in the process to drive the RWGS reaction. Asshiatestal losses and internal
consumption is 20% of the input. The quality of the district heat will depend on the electrolysis
technology employed. The FT portion of the process will have excess steam available. The quantity
and quality of the steam witlepend on the FT process employed and the plant configuration.

J. This will depend on the level of hydrogen storage and the frequency of low surplus electricity periods
that are outside of the range used for the calculation of the required hydrogen storage.

K. The capital costs drop as plant size increases and through technological learning. Hydrogen storage
costs are included (10% of capital costs) but not sized in the reference. NboCLYe is assumed.

L. Own Assumption

M. Based on 5% of capital cost.

N. Based on 1% of capital cost. Excludes cost of power and carbon dioxide.

O. A reasonable distribution of the FT fuels might be 60% jet fuel, 20% gasoline, and 20% lighter

products (LPG and fuel gas), but the distribution of outputs could be very different depending on t
plant design, catalyst and the operating conditions.

The information on hydrogen to jet fuel is summarized in the following table.
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Technology Hydrogen to Jet Fuel
2020 | 2030 | 2040 | 2050 | Uncertainty (2020)[ Uncertaintvy (2050)[ Note Ref
Lower | Upper | Lowe Upper
Energy/technical data
Typical total plant size 1,000 kt 2 13 41 165 50% 150% | 50% 150% A B 19,21,23
Liquids/year
Typical total plant size, MW Output 3.1 20.5 | 64.5 | 259.6 | 50% 150% | 50% 150% ABC 19,21
Inputs
CQ Consumption, t/t FT Liquids 4.3 3.9 3.6 3.3 | 100% | 110% 100%| 110% C,D,H
Hydrogen ~ Consumption, MWNMW 4 g5 | 995 | 0.095 | 0.995| 750% | 1250 | 75% | 125% | E
Total Inputs
Power Consumption, MWh/MWh Tot;
Inputs P 0.005| 0.005| 0.005| 0.005( 75% 125% | 75% 125% E
Outputs
FT Liquids Output, MWh/MWh Tot F, G,
q P 065 | 070 | 073 | 075 | 80% | 120% | 80% | 120% 21,19
Input O
District Heat OutputMWh/MWh Total
Input putM 040 [ 0.37 | 0.27 | 0.25 80% 120% 80% 120% H
Forced outage (%) 0 0 0 0 |
Planned outage (weeks per year) 3 19
Technical lifetime (years) 25
Construction time (years) 2.0
Financial data
LISOAFAO AYy@Saiy 19, 21, 26,
{. . y . 2.1 1.6 1.1 0.9 75% 150% 75% 125% G,J
Liquids/year) 30
- equipment (%) 75 75 75 75 K
-installation (%) 25 25 25 25
CAESR hgsa 6e¢ ka2l | 169 | 127 | 85 7.4 90% 110% | 90% 110% 19
+ NAI0fS hga 6¢€ « 5.3 4.2 3.2 2.1 90% 110% 90% 110% M 26
{G1F NI dzLJ 6e¢ kf C¢ 0 0 0 0
Technology specific data
{ LISOATAO A y G8aGYS 3.3 2.5 1.7 1.4 75% 150% 75% 125% G,J 19, 21, 26,
an
- equipment (%) 75 75 75 75 K
-installation (%) 25 25 25 25
CAESR hga 6e¢ kf C| 016 | 012 | 008 | 0.07 | 90% 110% | 90% 110% L 19
+ NAlF6ftS hga o6e€ k| 005 | 004 | 0.03 | 0.02 90% 110% | 90% 110% M 26
{dG1F NI dzLJ 6e¢ «kf C¢| O 0 0 0

Tablel0: Hydrogen to Jet Fudbatasheet
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Notes:
A. The plant size range is based on the SchmidtNadensen reports and other analysis in the literature.
Scale up is our assumption.

B. CO2 availability is likely to determine the maximum plant size.

C. Conversion to MW is based on 8,000 operating hours per year and the energy output in afulstd
The conversion is rounded. Some reports are based on only 4,000 hours of operation. Fguikzés the
2050 estimates.

D. Carbon efficiency in the literature ranges from 75 to 95%. Assuming that the early plants have low carbon
efficiency anl increase over time.

E. Denominator of FT liquids is the total liquid fuel output.

F. Hydrogen and power are the only energy input. Power will be required for pumping, compression, and
utilities in addition to hydrogen production. Power estimatedséd on typical electric demand in petroleum
refineries.

G. FT Liquids efficiency increases as hydrogen production efficiency increases with adoption of more
efficient technologies. 2020 and 2030 assume alkaline electrolysis, 2040 is based on PEM agst@0E0)
assumes SOEC. Limited improvement in FT synthesis assumed, although jet fuel selectivity may improve over
time.

H. Own calculations.

I.  Some heat is lost in the process to drive the RWGS reaction. Assumes that total losses and internal
consumptionis 10% of the input. The quality of the district heat will depend on the electrolysis technology
employed. The FT portion of the process will have excess steam available. The quantity and quality of the
steam will depend on the FT process empbbaad the plant configuration.

J. This will depend on the level of hydrogen storage and the frequency of low surplus electricity periods
that are outside of the range used for the calculation of the required hydrogen storage.

K. The capital costs dp as plant size increases and through technological learning. Hydrogen storage costs
are included (10% of capital costs) but not sized in the reference. No CO2 storage is assumed.

L. Own Assumption
M. Based on 5% of capital cost.
N. Based on 1.5%f capital cost. Excludes cost of power and carbon dioxide.

O. A reasonable distribution of the FT fuels might be 60% jet fuel, 20% gasoline, and 20% lighter products
(LPG and fuel gas), but the distribution of outputs could be very different dependitigeguiant design,
catalyst and the operating conditions.
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Amendments after publication date
Date Ref. Description
04 2021 Adjustments in datasheet regarding specific energy content and

minor clarifications in terms of naming

Abbreviations

1. REF Primary reformer (=SMR) LNH3 Liquified NH
2. REF Secondary reformer LTS Low temperature shift (=low
AEC Alkalineelectrolysis cell temperature water gas shift)
ASU Air separations unit METH MethanizationN2EU
ATR Autothermal reformer Electrochemical synthesis hH
BAT Best Available Technology MOF Metal organic framework
BFW Boiler Feed Water MTPD Metric ton per day
BOP Balance of plant (utilities) NH3syn bli aedyikKSaAia
cc Carbon capture NH3rec bl i NBEO2OSNE dzyAl
CO2rem / hi NBY2@It dzyAd NH3reg NH3 refrigeration unit
DeOX De-Oxygenation unit PEM Proton Exchange Membrane
DH District heating electrolysis cell
EIGA European industrial gases PUR Feed purification unit

association AISBL RE Renewable power
EU Electrolysis Unit SOEC Solid oxide electrolysis cell
FG Fuel gas SMR Steam Methane Reforming
HCGfeed Hydrocarbon feed (normally fossil (typically = 1.REF)

based but can also be blmased) TPD Ton per day
HPS High pressure steam TRL Technology reedinedsvel
HSE Health safety and environment WGS Water gas shift
HTS High temperature shift (=high

temperaturewater gas shift)

Qualitative Description

Today nearly all industrial production of ammonia is based on the Habsch process, where elemental
nitrogen and hydrogen are combined under high psese and temperature using a catat. Whereas

nitrogen can be recovered from ambient air, the hydrogen is predominantly produced by steam reforming

of natural gas (methane), a process that results in large emissions of fossil CO2. Thus, reducing the CO2
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emissions from ammonia productias heavily linked to reducing emissions from hydrogen producfibis

can be achieved by capturing and storing CO2 from conventional hydrogen production or alternatively
substituting the conventional production of hydrogen with green hydrogen from ellsi based on
renewable energy.

In this chapter of the Technology Catalogue a brief description of the different NH3 production paths is given.
Thereafter, the catalogue focusses on the production of green ammonia.

Green ammonia has various applicati@msl is primarily thought to be a carbeweutral solution for shipping

as a maritime transport fuel as well as to be used as feedstock for green fertilizers. It can potentially also be
considered for applications in fuel cells, leegm energy storage, fudor industry and peak power plants,

or as an addition/mixture to conventional fuel among others.

Green ammonia incorporates electrolysis for H2 production, air separation unit (ASU) for nitrogen production
and the ammonia synthesis (see light green bokigurel). Within this catalogue, performance and cost

data are given for the ammonia synthesis. Cost and performance data for the electrolysis are given in a
separate chapter vthin this Technology Galogue For ASU as a nitrogen source, cost and performance
factor is given discretely within this chapter.

Brief technology description

Different production routes to ammonia, i.e. both conventional and green patiegjiven inFigurel. While
the overall routes are described in subsectiDifferent configurationseach process step (i.e. dark blue
boxes) is described in subsectiDescription of each process step
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Air
H2 + N2
Steam R d
. ®... L co i
A 0 evovery
H2
HC fluid 1 wGs R cO2rem Purge
(normally NG) r”m‘-w ol 4 Wiater gas shift €02 removal unit
Off-gas
Fuel gas
o NH3
ATR
Autothermal
reformer
Y
) Water - NH3syn
Air or oxygen " *l Aramonla synihesis "
locp
@ Conventional paths " A
02
Air
Water

Figurel: Different pathways for production of Nk The light green area is the green dlptoduction part that is covered within
this Technology Catalogueh& darker green area marks a potential future route (electrochemical). The white background shows
the three conventional parts, i.e. 1a) SMR+ASU, 1b) SMR+2.REF and 2) ATR+ASU.

Different configurations

1) Conventionalg grey NH
Aconventional ammonia plant uses fossil fuels (in most cases natural gas) as its raw material.

Figure2a K2ga | O2y @Sy GAz2ylt bl i L} I ydimerdtecin8dgy whgfe LINA Y
nitrogen is admitted via air to the secondary reformer. Alternative reformer configuratiauntisthermal

reformer (ATR or singlesteam methane reformer§MR combined with ASU unit to provide the nitrogen
(seeFigurel).
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Zns Flue Gas Heat Heat
Natural Desulphuri- Primary Secondary Shift
—
Gas sation Reformer Reformer Conversion
Zn0O H,0, Air,
Fuel Power
Condensate Heat,
co, Purge Gas
Ammonia
CO,; Remoaval Methanation Compression —> MNH,;
Synthesis
Heat, Power Power
Power

Figure2: Conventional ammonia plant

2) Conventionalcdo £ dzS bl i
A Hue ammonia plant is conventional Nkiplant with carbon captureCG G 2 OF LJi dzNBE G KS / h

from the reformer. This will significantly reduce the carbon footprint compared to that of grey ammonia. The
raw material is however still natural gas, and the plant layout is similar to that of a conventional plant.

3) ElectroysiscINBESY bl i
A green ammonia plant uses green hydrogen produced via electrolysis to feed the ammonia synthesis loop
(seeFigured). The electrolysis shall be powerwith renewable energy such as wind power.

Figure3: Green ammonia plant. Any impurities ofn the H product is removed by reacting it with fbver a DeOX (de
oxygenation unit).
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