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Preface
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containing data ontechnologiesfor energy carrier generation and conversiofhis current catalogue
includestechnologies foenergy carrier generation and comg&on
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Introduction

This catalogue presents technologies for generation and conversion of energy camigyartitular:
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 include for example
different fuels/feedstock, electricity and process heat (recoverable or lost).

Upstream and downstream processes are not includeéde datasheets do not provide information on
prices for fuels, environmental impact from fuel procurement, or the economic consequences of the
subsitution 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 hitgvel energy planning.

These guidelines serve a® @ntroduction 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 sections (1.2 and 1.3) explain the tfowhahe 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. The
technology chapters contain both a skription 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 with regards to the
utilization and star-ups 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 maintenance and outages.
Therefore, theydature 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 annually. In particular, use the advage of lower power prices by producing e.g. in hours of high
renewable energy production (similarly to heat pumps). The assumed number olipgend consequent
shut-downs forelectrolysers unless otherwise stated, is 50 per year.

Any exception to thes general assumptions is documented in the relative technology chapter with a
specific note.

Qualitative description
The qualitative part describes the key characteristics of the technology as concise as possible. The following
paragraphs are included wherelevant 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 Danish Energy Agency, Energinet.die 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 notengineers of howthe 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.g. electricity, 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 erergy carrier as well as eproduct or by-products, 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 outfuutthe 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 important to specify information about
temperature and pressure.

Thefirst 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 the presence of
some latent heat of vaporisation, the energy balamay result in a difference between total energy input

and total energy output.

Wood pellets 90 BIONG 57
BIioSNG
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 are used to standardize the diagrams. This choice allowsi¢he rea
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 diagram, including auxiliary electricity
consumption in input ang@rocess heat losses in output

Auxiliary products, as for example chemicals and enzymes, will in general only assist the process and are
then notrelevant for the energy balance. They should just be includediaiary productnput data.

Typical capacies

The capacity, preferably a typical capacity (hnot maximum capacity), is stated for a single plant or generation
facility. In case different sizes of plant are common, multiple technologies can be presented, e.g. Large,
Medium and Small.

Regulation abilly

Mainly relevant for hydrogetechnologieswvhere 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 respond to supply changes
and does paHoad or fast regulation leto increased (or lower) wear and hence increased cost.

Space requirement

Space requirement is specified in 1,006 per MW of thermal Typical plant capacily The space
requirements may for example be used to calculate the rent of land, which is rotéttin the financial
cost, since this cost item depends on the specific location of the plant.

Advantages/disadvantages
A description of specific advantages and disadvantages relative to equivalent technologies. Generic
advantages are ignored; e.g. renaglile energy technologies mitigating climate risks and enhance security

of supply.

Environment

Particular environmental and resource depletion impacts are mentioned, for example harmful emissions to
air, soil or water; consumption of rare or toxic materialsissues with handling of waste and
decommissioning etc.

The energy payback time or energy sidpreciation time may also be mentioned. This is the time required
by the technology for the production of energy equal to the amount of energy that was causdaring
the production of the technology.

Research and development perspectives

This section lists the most important challenges to further development of the technology. Also, the
potential for technological development in terms of costs and efficieiscynentioned 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 wiKk f Ay1ad® ! RSAONALIIAZ2Y 2F o6KIFIG Aa YSIHyld oe
the quantitative description section (Section 1.3). For technologies where no market standard has yet been
established, reference is made to best available teabgyin R&D projects.

Prediction of performance and costs

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

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

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

Data for 2015

In case of technologies where market standards have been established, performance and cost data of
recent installed versions of theechnology 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, the2015 costs may be estimated using an engineering based approach applying a
decomposition of manufacturing and installation costs into raw materials, labor costs, financial costs, etc.
International references such as the IEA, NREL etc. are preferrattfoestimates.

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

dnnovation theory describes technological innovation through two approaches: the techpaolsiyynodel,
in which new technologies evolve and push themselves into the marlestpliad the markepull model, in
which a market opportunity leads to investment in R&D and, eventually, to an innavatianNBS ¥ ® ¢ 0 @
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in a future withstrong climate policies, demand for e.g. renewable energy technologies will be higher,
whereby innovation is expected to take place faster than in a situation with less ambitious policies. This is
expected to lead to both more efficient technologies, aallvas cost reductions due to economy of scale
effects. Therefore, for technologies where large cost reductions are expected, it is important to account for
assumptions about global future demand.

¢tKS L9! Qa bS¢g t2fA0ASa {OFYEME 25 LINRPPKR RS ¥ SNEKS TS
international fuel prices and G@rices, and is also used in the preparation of this catalogue. Thus, the
projections of the demand for technologies are defined in accordance with the thinking in the New Policies
Scenario, described as follows:
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commitments and plans that have been announced by countries, including national pledges to reduce
greenhouse gas emissionsdaplans to phase out fossil energy subsidies, even if the measures to
implement these commitments have yet to be identified or announced. This broadly serves as the IEA
0FaStAySreaDSY !l NA 2 d¢

Alternative projections may be presented as well relying NJ SEI YLX S 2y GKS L9! Q&
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Learning curves and technological maturity

Predicting the future costs of technologies may be done by applying a cost dedtimpatrategy, as
mentioned above, decomposing the costs of the technology into categories such as labor, materials, etc. for
which predictions already exist. Alternatively, the development could be predicted using learning curves.
Learning curves expreske idea that each time a unit of a particular technology is produced, learning
accumulates, which leads to cheaper production of the next unit of that technology. The learning rates also
take into account benefits from economy of scale and benefits edldb using automated production
processes at high production volumes.

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

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

Category 2 Technolgies in thepioneer phase The technology has been proven to work through
demonstration facilities or semtiommercial plants. Due to the limited application, the price and
performance is still attached with high uncertainty, since development and custtionzia still needed.
The technology still has a significant development potential (e.g. gasification of biomass).

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

Category 4Commercial technologies, with large deployméitie price ad 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 relativégh level of certainty (e.g. coal
power, gas turbine)
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Figure 2 Technological development phases, correlation between accumulated production volume (MW) and price.

Uncertainty

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

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

The level of uncertainty is illustrated by providing a lower and higher bound b#wdeentral estimate,

which shall be interpreted as representing probabilities corresponding to a 90% confidence interval. It
should be noted, that projecting costs of technologies far into the future is a task associated with very large
uncertainties. Ths, depending on the technological maturity expressed and the period considered, the
confidence interval may be very large. It is the case, for example, of less developed technologies (category
1 and 2) and longtime horizons (2050).



Additional remarks
Thissection 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 data are actually
comparable: All cost data are stated in fixed 2015 prices excluding value added taxes (VAT) and other taxes.
The information givein the tables relate to the development status of the technology at the point of final
investment decision (FID) in 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 hdhe. year of commissioning will depend on the
construction time of the individual technologies.

A typical table of quantitative data is shown below, containing all parameters used to describe the specific
technologies.The datasheet consists of a genericrtpavhich is identical for all technologies and a
technology specific part, containing information, which is only relevant for the specific techndlbgy.
generic part is made to allow for easy comparison of technologies.

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

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

Uncertainties related to théigures are stated in the columns namedcertainty To keep the table simple,
the level of uncertainty is only specified 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 easiages of technological development or technologies especially
prone to variations of cost and performance data, the bounds expressing the confidence interval could
result in large intervals. The uncertainty only applies to the market standard techndlbgyuncertainty
interval does not represent the product range (for example a product with lower efficiency at a lower price
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.

All data in the tables are referenced by a number in the utmost right column (Ref), referring to source
specifics below the table. The following separators are used:



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

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

The generic parts of the datasheets fenergy carrier generation and conversion technologie
presented below:

Technology name/ decription

Uncertainty Uncertainty

2015 | 2020 | 2030 | 2050 (2020) (2050)

Note Ref




Energy/technical data

Lower

Upper

Lower

Upper

Typical total plant size (MW output)

- Inputs

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

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

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

X) Auxiliary 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)

Finan cial data

Specific investment
- hereof equipment (%)
- hereof installation (%)
Fixed O&M (0 / MW of

Variable O&M (04/ MWh

Startup cost
(a [/ MW of t startap) i

np

Technology specific data




Energy/technical data

Typical total plant size
The total thermal capacity, preferably a typical capacity, is stated for a single plant or faciépreltents
the sum of all input and is expressed in MW thermal.

Input
All inputs that contribute to the energy balance are includedrasn energy inpuand are expressed as
percentage in relation to the total energy input, or equivalently as MWh/MWh tl toput.

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 e t
energy balance are included asixiliary productqunder input) and are expressed in kg/MWh of total
energy input

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

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

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

The process heat (output) is, if possible, separated in recoverable (for example for district heating
purposes) and unrecoverable heat and thenfgeratures are specified.

Forced and planned outage

Forced outage is defined as the number of weighted forced outage hours divided by the sum of forced
outage hours and operation 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 renovations) is given in days
per year.

Technical lifetime

The technical lifetime is the expect time for which an energy plant can be operated within, or acceptably
close to, its original performance specifications, provided that normal operation and maintenance takes
place. During this lifetime, some performance parameters may degrade gradusligtih stay within
acceptable limits. For instance, power plant efficiencies often decrease slightly (few percent) over the
years, and O&M costs increase due to wear and degradation of components and systems. At the end of the
technical lifetime, the frqguency 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 plant is decommissioned or



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

The technical lifetime stated in this catalogue is a theoretical value inherent to each technology, based on
experience. As explained in tlé@neral Assumpins different types of plants are designed for a different
annual utilization and typical number of starps a year. The expected technical lifetime takes into account
these assumptions.

In real life, specific plants of similar technology may operatesfwrter 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 largely influence the actual lifetime.

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

Financial data
CAYLFYOALf RIEGE FNB |t Avelanttiludé valug added tBXSR(VAIJNGRAO S &
other taxes.
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been used.

The previous catalogue was in 2011 prices. Some data have been updated by applying the general inflation
rate in Denmark (2011 prices have been multiplied by 1.0588doh the 2015 price level).

European data, with a particular focus on Danish sources, have been emphasized in developing this
catalogue. This is done as generalizations of costs of energy technologies have been found to be impossible
above the regional olocal 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 conditions.

Investment costs

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

The investment cost is reported on a normalized basis, i.e. cost perTWé/specific investment cost is the
total investment cost divided by th&ypical total plant sizdescribed in the quantitative section.

Where possible, the investment cost 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 commissioning of equipment.

The rent of land is not included but may be assessed based osptiee requirements, if specified in the
gualitative description.
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approvals by authorities) and interest during construction are not included. The costhsimantle
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 costnaluites of
grid expansion or reinforcement is taken into accoumithe present data.

Economy of scale

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

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

The cost of one unit for larger power plarissusually less than that for smaller plants. This is called the
wSOo2y2Ye 2F aO0ltSQd ¢KS o0FaAl Sljdzr GA2Yy ONBTP HO A

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 fator

Usually, the proportionality factor is about 0¢80.7, 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 franand that the only significant difference is in size.

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 statedriotdsefor the capacity
field of each technology table. The stated range represents typical capacity ranges.



Operation and maintenance (O&M) costs

¢tKS FTAESR aKINB 2F hga A& Ot Odz I)iivehee thedtypiGaRtdtal LIS N.
plant size is the one defined at the beginning of this chapter and stated in the tdbiesludes 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 gystcharges, property tax, and insurance. Any necessary
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 of reinvestments to extend the lifetime of the plants may be
mentioned in a note if the data has been readily available.

¢KS @FNRFO6tS hgiaclud® 2ansudption ofkaaxdlidyy materials (water, lubnita 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 maintenance costs may fall under fixed costs (e.g. scheshigdnyaintenance
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 not included.

It should be noticed that O&M costs often developeotime. The stated O&M costs are therefore average
costs during the entire lifetime.

Start-up costs

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

StartdzLd 02aGax FINB adlradSR Ay O2aida LISN a2z 2F GeLAOIf
direct and indirect costs during a starp and the subsequent shut down.

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

The indirect costs include the theoretical value loss corresponding to thenideteduction for one start
up. For instance, during the heathup, 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 adrstups is made for each technology 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 wiipeet to this
general assumption, 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 of-wpartthan the one
assumed by usinthpe stated startup costs with the following formula:
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where ¢ is the number of starups spedied in the notes for the specific technology afd is
the desired number of staips.

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

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

Whenever process heat is available as outputeitsperatureis specified as well.
For electrolysis technologies, parameters regardingrdgilation ability are specified atollow:

Ramp up time, linear to full load (minutes)
Ramp down time, linear from full load (minutes)
Startup time (minutes)

Minimum load (%)

=A =4 =4 =2

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 be implemented within the 2020 time horizon.

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

The lower heating value(also known as net calorific value) of a fuel is defined as the amount of heat
released by combusting a specified quantity (initially at 25°C) andniety 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 useful calorific values in boiler combustion plants and are
frequently used in Eue.

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 eneof 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, which takes into account the latent heat of vaporization of water
in the combusion products.

When using HHV for thermal efficiency definition, the thermodynamic limit of 200% cannot be exceeded.
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Qualitative description

Brief technology description

Biogas plants produce a methane rich gas on the basis of biodegradable organi@amake 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 data sheet 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 used directly in a natural gas engine for local CHP generation, in a local gasitboiler o
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 received and stored in-pterage tanks and later processed in digestion reactor tanks. Th
digesters are normally heated to either 3540 °C (mesophilic digestion), or 5055 °C (thermophilic
digestion). After being processed in the main reactor, the material is stored irppostssing tanks where
further gas is produced and collected pigal 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 vyield.

Danish plants use continuous digestion in fully stirred digesters. This implies removing aygoéntit
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 reduce water and sulphur contents to the desired concentrations.

The figure below shosvthe typical components and flow in a biogas plant.
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Figurel: Typical conponents in a biogas plant.

Input

=

Biodegradable organic material such as animal malsturey, organic waste from food processing
and households, agricultureg¢sidued(e.g. straw) energy crops, etc.

i Electricity for mechanical processing equipment.

1 Process heat fopreheatingand heating theeactor tanks.
Output

i1 Biogas.

1 Digestate e.g. for use as fertilizer.

The biogas gas typically contains B8 methane (CH4), 256% carbon dixide (CO2) plus a minor content
of hydrogen (H2), nitrogen (N2), oxygen (02), hydrogen sulphide (H2S) and ammonia (NH3). The
composition of the biogas varies with the specific mix of the input.

Energy balance

It is not practicahor usual to measure thenergy content of the input material as a calorific value, as for
20KSNJ SYSNBe O2y@OSNEA2Y (SOKy2f{ :h@ikhg doespoydidiobtpuR G K S
capacityis used to define thaizeof the plant. Accordingly, the efficiency of tipdant is not calculatedh

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

straw input is used.

The volatile solidVS)content of the biomassrepresents the fraction of the solid material that ynde
transformed into biogaskor animal slurry the VS share is approx. 75 %sdarce separated household
waste it is approx. 80 % and for maize and grasses around 90 %. The methane production achieved in
practice depends on processing time and the oigaloading 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 and has a high
value as agcultural fertilizer. Drained fractions of the nafigested residual material might be useful for
combustion or thermal gasification.



Theproductionof biogas, as well as the content of methane in the biogas; withthe amount and quality
of the organt waste usedMethane has a lower heating valwé 35.9 MJ/Nm. Biogas with 65% methane
thus has eating value of 23.3 MJ/NinTo allow comparisons it is practical to measure the output if Nm
methane.

The data sheets in this chapter comprigebasic plat with input of a proportional mix of resources
assessed available in Denmark in year 2012 and Z)2Mm[t excluding enegyy crops and straw.

CKA& LIXIFyYyd YIe NBLINBaSyid |y aF @SNIF IS¢ 2N aY2RSH
is sfown 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% 3.41 7%
Energy crops 0.0% 15-35 0%
Other 3.5% 1-5 11%
Total 100% 0.80 100%

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

As seenin table 1lthe potential energy (methane) production per ton efraw and industrial waste is
app.1017 times higher thanthe potential energy (methane) production per ton of animal slurrgisT
means that,the methane output of a plant with a ceiita input capacity(measured in tonsktan be
increased by increasing the share fafedstock with relative high energy production potential. The
differences in methane output is mainly due to varying water content of the different resources.

The possibiligs for increasing the share of straw and deep litter material depend on the design of the plant
and the pretreatment of the feedstocks. Experimental work indicates that relatively high shares of straw
may be possible [5]. The possibility of pumping thenidss puts on upper limit on the amount kfis
assumed that the total amount of straw and dekfper material can contribute with upo 50% of thetotal
methane productiorf9].

A plant withmaximuminput share of straw and dedjiter material could hae a mix of input material and
corresponding outpués shown in table 2.

Increased straw share Input share Methane production Methane production
(2015) (by tons) (GJiton) (% of total)
Slurry (pig and cattle) 73.5% 0.44 26%

! Interpolations are made for year 2015



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 straw and deeplitter material contribute to 50 % of
output.

Similarly, theenergyoutput from the plant can be increased by a higher share of industrial organic waste,
which typically origins from slaughterhouses and other food industriehle 3 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) (GJiton) (% 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% 3.41 6%
Energy crops 0.0% 1,5-3,5 0%
Other 3.5% 1-2 9%
Total 100% 0.97 100%

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

While feedstocksvith higher dry natter content may yield higher methane conteintthe biogas they also
set additional requirements to transport and ppeocessingsystemsand may increase thauxiliary energy
consumption Feedstocks such atraw and energy cropwith higher contents ofignocellulosemust be
mechanically choppedyround or otherwise treatecbefore beingfed into the digestein order to obtain

an acceptable processing timé&][ Thus, higher yields when using alternative feedstocks are usually
followed byincreased invasent and O&M costsAlso, the purchase of high yield feedstocks will increase
the production costs.

Typical capacities

In 2015 there were about 25 centralised biogas plants in operation in Denmanid a larger number of
smaller plantgapp. 50 farm scal biogas plants and app0 anaerobic digesters at waste water treatment
plants and a few plants for treating waste water from industrigs)centralised biogas plant in Denmark
typically has a input capacity from 70.000 to 700.000 tonnes per y§&{; ard raw materialis, typically
deliveredfrom 10to 100 farms. In a study based on data frofhekisting Danislplants p] an average yield
of approximately 28Nm3 methane per tons input was reportedcorresponding to around 1 GJ/ton,
however with large vaations from approx. 17 to 5SRBm3methane/ton. The tend is towards larger plants



driven by cost reductions related teconomyof-scaleeffects for the biogas plant and in particular the
upgrading facilities.

Regulation ability

Biogas production in the saenreactor 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 increaseaeyigld from 1414.5 n?
methane per tonne to about 450 n? methane per tonne 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 caparg. in case of a constant
supply of biomass from stables. But the additional 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 lant with CHP production has a gas storage of approximately &RHal® Q& LINE RdzO{ .
accommodate price and demand variations.

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

Space requirment
The space requirements will vary depending on the design arduayBiogas plants are typically placed in
open farm land

Advantages/disadvantages

Advantages:
1 Methane emission is mitigateavith relatively lowCQ abatement cos$[6] fossil fuels a&
substituted

1 Saved expenses sturryhandling and storage.

1 Environmentally critical nutrients, primarily nitroggrhosphorusand potassium can be
redistributed fromintensefarmlands to other aread he risk of leaching of nitrates is reduced

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

1 For waste fractions with a high water content-digestion of manure rad waste can often provide
a low cost option compared to other forms of waste handlisigchasincineration.

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

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

i Using straw in biogas plants does not deplete the content of carbon in the topsoil compared to
using straw for heatingcombustion)

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 istigly complex and requires large experience

i The consumption dfirge quantities of biomass with low dmatter 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 system\ 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 caprevent sgnificantemissionsof 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 phnts, it was assessed th#hese bogasplantscanreduce 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 colleatidra methaneeakagefrom the plantsof

2% of the producetbiogas 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 possiblduring the entire process avoid emissions of the
greenhouse gas (methane) and odour prabfein the neighbouring environmenrin investigation in 2015,
covering nine Danish biogas plants showed an average emission as high as 4.2%. Through by a systematic
effort to stopping leakages it was, however, possible to reduce emissions to 0.8% b%Jd 3. &ssessed to

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 to 1 % by 2020, including losses from upgrading facilities

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

Biogas contains sulphur, whichegnrepresent an environmental problem due to emissionS@f

The content of sulphur ¢@%) in the biogas will vary depending on tleedstockmaterial When animal
slurryis the main source, the raw gas typically cons&ird00-10.000 mg/mi[2]. The sulpbr content can be
reducedfully or partiallyby a humber of technologies, or a combinatiohthese including precipitation
with iron chloride in the digester tanks, adsorption with activated carbon filters, or by a biological scrubber

2.

Biogas engine®lerate smallamounts ofsulphur in the gaswhich however cause$Q emissions to the
environment When the gas is used for upgrading to bio SNG compldphur removal may be necessary
but this is normally included in the upgrading plahe cost obulphur removalsin the range 0.00%5 0.07
DKK per mbiogaswhen the gas is used for enginasd 0.03-0.13 DKK per irfor complete removal,
depending on the flow and the,B concentrationZ].



Research and development

The Danish biogas R&D activitiesds on a number of areas tocrease energy productioand improve
the economy of the plantsAmong these ar¢he possibilies of reducing storage of animal slurry before
digestion, reduction of methane leakage from tanks and processing equiprbhbgcal optimisation,
additional processing time, and use of material with higherrdgtter contente.g. deep litter material and
straw[5], [6].

Further development activities arelated to optimisation of control systems and logistics, for instance
trangport systems integrated with larger stable systerasd possibilities for higher drnatter content in
the animal slurry[6].

Examples of market standard technology

The current market standard in Denmaik relatively large plants, which supplies upgradgas to the
natural gas grid. An example is th&SF Nature Energy Holsted plant, which is commissian@016 The
plant produces 13 million frupgraded biogas with an input of approximately 400.000 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 placed in development cate@pry
Commercial technologies, witmoderae deployment However there are major differences in the
technologiesfrom country to countrywith respect to thefeedstock, the sizes of the plantss well as the

use of the gasin Germauy, the focushasbeenon the use of energy cropa smaller plans, which supply

gas for heat and power productiosweden has a larger number of plants based on sewage water and
householdwaste and focusds on upgrading the gat supplythe transport sector [6] In Denmarkthe

growth in biogas production hdscusedon the use ofanimal slurryand agriculturaresidues whichtoday
accounts for some 75% of the productiofmere is an expected potential for a considerable further growth

[7].

Older plants producing cémed but not upgraded biogder usein gas enginefor electricity production is
well provenin Denmark but the current development increasingly focses plants for production of
upgraded gas (SNG) for use in the natural gas netj@drk

The basis for cost and performance for the years 2015 and 202hcam 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 investment costs will decrease gradually due to learning curve effects, but not as
significant & for other technologiesince many elements of a biogas plant is related to general industries,
e.g. civilconstructionworks andgeneral process equipmeniyhere learning curve effects are limiteds
described the technology is expected to be defindy a relatively nationally defined developmeaid
learning curve effects shall be seen in that cont&dr the period 2015 2020the total biogas production

in Denmark is expected to double from 7 PJ 50PD [D]. It is estimatedhat such a doubling foinstalled



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 abs@ected todouble
[11], considering a combirien of installation of new plants and retrofit/replacements of old plants. Thus,
similarreductions in costsire 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 to decrease with half of thates expected for
investments. The O&M costs are measured per ton input, so a higher energy yield will further affect the
energyprice.

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

Uncertainty

The general uncertainty whenalculating energy generation costs for a biogas plants is high, but the
investment costs seem to contribute less than the operation cd3tga fromexisting biogas plants in
Denmark show that the energy production per ton input as well as other costmdetag factors is quite
different from plant to plant [5]. Key parameters in relation to the energy output are composition of the
input material and the processing time. The data in this technology catalogue consider a fixed composition
of the input and dixed processing time.

In relation to the costs, biomass purchase, transportation, auxiliary energy, and labor costs are important
but may vary widely [5].



Data sheets

The capacity ofbiogas plants is commonly stated as tons per year and for mosteofriut material a
calorific value is not relevant (e.g. manure). For compatibility with the template the energy of the biogas
output is assumed to be 100%. Thus, the stated auxiliary energy consumptioneid stgpercent of the
output energy.

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

The supplementary data sheet contaivalues forinput of strawand industrial organic wast&.he values
refer to a part of a total plant processiranly the straw or waste It is thereby possible to model the
production and costs of glant with input of straw or waste by adding aWasic LJ I-pAri &nd a
WAANF 6kol a0S AyLldzi Q LI NI ®

Data sheet Biogas plant, basic configuration

Technology Biogas plant, basic configuration
2015 2020 2030 2050 Uncertainty (2020) Uncertainty (2050) | Note | Ref

Energy/technical data Lower Upper Lower Upper

Typical total plant size (MW output) 9,2 8,7 8,7 8,7 8,3 9,6 8,3 9,6 A

- Inputs

Biomass (tons/year) AB | 5/8/9

365.000 365.000 | 365.000 | 365.000 | 365.000| 365.000| 365.000| 365.000

Aux. electricity (% of output energy) 3,7 3,8 3,8 3,8 1,9 6,7 1,9 6,7 A | 5/8/9
Aux. electricity (kWh/ton input) 8,2 8,0 8,0 8,0 4,3 14,0 4,0 14,0

Aux. process heat (% of output ener 8.4 8.9 8.9 8.9 7.2 120 7.2 12,0 A 5/8/9
Aux. process heat (KWhiton input 18,6 18,6 18,6 18,6 16,0 25,0 15,0 25,0

- Outputs

Biogas (%) 100 100 100 100 96 110 95,8 110,0| F

Biogas (GJ/ton input) 0,80 0,75 0,75 0,75 0,72 0,83 0,72 0,83 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 investm 1,81 1,71 1,54 1,39 1,54 1,90 1,25 1,54 AH 8/5

output) C

- of which equipment - -

- of which installation - -

Total O&M ( 0/ MW/ 198.785 194.715 | 197.702 | 195.722 | 154.398 | 245.575 | 150.001 | 252.439

Total O&M (04/ (to 5,03 4,63 4,70 4,66 3,52 6,43 3,42 6,61 ADI| 8/5

- of which O&M, excl el. and heat 4,11 3,67 3,49 3,31 2,81 5,05 2,54 4,56 ADI| 8/5




(a/ (ton input/ye

-of which eloectri 0,52 0,55 0,80 0,93 0,29 0,97 0,47 1,64 K
input/year))
-of which heat (4 0,41 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 12

input/year)

Notes:

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.

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

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

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)

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

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 can
be reduced.

The cost of auxiliary electricity consumption is ca
63, 2020: 69, 2030: 101, 2050: 117. These prices include production costs and transport tariffs, but not any taxes
or subsidies for renewable energy.




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 AB
(MW output) 1,00
- Inputs
Straw input (% of additional 199% 182% 182% 182% AB 5/8/9
output)

Straw input (tons per 3.957 3.957 3.957
year) 4.337
Auxilliary electricity input (% 3,12% 2,85% 2,85% 2,85% 5/8/9
of additional output)

Auxilliary electricity input 63,00 63,00 63,00 A
(KWhton straw) 63,00
Additional process heat (% 0,92% 0,84% 0,84% 0,84% 5/8/9
of additional output)

Auxilliary process heat 18,60 18,60 18,60
(kWhton straw input) 18,60 A
- Outputs
Biogas (%) 100,0% | 100,0% | 100,0% 100,0% AC

Biogas (GJ/ton straw AC 9
input) 7,3 8,0 8,0 8,0
Residual organic material D
Forced outage (%) 0 0 0 0
Planned outage (days per 10 10 10 10
year)
Technical lifetime (years) 20 20 20 20
Construction time (years) 1 1 1 1
Financial data
I nvestment (0] 371.930 | 371.930 371.930 AEG 8/5

407.676

Il nvest ment (| 94,00 94,00 94,00 94,00 AEG
input/year)
Total O&M (0/ 44,727 52.704 56.692 AFG 8/5

47.387

Tot al O&M ( 0/ 10,9 11,3 13,3 14,3 AFG
input/year)
- of which O&M, excl el. and 6,55 6,55 6,55 6,55
heat (d4/ (ton
-of which el eqg 397 4,35 6,36 7,37 K
input/year))
-of which heat| 041 0,41 0,41 0,41
input/year))
Technology Specific data
Methane emission (Nm3 4,0 4,4 4,4 4,4 1,8 9,2 1,8 9,2 12
CH4 input/year) H




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 w

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 calculated using the following electricity prices in
a/ MWh: 2015: 63, 2020: 69, 2030: 101, 2050:
transport tariffs, but not any taxes or subsidies for renewable energy.

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 AB
waste (MW output) 100%
- Inputs
Ind. organic waste input (% of 125- 125- 125- 125- L
additional output) 200% 200% 200% 200%

Ind. organic waste input (tons per 5
year) 6.529 | 6.529 6.529 6.529
Aux. electricity (% of additional output) 0,77% | 0,77% | 0,77% | 0,77% 5

Aux. electricity (KWh/ton waste input) A

10,30 | 10,30 10,30 10,30

Aux. process heat (% of additional 1,39% | 1,39% | 1,39%| 1,39% 5
output)

Aux. process heat (kWh/ton waste
input)) 18,60 |18,60 18,60 18,60 A
- Outputs
Biogas (% of total input) 100,0% | 100,0% | 100,0% | 100,0% AC
Biogas (GJ/ton ind. org. waste input) ACG | 5/9

4,8 4,8 4,8 4,8

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 ( UG/ MW o|276050 | 276050 | 276050 | 276050 AEH | 8/5
I nvest ment (U/ton| 4228 | 42,28 42,28 42,28 AEH

Total O&M ( U/ MW/ ye| 49500 | 49904 | 52056 | 53132 AFH | 8/5
Total O&M (4/ton 7,6 7,6 8,0 8,1 AFH

- of which O&M, excl el. and heat 6,5 6,5 6,5 6,5

(u/ (ton input/year

-of which electrici 0,65 0,71 1,04 1,21 K

-of which heat (G/( 041 | 041 | 041 0,41

Technology Specific data

Methane emission (Nm3 CH4 4,0 4.4 4.4 4.4 1,8 9,2 1,8 9,2 12

input/year) H
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Qualitative description

Brief technology description

Biogas produced from various kinds of organic material, such as organic waste and residues, animal manure
or energy crops, can be upgraded to biomethane using different technologies. After upgrading, the gas can
be injected io the natural gas grid.

The input for upgrading facilities is raw biogas from an anaerobic digester with a typical methahe (CH
content of 5070% and a content of 380% carbon dioxide (GOplus a minor content of hydrogen,
nitrogen (N), oxygen (O), hsabjen sulphide (k8) and ammonia (NH The composition of the biogas varies
based on the specific mix of the input.

Before injecting the gas into the natural gas grid, it is necessary to remove the contens,dh@®by
AYONBI aAy3 6 adagddie & the'gas Depdandng onkh® toinposition of the raw biogas, it is
also necessary to remove water moisture, particles, hydrogen sulphi®,(Bimmonia (N$)l and nitrogen

(N). As it is rather expensive to remove nitrogen (N), this is rarely déydrogen sulphide needs to be
removed before further use as it is a corrosive gas. Upgrading can also take place by catalytic conversion of
the CQto methane by adding hydrogen. This technology is described in another chapter.

Quiality requirements for bimethane is described isasreglementet section-2. Bestemmelser om
gaskvaliteter. (14. december 2012)

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

The upgrading plant

Additional equipment to treat the methane slip (where necessary)
Compressor units (where necessary)

Grid connection plant,

=A =4 =4 =

2 https://www.retsinformation.dk/Forms/R0710.aspx?id=144715



https://www.retsinformation.dk/Forms/R0710.aspx?id=144715

The heating value of upgraded biogas is approximately 10% lower than #imdevalue of natural gas,
which causes challenges for example in relation to proper billing of costumers. One approach to solving the
problem is to add propane to the upgraded gas thereby increasing the heating value. Propane addition is
however associad with considerable costs and the Danish gas distribution companies have therefore
decided to solve the problem through measurements of the gas quality rather than adding propane. By
connecting the upgrading plants at MR stations, gas companies arecakéep track of the gas quality in
different parts of the distribution network and thereby also ensures proper billing of costumers. Therefore,
costs related to propane addition are not considered in this technology sheet.

Upgrading

The main purpose of upgding is the removal of GQOand the capacity of the upgrading plant is usually
stated in Nniraw biogas. The grid connection plant encompasses equipment for measuring gas quality,
odorisation of the gas and the concrete mechanical grid connection. Qip&pons include further
measurements of the gas quality within distribution grids.

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

Water scrubbing

Amine scrubbing

Pressure swing adsorption (PSA)
Membrane separation

Organic physical scrubbing

=2 =4 =4 =4 =9

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

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

In a water scrubber, the absorption proges purely physical. The biogas is put in contact with water by
spray or bubbling through to wash out the £But also hydrogen sulphide, since the gases are more
soluble in water than methane. The pressure in a water scrubber plant is typically higimethén natural

gas distribution grid pressure at a connection point, in which case no further compression is necessary for
grid injection of the biomethane.

Amine scrubbing uses chemical absorption of, ®@Camines, which are regenerated in a stripper when
heated. This process has the highest efficiency in terms of methane conservation. Amine scrubbing can be
integrated using higlbemperature excess heat (12060°C) from other processes and the excess heat from

the upgrading plant itself can also be usedlow-temperature (65°C) applications, for example biogas
digesters. In addition, electricity is required for compression for grid connection.

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



The membrane separation method utilises membranes, which consist of hollow fibresebutadjether.

The membranes are permeable to ammonia, water and carbon dioxide. Nitrogen and methane only passes
through the membrane to a very low extent while oxygen and hydrogen sulphide pass the membrane to
some extent. Typically, the process is carmed in two stages. Before reaching the membranes the gas
passes through a filter that catches water and 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 this CO
absorbed in an organic solvent such as the traded solvents Selexol or Genosob.

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

The technology data sheet in this clatgue only focus on the water scrubbing plant, but as seen from the
figure below it is expected that the investments costs of the five different technologies are at comparable
levels [2].
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Figure 1:Specific investment costs for different biogas upgraditechnologies. Genosorb is organic physical scrubbing. Source:
SGC (2013).

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 anfas. One way of limiting the methane slip is to mix

the off-gas with air used for combustidar heating the biogas digesteralternatively, the methane can be
oxidized byregenerativethermal or catalytic oxidation.



The need for ofyas treatment depetts on the methane slip from the specific plant. Plants using water
scrubbing technology or PSA technology would often reqigileend solutions to decrease the methane

slip[2].

Grid connection plant

In conjunctionwith the gas treatment planta grid cenection facility sbuld be established. For larger
upgrading plants the local distribution network will many casesot be able to take all thproducedgas

at all seasondn these situationghe gasneeds to bs further pressurised from-Z bar to 40bar,to be fed

into the natural gas transmission network. In addition, measurement regulation andsation 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) [ : -]

Figue 2 Princige of the water scrubber plantSource: SGC (2013).

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

Output
1 Upgradedbiogas with 9999 vol. % methane, carbon dioxide and some nitrogen and oxygen [7].
1 Waste gas containing mostly €O

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/Nnt raw biogas, but a lower electricity consumption. The heat should be suppli&20at
150°C and 80% of the heaanbe reused in lowtemperature



(65°Chapplicationg2].

0,6
0,5 R

N R

0,1

Energy demand [KWh/Nm?3]

Water scrubber Amine scrubber PSA Membrane Genosorb

Figure3: Electricity consumptior(kWh/Nm3 raw biogas, indicated as box and linBr the upgrading technologies, water
scrubber, chemical/amine scrubber, PSA, membrane separation amgdinic physical scrubbing (Genosorb). Heat consuimipt
shown as columnSource: 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 issues 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 salesuppliers in a broad 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 1,800° kaw biogas/h, while the most common in Germany is
around 700 ad 1,400 Nriraw biogas/h.

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 ntbiomethane per hour.

Regulation ability
Biogas upgrading @hts 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 consumption. Local use of raw biogas for CHP has until now madetiprodependant 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 throughout Europe in conventional gas
applications.

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

Compared with another green gas technology, namely Bio SNG based on thermal gasification of biomass,
upgraded biogas production is easier to decentralize, has less envirdalmerpacts (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 upgrading technologies each have their advantages and disadeamntgpective 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 rwamel chemicals and a
methane slip/emission.

Only the water scrubber and the amine scrubber use wateespectively 0.0004.004 ni/Nm? and
0.00003 nYNm?® raw biogas. The chemical consumption for 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 hydrogen sulphide requires active charcoal for both PSA, phgsidadisg (Genosorb),
membrane separation and amine scrubbing. The highest reported chemical requirement is 0.00003
kg/Nm,

The highest methane slip among the technologies is reported to be the one from PSA wit2%,8%
followed by the water scrubber with%, 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 utilized internally. The methane slip can be eliminated if thgasfffom the upgrading plant is
treated in aregenerative thermal oxidation (RTO) plant.

Research and development

As noted above it is expected that the research and development and the competition between the
different upgrading technologies will lead to iemental 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 development of cryogenic treatment for
upgrading biogas and for the condensation of upig biomethane to liquefied biogas. However, today
the technology deployment is limited by operational problems.



Compared to other upgrading technologies cryogenic upgrading may have a lower energy demand for
upgrading, no contact between gas and chemical®duction of pure CPDas a side product and the
possibility to produce liquefied biomethane (LBG) and to remove nitrogen from the gas stream.

Enzymatic upgrading

The Danish Energy Technology Development and Demonstration Program (EUDP) supportymaticenz
dzLJANJI RAYy 3 GSOKyz2f23&8 Ay (GKS LINR2SO0G a5SY2yaiNt G
enzymatic upgrading process has been developed and will be demonstrated iseafalbiogas upgrading

plant using biogas from waste water treatment.eTtiemonstration plant has been in operation from mid

2015.

The CQ@is captured in a nowolatile solvent with a biocatalyst in an absorber column. The biocatalyst
accelerates the CQabsorption using enzymes. Afterwards the ,G©removed from the solveénin a
stripper column. The technology integrates enzymes to create an industrial biocatalyst that can be readily
incorporated into conventional chemical absorption processes fop f@oval. The demonstration
includes largescale production of enzymes abibcatalyst. The enzymatic upgrading process is anticipated

to be more energyefficient and coseffective than commercially available upgrading technologies. A
reduction in biogas upgrading cost by 25 % is expected.

Examples of market standard technology
NGF Nature Energy Holsted Water scrubber upgrading plant 2015, 13 niidibimethane per year.
http://holsted.natureenerqgy.dk/Anlaegget

Senderjysk Biogas Bevtoft, 2016, 21 mio*Ninmethane per yea Applies amine upgrading technology.
http://www.soenderjyskbiogas.dk/biogasanlaegget

Bigadan Horsens Bioenergi, 2014,mi® 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 scalehére has been a significant increase in the number of plamispecidly since 2006. In
Denmark, the market took of in 2014.

Until around 2008 PSA and water scrubber plants were dominating, but since then also the chemical
scrubber (mainly amine scrubbers), the organic physical scrubber and membrane technologies hale playe
an increasingly important role (see figure below).


http://holsted.natureenergy.dk/Anlaegget
http://www.soenderjyskbiogas.dk/biogasanlaegget
http://bigadan.com/c/cases/horsens-bioenergi
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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 differentemioned 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 systems are sold and constructed in different standardized sizes.
Water scrubbing ad PSA have been mature technologies for many years, and only incremental technology
development is expected, while cryogenic upgrading is a technology under development and
demonstration.

An important aspect of biomethane market deployment is technicah@ards. 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 the European Biogas Association (EBA) and CEN project committee CEN/TC
408.

In Dennark, 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 biogas will amount to 8 PJ in year 2020
out of a total biogas production of 14 PJ.[6

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 Romiercial technologies, with large
RSLX 28YS8Syiié¢

It is assumed that the growth wilbatinue 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 countriesrevinany 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, 20262030 and 203050.

Further, it is here assumed that one or more of the newer and adiydess 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 the electricity consumption, which is already achievable today with
the amne scrubbing technology [2, 7].

Additional remarks
Methanation of biogas by addition of hydrogen is an alternative technology, in which this C@hverted
to methane instead of releasing it to the atmosphere.



Data sheets

Data for an upgrading plamtith a biogas input of 1.000 Nhis presented belowEor 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 tedies) are expected to take

2P0SNJ t SFRAY3 (2 | NBRdAOGA2Y Ay (GKS LIXIlIyidiQa St SOGN

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) 1.000 1.000 1000 1000 AB | 1/4
Capacity (Nm3 biomethane/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) AF

0,0% 0,0% 0,0% 0,0% 2/4

Heat (% of biogas input)

- 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 reducti 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 (ua/ MJ/ s i nj134.000 | 121.00 | 109.000 | 98.00 | 107.000 | 127.000 | 69.000 | 115.000
0 0

Fi xed O&M (al M3/

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 [ 'y 2
- 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 ((a/

0,93 1,03 0,88 1,02 H




-of which electric E | 21417
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

m

I o m

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

Values include upgrading, methane reduction and grid injection facilities

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]

The cost of auxiliary electricity consumption is calculated usingt he f ol | owi ng el ectri ci t)
2020: 69, 2030: 101, 2050: 117. These prices include production costs and transport tariffs, but not any taxes or
subsidies for renewable energy.

Injection in natural gas grid at 40 bar

Based on a lower calorfic value of 36 MJ/Nm3 and 8760 hours per year
O&M costs are estimated to 2.5% of investment per year, in accodance with [2]

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.

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 technolocksteae further
described in separate chapters, 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 biomassdthiva high content of lignocellulose such as 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 comlstion, and possiblyy adding aother gasification agent. The product of a gasification
process is a mixture of mainly hydrogen, carbon monoxide, carbon dioxide, methane, water, and smaller
FY2dzyia 2F KAIKSNI KERNRBOFINDAWABALISAARER DRNVNA I KKS C
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 cleanedvarious steps that may include dust filtration/washing, tar
conversion/separation, sulphur and chlorine removal. The necessary degree of cleaning is determined by
the further use of the gas.

The raw gas can then be converted and used in different waysinitbe used directly in combustion in
boilers 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 between direct 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 atneogphgmnsecs gasification
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 atkd. This represents a traditional gasification technology, which is well
known and used in smaller scales to produce a-dmality combustible gas. Since air is used, the gas
contains nitrogen. Another principle in direct gasification uses pure oxygexdmiith CQ or steam. Here
nitrogen can be avoided in the product gakich makes imore 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. Buhe heat is formed outside the reactor 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, midledega

gas with relatively high 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/orat®added to the process the
biomass can be fully cerrted to gas As hydrogen from the steam and carbon from,G&ke 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 in Denmark 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 the above
mentioned principles for biomass gasification. lRertdescriptions can be found in e.§].[

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 to generalize some of the properties of these in terms of main
characteristics such as, efficiencies, possibilities fesagling and financial properties:

i Biomass gasification, fixed bed, for producer gas
o0 Small scal¢l - 25 MJ/s inpu}
0 Mainly for heat and power generation (without methanation)

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

1 Biomass gasificatigrentrained flow for production of liquid fuels
o0 Large scale (>500 MJ/s input)
o In this cataloguefocus is on production of bio diesel by the Fischer Tropsch process.
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Brief technology description)
Fixed bed gasifiers are smaller sglants (<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 (CHP), or in healy 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 nitrogen. The nitrogen cordent the limited possibilities for
upscaling make the fixed bed technologies less interestindafiger plants withfurther upgrading to
synthetic natural gas (SNG) or production of liquid biofuels based on syngas.

Biomass : . 1
I ) | Gas engine/
pre-treatment Gasification Cleaning . boiler 1
and drying | 1 ore :

1
1 1

The updraft (or counter current) gaigf has been used for the last /80 years with fossil fuel for
electricity, heat, steam and industrial processes such as burning of ceramics, glass making, drying and town
gas.

It is characterized by the biomass feedstock and the gas having oppositeliflestions. The biomass is
converted through several stages. Up to 100the water is vaporized. By pyrolysis (extra heating and
limited addition of oxygen) the dry fuel is converted to a tarry gas and a coke residue. Subsequently, the
coke residue is gédied at 8001,200°C, while water vapour and/or oxygen (air) is added.



The gas has lowemperature (~78C) but a large content of tar, Biomass
typically 30100g/Nn?. Depending on the process, the tar shall eith

er ]
be incinerated or cracked before it is cleanddarticles etc. » Z\;

Producer gas primarily consists of the componenisHy, CO, Cg PN = Gas
CH, and water. The use of atmospheric air and direct gasificati . 0 [

limits the calorific values of the gas to about 6 MJ/MNor the dry o

cleaned gas from an updraft gasifi8]. Pyrolysis

For internal combustion engine applications, gas from upd L

gasifiers needs tar removal and possible effluents from the cleal
step need to be handled.

Ash

Updraft gasfier, principle



The downdraft (or ceurrent) gasifiethas the same flow direction of the biomass feedstamkd the gas.
The biomass is converted through several stages. Up t6Cltb@ water is vaporized. By pyrolysis the dry
fuel is converted to a tarry gas and a char residue. Subsequently, the char residue is gasifietl20@QD
while water vapour anfbr oxygen (air) is added. By adding air to the char zone, the tar content in the
producer gas is reduced and amongst fixed bed gasifiers _

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

/x‘g

In staged downdraft gasificatiopyrolysis and gasifidan
are separated in two reactors, enabling a partial Drying
oxidisation of tar products between the stages. Thus,

staged gasifiers are producing a gas with low tar conten’&ir —

Pyrolysis

&= Ajr
which is essential for engine operation. The tar content is
often below 100 mg/Nmand ca be below 10 mg/Nrh Reduction
The pyrolysis process can be driven by either internal or N\ |
external heating. Internal heating is performed by ~ > | = Gas
addition of air/foxygen consuming a part of the energy \l ’Ji
content in the fuel, while external heating utilises waste !
heat from the produced gas and from the engine to dry Ash
and pyrolyse the fuel. Downdraft gasifier, principle

The data in the table are valid fexternal heating as this
results in higher efficiencies.

Producer gas primarily consists of the componentsHy CO, C¢ CH, andwater. The use of atospheric
air and direct gasification limits the calorific values of the gas t&6AB/Nn7 for the dry, cleaned gas from
a downdraft gasifier [8].

For internal combustion engine applications, producer gas from downdraft gasifiers may need only cooling
and dust removal.

Input

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

91 Auxiliary electricity for process machinery.

Requirements to moisture content and size of theslfdepends on the design of the reactor and the
processUpdraft 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 often integrated with thafgaion

plant to ensure a feedstock of constant moisture content [Bpwndraft gasifies typically need
homogeneous sized biomass input to avoid packing of &l subsequent pressure loss across the fuel
bed.



Output
1 Producer gas suitable for combustiin 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 technology, fuel, operational
conditions etc. Levels from two concepts appear from the table below [8].

Component vol%
H, 19-31
CcO 18-23
o, 12-15
CH 1-5

Ranges of composition of producer gas from fixed bed gasifiers.

Energy balance
Updraft gasifier:

Based on an energy inp of wet biomass (100%), a producer gas energy output e65%8, and a heat
output of 1020% can be obtaineld].

Staged downdraft gasifier:

Based on an energy input of wet biomass (100%), a producer gas energy outpuBs¥o/and a heat
output of 1020% can be obtained [8].

\ \ | Producer gas 77 :-
| \ f
: /
|.J S 98 |  Fixed bed gasification plant Ia'll /
|II IlIl |.'|l I.'II
| i
[ = Heat 5
ElEcrc 3 —| > Process heatloss 14 >

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 demand. In this case, where théigass 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 gasification process.

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

Downdraft/staged downdraft gasifier: 0.@42 MWe (0.155 MJ/s fuel)

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

Regulation ability

Gasifer 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. Minimum loads of 1P0% can be obtainefbr updraft, and 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 aoespond to biomass boilers.

Advantages/disadvantages

Compared with other gasification technologies, fixed bed gasifiarsd especially the downdraft types
provide a simple way of generating a gas clean enough to be used in an internal combustianfeng

CHP. However, they generally have limited possibilities for upscaling, especially the downdraft types, as
maintenance of a stable bed becomes increasingly challenging in larger cross sédtieris.the reason
behind parallel installation of un#to increasecapacity of a siteFurthermore, air as gasification media
makes the gas unsuitable for methanation.

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

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



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

Compared with alternative smadlcale biomasbased electricity generain technologies, the gasifier /
engine plants can reachigher net electrical efficiencies, typically up t®@% in CHP mode]. Existing
natural gas fuelled engines can be converted to run solely on producer gas, or on a combination of
producer gas andatural gas. When a spark ignition engine is converted to operation on producer gas its
energy input capacity is derated to about-80% due to the loer calorific value of the gas][7One
disadvantage compared to a natural gaswvered engine is the longast-up time of the gasifier (from

cold). Also, excessive sefgirmation may occur at start/stop.

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

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

Generally, the environmental aspects of biomass gasification are comparable to those of biomass
combudion processes; however, as the producer gas from fixed bed gasifiers is filtered thoroughly before it
is fed into the l&ngine, the standard emissions are CO, d@d UHCFrom a stable operation of a
demonstration plant utilising a tweatage gasifier aDTU the belowemissions have been measured]:

CO (mg/Nmat 5% Q) 970.0
NQ, (mg/Nn? at 5% Q) 1197.0
UHC (mg/Nmat 5% Q) 21.4

TableO-1: Example of emissions from a plant with a two stage down drgdisifier.

This performance does not comply with the current emission regulations in Denmark. A possible
commercial plant would apply primary or secondary emission reducing measures to comply with
regulations.

Dependent on technology, trace metals, espdgi cadmium contained in the biomass, may be entrained
with the gas or end up in the ash frothe biomassgasifer. Further, theash may contain polycyclic
aromatic hydrocarbons (PAHSs). Therefore, spreadingsbfin forests or on agricultural land museb
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 metalsDenmark utilisation of the ash is
regulated by a ministerial order for biomaash.

No emission data is stateih 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 destiated 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:

1 Ability to handle a wider range of fuel propertjés particula waste wood and other biomass
residues

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

9 Establishing updraft demonstration plants with oxygen and steam as gasificgeon @ 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; kitie models of significance for design and control

Downdraft;

There exist a number of suppliers of smaller down draft gasifier plants for CHP, rangingOfkii to 2
MW, and as such the technology seems to have reached a level where it enters tectalotoafurity [15]

Research and development activities seem to focus on incremental operation and design optimisations,
including better process regulation and automation for unmanned operation, scaling up, and improving gas
engine operation with gasificath gas.

Examples of market standard technology
Updratft:

At Harbogre Fjernvarme a 3.6 MJ/s updraft courtarrent moving bed gasifier was installed in 1994. The
gasifier is used for CHP production and has a gross electrical output of 1.0 MW. The igaisiéited by
wet forestwoodchips. The gasifier $sipplied andperated byBabcock & Wilcoxafund A/S [2]

Downdraft

Biosynergi Proces danstalled a300 kW, and 750 kJ/s heaCHP dmonstration plantat Hillergd district
heating company. The plagame online in 2016. Theoncept is designed supply a clean gas on basis of
wet forest wood chipsthat are dried on site as an integral part of the proceSsitput heat is used for
RAAGNARAOG KSIFiGAYy3aId ¢KS LINRPOSAaa A aandugscaling alifhg GrieteNE £

T



pilot 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 starp problems.

In Innsbruck, Austria, SynCrdias installed 260 kWe and600kJ/sheat CHPplant 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
usedfor district heating.

Anumber of suppliers and projects outside Denmark are mentioned iaf&]in [30]

Prediction of performance and costs

Small scale gasification plants for CHP production based on biomass are offered by many suppliers
worldwide ona commercial basis [2]. However, commercial deployment is for larger plants still moderate
and the technology can be characterized as being in a transition between 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 equipment to certain
fuels and needs and offer turnkey solutions. A larger commercial deployment mayl@aadémental price
reductions [2].

The projection of investment cost assagthat the accumulated production capacity will increase by 40 %
between 2015 and 2020, double between 2020 and 2030 and further double between 2030 and 2050.
Applying a typicalearning curve progresgate of 90 % this yields a 5 % decrease in investment costs
between 2015 and 2020, a further 10 % reduction between 2020 and 2030 and additional 10 % reduction
between 2030 and 2050. It should be stressed that this projection iiated 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.

Due to the limited possibilities for upscaling is not expected that applying fixed bed gasifiers to
production of bieSNG or other synthetic fuels will be commercially interestifigs would require small to
medium scale oxygen production and methanation to reach commercial level. In that casé,temal
medium scale gasification combined with biogas production forSig production could become an
attractive solution

Uncertainty

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

and how far.



Additional remarks

Today, fixed bed gasifieee usually integrated with an internal combustion engine -geh Besides the
described fixed bed gasifiers, a number of suppliers offer CHP technologieas dradmibbling fluid bed
gasifiers in the 2 MW, range, e.g. the Spanish Eqtec. [2].

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 catokifilue of the input biomass (MVY, and 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
(MWp)

- 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 |3,45,8,11
input)
Heat (% of input) 10 10 9 5 B (345,811

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 1.5 1.5 1.5 1.5 1,2,8
(years)

Financial data

Specific investment D 1,3,4,5
( MG/ W 1,4 1,3 1,2 1,1 0,9 1,8 0,7 1,4

- of which equipment -

- of which installation -

Fixed OZM 21.000 | 20.000 | 18.000| 16.200 | 15.000| 24.900 | 12.100 | 20200 P | 1345
(u/l Mydar)

Variable O&M 5 1345
( 4/ MWh 2,6 2,5 2,2 2,0 1,7 3,3 14 27

Technology

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

Notes:

A The stated capacity is the upper range, down scaling is possible.
B With flue gas condensation, considering lower heating value of biomass fuel.
C Producer gas primarily consists of the components N2, Hz, CO, CO,, CH,, 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 has
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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Brief technology description
Biomass can be converted to synthetic natural gas (SNG) by gasification followed by upgrading.

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

Methanation processes can 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 gasifieatio
methanation processes in one plant. The methanation process can also take place by biological processes.
The methanation process itself can theoretically reach an efficiency of 80%, the rest converted @2ilheat [
however the raw gas may contain15% methane already [15]. Therefore, the highest efficiency can be
obtained by starting with a gasification process that directly outputs a relatively high share of methane,
which is obtained by gasification at moderate temperatures.

Pretreatment Methanation
: I ) CQ removal and
and drying of Gasification [, Cleaning N drvin o
biomass . rying o to BioSNG

Pretreatment and gaification

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

Huidised 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 pagticle 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 operation by which solid particles through contact with a gas behave ab &tk

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 particles entrain possible fuel
particles and the fluidisation enadd efficient heat exchange between fuel, sand and

fluidisation gas. Due to the fluidisation, the various steps ——
of the gasification process (drying, pyrolysis, oxidation, - f
reduction) that are quite separated in fixed bed
gasification, are mixed in a flug#id bed reactor. This

enables a uniform temperature distribution and control //,
opportunities and thus control over the process and

output. Drawbacks compared to fixed bed conversion o
comprise a lower carbon conversion ratio (with unburnt M
fuel in the ash). gasifying agent

biomass

Uaially, a pretreatment of the feedstock is necessary
including drying, for which excess process heat can he

CFBoiomassgasifier, principle[8]
used.

One typical design with indirect gasification uses a diraulationfluidisedbed reactoras shown below
where fast circulating bed matetidfor instance sandlimestone or oliving is heated in an air blown
reactor by conventional combustion and subsequently returns its heat to the gasification process in the
other reactor, where the pralried biomass is feth and which is typically blowby steam. The combustion

is primarily fed by the char residues of the biomass feed sthek circulates to the combustorThe
gasification can take place at relatively low temperatures (around°’@0Which outputs a gas with
relatively high methane conterwhich is relevant for the subsequent methanation processirther, the

low temperatureprevents theashfrom melting and form corrosive slag.



Flue gas

product gas flue gas

Biomass ==

‘ gasification - =
additional

biomass ﬁ w ﬁ i)

circulation

Steam Air steam air

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

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

type[14], [15].

Oxygen for the direct gasification may be produced by saiparation (ASU) powered by electricity
generated from process excess heat. This may account for 4% of output ehéfgilfernatively, oxygen
obtained as a byroduct of electrolysis in future hydrogen generation plants could be used.

Both the direct gaification and the oxygen blown gasifier process types are able to use wood as feedstock
material and can (expected) be upscaled to reach an output in the range 200 MBNKBo There are as

well other variants of the circulating fluid bed technology inteddfor, or possibly useful for BIENG
production.

A bioSNG plant may utilise some of the high temperature energy streams to generate elect6if2]].
However, the electricity production is not significant, and is for future plants assumed talantde the
electricity demand for internal processes.

Further description of projects, processes, and technologies can be fouhd],ifilfp] and [2].
Gas cleaning

Tar removal is necessary due to the relatively low gasification temperatures. Severakaptist, including
scrubbing with water or oil, catalytic or thermal cracking.

In addition, sour gases (primarily$) and Céneed to be removed by chemical and/or physical absorption,
and the syngas composition may be adjusted by a partial shift f@imbg the required ratio of H2 to CO
as suitable for the methanation process.



Methanation

There exist several different procedesigns 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, @a&sses to methane by adding hydrogen gas to the process.
This optional process step is not included in this technology sheet.

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

Requirements to moisture content and size 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 CHBegak addition, many
demonstration projects have aimed at using waste fractions as a feedstock for gasifi¢afion [

Output
1 The output is bieSNG
9 Further output is low temperature process heat, which is assumed valid for district heating
1 The main wat® 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 heating and, possibly, electricity production to cover internal electricity
demand, the overall efficiency can be high, likely up to 90Y[1[8], [21].

In the GdBiGas 20 MW demonstration project, the following efficiéga® were measured and reported,
though not accounting for an electricity demand of some 3 MW anebbBidemand of 0.5 MWZL]:

Fuel to cold gas efficiency (syngas): 76.5%
Fuel to methane efficiency: 62.7%
Total efficiency, fuel to methane and heat: 85.4%

These numbers refer to the plant fuelled with wood 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) m@nstration plants is in the range 20 MW

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

Regulation ability

The CFB gasification and associated methangtrocess plants generally have limited regulation and part
load capabilities, depending on the process types thougls #issumed that plants are in continuous
operation for §000 hours per year

Space requirement
The main space requirements typicatlglate to the storage, handling, and possibly drying of biomass
feedstock, which can be assumed to correspond to what is required for biomass power plants.

Advantages/disadvantages
A major advantage of biBNG generation is the possibility to use emgsthatural gas infra structure for
transport and storage of biomadsmsed energy in a form, which can be utilized for multiple purposes.

Compared with fixed bed gasification technologies, the CFB technologies with methanation are more
technically complex nocess 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 heat demand from e.g. district heating systems is ararddge 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 flow gasifiers.

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

The direct, oxygen blown, CFB technologies may have an advaotagethe indirect due to higher
throughputs, leading to smaller relative investments, and higher methane rates.

Environment

Generally, the environmental aspects of biomass gasification are comparable to those of biomass
combustion processes in generakef@nding on the further processes involved in a specific plant, waste
products might include condensation waste watashwith used bed material, used catalytic material, and
other waste from chemical reactors etc.

In the case of the pilot plant GoBiGdsage |, [22] mentions annual emissions of 15 tonnes gfawd 3.5
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 environmpataffi@m
operations in 2015 [23] mentions an emission of 2,933 kg RO97 kg S as well as 1,516 kg Aitl 65 kg

N;O from production of 30,000 MWh of biomethane. This corresponds to an average emission of 0.1 kg
NQ, 0.1 kg S, 0.05 kg hlahd 0.002 kdN,O per MWh gas produced.

[23] also mentions a number of waste streams contairtiagmful components such aash waterbased
streams with chemicals, active coal etc.

Research and development perspectives

Process integration and optimisations, includengergy optimisations in the integration of gasification, gas
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, wheral ggoprietary
technologies seem to competéj]. Experiences from pilot and demonstration plants are expected to lead

to further innovation and development that will allow upscaling. It is also expected that such optimisations
can eventually lead to impxed gas efficiencies comparéa present technologyd].

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 tdnology
Indirect, dual CFB:




Valmet is a major supplier of CFB gasification plants in the rang20®MW for both combustion in
power plants, and also for the Biisas demonstration biecNG plant.
http://www.valmet.com/products/energyproduction/gasificaion/

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. T4je pilot plant has been retrofitted 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 supfeer of CFB biomass technology 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/gasication

Direct, oxygen blown CFB:

Amec Foster Wheelgr &SN& proobf-O2 y OS LI ¢  F éxgenfsteamiblovenPressurized (4 bar)
CFB plant in Varkaus, Finland [2]].

Prediction of performance and costs

As of todaythe integrated biomass CKasification 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.

Assumptiongor the period 2020 to @50

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 tigh the potential scaling and learning curve effects appear to be
significant the estimated future values are widely based on scientific studies of process optimizations, and
on industry expectations, and it is not obvious that such development will oz p

The required technical development seems feasible since some of the major elements are already widely
used, such as catalytic methanation in SNG production based on fossil fuels. Furthermore, the R&D
activities involve actively both universities alivas private companies and large energy companies.
However, a development of large scale biomass SNG technology will also require the necessary commercial
drivers to be present. It is expected that the investments to ensure a further development shaHibly

made by large companies, involved in the energy sector.

Therefore, for development to take place, such investments will have to be evaluated as being overall
commercially attractive, at least in the long term, taking the expected future pricésleéeompeting fuels
(natural gas and when focusing on the transport sector also of oil) as well as possible subsidies and CO



emission costs into account. The data for 2@2B050 assumes that such market demand will be present,
and that investment costsan be reduced by considerable upscaling and learning curve effects.

Uncertainty

The longterm development of the technology is by nature uncertain, due to the current development
stage (Pioneering phase) and the fact thatsitive results oflarger sca deploymentare not yet
demonstrated. The figures in the data sheets assumes an optimistic scenario in which the described
upscaling and learning curve effects will take place and therefore the uncertainty is high.

Additional remarks

Fluidized bed gaséfis may be used for a variety of purposes and can be seen in connection with small to
medium scale CHP plants, larger scaldiiog plants CHP plants, b8NG facilities as well as biofuel
facilities.

References
Please refer to paragraph in chapter & €ommon references for chapter 83, 84 and 85.

Data sheets

The capacity of the plant is stated as the lower calorific value of the input biomass (MJ/s), and the output
efficiencies refers to the lower calorific  value of the HNG and heat.

Technology CFB (Circulating fluid bed) gasifiers , biomass, bio -SNG, medium - large scale

Uncertainty Uncertainty
(2020) (2050)

2015 | 2020 2030 2050 Note | Ref

Energy/technic
al data

Typical fuel input
capacity, one unit 32 154 400 400
(MW)

Lower | Upper | Lower | Upper

- Input B
Biomass (% of
input capacity)
Electricity (% of
input capacity)

91 100 100 100

- Output B

21;1
9;13
117/
19;

Bio SNG (% of

: 56 60 63 70 58 65 65 75 G
fuel input)




211
Heat (% of input) | 15 20 22 20 o[5S
19;
Unplanned
outage (%) 3 3 3 3
Planned outage 3 3 3 3
(weeks per year)
Technical lifetime 15 20 20 20
(years)
Construction time 25 25 25 25
(years)
Financial data
12+
Specific 22111
investment 4,0 2,5 1,6 15 1,8 3,0 14 2,6 E 91
117
- of which i
equipment
- of which i
installation
12/2
Fixed O&M 40.220 | 26.220 | 24.130 18.100 E | s
(u/ MWt h/ y80.450 ' ' ' 30.170 | 50.280 ’ 30.160 13/1
7/19
12/2
Variable O&M L12
. 53 2,7 1,7 1,6 1,8 35 11 2,1 F 121+
(a7 Myvh 131
7/19
Technology
specific data
Warm start-up 6 6 6 6 c
time (hours)
Cold start-up time 12 12 12 12 c
(hours)
Environment
NOx (g per GJ 23,
fuel) 16 20 20 20 D 29
CH4 (g per GJ 0 0 0 0 D 29
fuel)
N20 (g per GJ 23,
fuel) 0.3 1 1 0 D |2
Notes:
A With flue gas condensation
B Generally the plants' electricity generation is assumed to balance the consumption
C Assumed to be in the same magnitude as a coal fired power plant
D 2015 data for NOX and N20O origin from [23]. Other values are assumed to be in the same magnitude as a biomass

fired PF power plant (pellets)



n

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
MWagas [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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Qualitative description

Brief technology description
Biomass can be converted into liquid bio fuels for use in e.g. transportation. The entrained flow gasifier
technology is well suited for this purpose due to its upscgfiassibilities and gas properties.

In an entrained flow reactothe high temperatures and pressure produces a clean syngas with very little
methane and tar25]. This makes the gas well suited for further chemical processing and production bio
fuels. Thé chapter describes produceagas used for production of bio diesel or similar synthetic fuels in a
Fischer Tropsch process.

Catdytic

Pretreatment I . . Upgrading /
. Gasification Water-gas shift conversion o S

and drying - —> — ) > destillation

(Fischer Tropsch)

The entrained flow reactor has been used for large scale coal gasification for decades but is much less
developed and demonstrat for biomass. The fine ground feedstock material whichen 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 usedhe input may be pyrolysis oil. Partial combustion and gagibn takes place in the
pressurised reactor at high temperatures (8A0°C up to 1600°Cfor coal). Slag andshare removed from

the bottom. A high capacity is possible due to high reactivity at high temperature and pressure. The high
combustion tempeature results in formation of slag insteadashas the main residue.



The high outlet gas temperature usually makes the thermal Biomass

efficiency low, unless the process is integrated with other energy jl
consuming processes. One possibility is to-tpeat solid fuel by Oxygen =
torrefaction at 2300°C, whereby the fuel is easi¢o pulverise and 1

the overall efficiency is improvef24]. However, an additional
energy loss in the torrefaction process must be expectssl.for
the CFB gasifier processes, the oxygen necessayybe produced [~~~ —
in a processntegrated air separation unit powered by electricity
internally produced from excess process heat.

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

Challenges when moving from coal to solid biomass feedstock o - = Gas
comprise obtaining a uniform particle size distribution and fagdi \l
biomass into a highly pressurised vessestead of pulverising the !

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

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

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

The produced syngas is the raw material for the catalytic proc&sscondition the syngas for the
subsequent Fischerropsch synthesjst may be necessary to increase thg®D ratio. This is done ingh
water-gasshift reaction where CO and,@® is converted to Cand H, at low temperatures by the means

of a catalyst. Alternatively, additional fftom an external source can be added to the process to increase
the output.

In the Fischer Tropsch catatytconversion CO reacts with, kb form chains of hydrocarbons in various
lengths meaning that the productgein the so called synrude range from liquids to waxes. The process is
typically catalysed by iron or cobalt based catalysts, which requiresgas)cleaned from impurities such
as sulfwur etc. It takes place in a reactor under pressure of6@5bar and temperatures of 26860°C
dependngon the desired output. About 20% of the energy content is released as heat [8].

The syrcrude can be refinedot gasoline or diesel fuels, possibly kerosene, and the heavy hydrocarbons to
specialty waxes for a high value market or by hydrocracking/isisiatéosn to diesel fuels.

Alternative processes can produce methanol or gasoline. Danish Haldor Topsge Incldand bjasge A/S
focus on their TIGAS process that generates gasoline based on syngas from a CFB gasifier.

Input
9 Pulverised solid biomass (16@n-1 mm) atomised fluid a slurrylike fuel such as a mixture of pyrolysis
oil and pulverized biocharorthe€dl f f SR dof | O1 fAljd2NEZ | NBAARIZS

1 Oxygen, here assumed produced internally in the process plant.



Output

9 Bio fuel products such as paraffin, bio diesel, kerosene.
1 Excess heat for process use or district heating.

Energy Balance
Based on an energy input of wet biomass (100%), a syngas gas energy output of 70 to 80%, and total
efficiency of 90% was reported in test and pilot pla@4][

Biodiesel 50

=

Biomass 100 Fischer Tropsch biodiesel plan

Heat 35

Process heat loss 15

Sankey diagram ofasifier based FischeFropsch plant in 2030.

In [28] the efficiency from mmass to liquid fuel in rather large fpRantsis reportedly between 40 and 55%.

Typical capacities

Capacities with entrained flow gasifiers are expected to be in the range5Q00MW gas output,
corresponding to input of 500,000 MJ/s fuel, possibly diier, to be economical This is based on
capacities for coduelled entrained flow gasification plants.

Space requirements
The main space requirements typically relate to the storage and handling of biomass feedstock, which can
be assumed to correspond what is found for biomass power plants.

Regulation ability
Entrained flow gasification process has very limited regulation and part load capabilittessdtimed that
plants are in continuous operation for 8,000 hours per year.



Advantages/disadvardges

Compared to CFB gasifiers, the entrained flow gasifiers can have considerably higher throughput, which
together with the high temperatures favours upscaling. Further, the high temperatures produce a clean
syngas with no tar and very little methane.

The high outlet gas temperatures usually make the thermal efficiency lower, unless integrated with other
energy consuming processes.

Entrained flow gasification has an advantaiggne available fuel is a liquid that can be spray atomised, like
for instancethe residues of paper pulp manufacturing. However, for solid fuels like fresh wood, the
grinding will use considerable amounts of energy.-tPeatment by torrefaction or pyrolysis may reduce
these costs and reduce feeding challenges into a pressuriztehsy

The output gas has a lower content of methane than will be possible with CFB gasifiers. 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 methanege.g other synthetic fuels such as Fischer Tropsch diesel, or for
direct combustion 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 emwinent. This is particularly relevant for fuels with a high
content ofashand nutrients such sstraw.

The large plant sizes would require an efficient feed stock sourcing strategy and possibly increase the need
for pretreatment by torrefaction and/or plletisation or pyrolysis- possibly decentralized to optimise
sourcing.

Environment
The environmental aspects of biomass gasification with entrained flow gasifiers are expected to be
comparable to those of a large power plant with biomass as fuel.

The residue is primarily slag, which is not suitable for use as fertiliser, but shall most likely be deposited.

Research and development perspectives

Even though the technology is well developed and applied for gasification of fossil coal the use oédntrain
flow gasifiers for biomass is still at an experimental stage. R&D would include both process design and
optimisation, combustion properties of various qualities and sizes of fuel, as well as demonstration in pilot
plants. R&D into entrained flow biomagssification and/or Fischefropsch synthesis is taking place in
Norway, Germany, Austria, the US and to some extent Denmark, amongst others.



Examples of market standard technology

Entrained flow gasifiers are widely used for coal. In the paper puR@=$a > / KSYNBOQa o6
technology has been applied turn pk LIS NJ LJdzf LJ NB a A RdzS W6 f I Kib]IDME. XHp dz2 NI
technology was demonstrated at the Pited plant, Sweden with 3/M¥pacity in operation since 2007,

and producingio-DMEsince 2010. The plant is now out of operation.

Prediction of performance and costs

It is assumed that entrained flow gasification of biomass is especially interesting for large plants (>100 MW
gas), where the overall plant can be optimised and integratéth other processes such as power
production, chemical plants including production of synthetic fuels, and large industrial kilns. The
composition of the gas seems well suited for further processing into liquiflibis such as methanol, DME

and biodiesé The low methane content is a drawbatlat makes it unsuitabléor production of bieSNG
compared with CFB gasifiers.

Data for 2015:The technology is still at an experimental stage (Category2), but development may
benefit from experiences gainedofn gasification of coal. Here, the main development drivers are
reduction of capital costs, efficiency increase, and adaption to low geslistock[25]. Since no fulkcale
plants exist data for 2015 have been excluded.

Assumptions for the period 202@ 2050 A further development of the technology, to reach a commercial
stage, is expected to take at least 10 years, and a main driver for such a development would be a foresight
to obtain energy at a level competitive with fossil fuel prices, also cerisgl CQ emission prices.
However, for special applications where the fuel already exists in liquidlfeewaste product from paper
production or similar the technology may have promising perspectives on a shorter term.

Data for the period are mainlgased on scientific literature and feasibility studies. The figures in the data
sheets assume an optimistic scenario in which the described upscaling and learning curve effects will take
place and therefore the uncertainty is high.

Uncertainty
The long érm development of the technology is by nature uncertain, due to the current development stage
(Pioneering phase) and the fact that larger scale deployment is not yet demonstrated.

Additional remarks

For entrained flow gasification the technology catalegdata are based on limited data sources and
knowledge from actual plants in operation. Instead, values are based on experiences from coal gasifiers,
experimental plants, feasibility studies, etc.

References
Please refer to paragraph below.



Data sheet

Thecapacity of the plant is stated as the lower calorific value of the input biomass (MJ/s), and the output
efficiencies refers to the lower calorific value of the cold syngas, and heat useful for district heating.

Technology Gasifier, biomass, Fischer Trop sch biodiesel, large scale
2015 | 2020 | 2030 | 2050 | Uncertainty Uncertainty | Note Ref
(2020) (2050)

Energy/technical Lower | Upper | Lower | Upper

data

Typical fuel input N/A 500 1000 | 1000 A 25/26

capacity, one unit (MW)

- Input

Biomass (% of input 100 100 100 25,26

capacity)

Electricity (% of input 0 0 0 B

capacity)

- Output B

Bio Diesel (% of fuel 45 50 55 46 55 50 57 G 13+17;

input) 13+17+26/9

Heat (% of input) 30 35 35 H 13+17;
13+17

Unplanned outage 3 3 3

(weeks per year)

Planned outage (weeks 3 3 3 C

per year)

Technical lifetime (years) 20 20 20

Construction time (years) 2,5 2,5 2,5

Financial data

Specific investment 2,5 2,1 1,9 1,9 3,2 1,1 2,3 E 13+17;

( MG/ W 13+17+26/9

- of which equipment -

- of which installation -

Fixed O&M F 13+17;

(4 / Mydar) 52.900 | 43.600 | 39.200 | 39.700 | 66.200 | 29.400 | 49.000 13+16+17

Variabl e O&M F 13+17;

1,0 0,8 0,7 0,6 1,3 0,5 0,9 13416417

Notes:

>

Very limited demonstration of the technology presently exists. Uncerties are generally high.

s}

Generally the plants' electricity generation is assumed to balance the consumption. Output of gasoline is counted as
biodisesel
Assumed to be in the same magnitude as a coal fired power plant

Assumed to be in the same magnitude as a biomasse fired PF plant

m O O

For 2020, the figure is an average of values from theoretical studies [17], [27] adjusted for inflation and multiplied by
1.4. A scale effect with a proportionality factor of 0.72 has been assumed for projecting from 2020 to 2030. From
2030 to 2050 simply a reduction of 10% has been assumed to reflect a learning curve.



F Itis assumed that the total O&M costs splits in 1/3 variable, 2/3 fixed costs, 8000 h/year and that the O&M costs
follow the decrease in ivestment costs

G Efficiencies are based on various studies for large plants. Expected to increase gradually. It is assumed that a total
efficiency of 90% can be obtained.

H 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 biodiesel output and vice versa.
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Brief technology @scription

The reversibility of solid oxide fuel cells (SOFC), i.e. also operated as solid oxide electrolyser cell (SOEC), was
demonstrated for both KD and C@in the early 1980s and research was focused on the use of heat from
solar concentrators or wastheat from power stations / nuclear reactors in the SOEC. Although the cells

are reversible slightly lower performance is normally observed in electrolysis mode.

The electrolysis reaction is electrochemical splitting of the reactants by passing alcatectent through

two electrodes separated by an electrolyte. Electrolysis of steam convert electric energy and heat into H
and Q as specified in reaction 1. In the overall process for steam electrolysis gasgous féd to the
negative electrode wher it is split into Hand oxide ions (&). The oxide ions are conducted through the
solid oxide electrolyte from the negative electrode to the positive by the applied electric field. At the
positive oxygen electrode, the oxide ions recombine to gaseougarx

00 Qa'Qaod M MOHdYYO O -0 (1)

Both nickel and platinum electrodes may be applied on SOECs, and has been investigated fe®lzotd H
CQ electrolysisPt|YSZ has a lower exchangarrent density in WIH,O mixtures, i.e. a higher polarisation
resistance than NYSZ|YSZ, i.e. Ni is a better electrode material than Pt in this coatektodaythe most
applied fuel electrode consists of-MEZThe initial results on electrolysersy(BlASA) were performed with
platinum electrodes. YSZ stands for ytstabilized zirconia, typically 8%0¢ doped into ZrQ.

In early studies on SOECs, the most commonly used anode materials were mixed oxides with perovskite
structure, such as LSM (elgy Sk.sMnGO;), and to date the most studied SOECs consist oféSXi fuel
electrode, YSZ electrolyte and a L8BZ composite oxygen electrode. As development for oxygen
electrodes for SOFC has advanced, also mixed ionic and electronic conductinge{btit@jes have been

tested for SOECs, and even higher performances was reported when substituting LSM with LC, LSC, LSF,
LSCF, LSCuF, BSCF, NNO, LNO, PNO. Today the most applied oxygen electrode is LSCF (e

L&y 6Si.4Co F& g0s).

An SOEC can also gtetyze carbon dioxide (GPto carbon monoxide (CQj.water is electrolyzed at the
same time, the output is syngas, a mixture giadd CO. This chapter will focus ogOHelectrolysis only.



The oxygen generated in the process also holds a commerciad. vBbday, most commercially produced
oxygen is used in the chemical industry and to smelt iron into steel. In a future electricity system, oxygen
may also be used at carbon capture and storage plants applyinduekyechnology or at biomass
gasificatiornplants to speed up processes.
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Figure 1: Sketch of Solid Oxide Electrolyser [11].

Figure 2: SOEC hydrogen plant from Sunfire [11].

Input

The input is electricity and heat. Moreover, water is needed as input for the reaction. In the technology
concept pesented in the data sheet a heat input is considered which is the heat needed to vaporize the
water. The heat can be supplied as electricity or as heat with a temperature above the evaporation
temperature which depends on the pressure. SOEC plants aeeixpto be pressurized in the future but

the pressure level is uncertain. A pressure of 5 bars corresponds to an evaporation temperature of 150°C.

I SIG A& NBIdZANBR (2 YIAYUGlAy GKS 2LISNFGAYy3a G§SYLISN
for heat depends on the operating temperatuaed voltage. If the stack is operated below thermoneutral
voltage (1.29 V at 85Cfor H,O electrolysis), the process is endothermal, when at exactly thermoneutral
voltage, the process is salfistaining, when abee thermoneutral voltage, the process actually generates

heat. As the stacks inside the SOEC unit degrade, the voltage will increase, and thus the likelihood of
operating in exothermal mode will increas&hermoneutral operation is considered in the tecluyy



concept presented in the data sheet which means that it will only consume heat corresponding to heat
produced by the electric resistive losses in the stacks.

In other system setups, the plant might be operated in endothermal mode which requires dditibaal
to the heat for vaporizing the water to steam supplied from external sources e.g. surplus heat from other
facilities as for instance a downstream production of synthetic fuels based on the produced hydrogen.

Output
The output is hydrogen and oggn.

Energy balance

The energy balance of the electrolyser depends on the operating point according to the thermodynamics
for the electrolysis reactiorkigure.
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Figure 3: Thermodynamics of H20 electrolysis ahaspheric pressure [15].

An example of an energy balance is shown for the year 2015 in Figure 4.
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Figure 4: Example of energy balance. The energy balance is based on lower heating values. The heat input is the energy needed
for vaporizing the water to steam. The electricity input is the energy needed to split the steam to hydrogen and oxygen. The
difference between input (100) and the out (84) represents the "latent heat of vaporization" of the produced hydrogen. Most o
this energy may potentially be recovered through flue gas condensation in a subsequent combustion process. If the process is
operated at 700°C, approx. 22 % of the total energy may be supplied as heat.

For example, at an operation temperature of 700°C the eieztrenergy demand is 194 kJ/mol and the

heat demand is 54 kJ/mol (total energy demand is 248 kJ/mol at 700°C) whereas at 800°C the electrical
energy demand is 188 kJ/mol and the heat demand is 60 kJ/mol (also at 800°C the total energy demand is
248 kJ/ma). The electrolysis cell itself may be operated almost without energy losses whereas at system
level the efficiency will be related to the heat loss to the surroundings and the system efficiency is expected
to be in the order of 76 % measured at lower Hagtvalue (this corresponds to 90% efficiency at higher
heating value).

Typical capacities

This technology has been demonstrated at a level of 50 kW during 2017 and developers expect it to be
commercially available from around 2020 on a scale in the asli800 Nni/h, corresponding to roughly 1

MW plant size.



Regulation ability

The cells have fast regulation abilities (from 0% to 100% power in few seconds) if the cell temperature is
kept at the operating temperature. If the SOEC is cold in idle stagestdrtup time could be several hours
depending on the design and fabrication of cell and stack. However, different operation and insulation
strategies can be applied in the SQitaht to keep the plant close to operation temperature also when
idle.

Spae requirements

6-8 nf/MW input, assuming similar large scale system for SOEC as for SOFC CHP, bdttimikss3he
nominal rated power for SOEC (due to the difference in the optimal operation conditions (current density)
for SOFC and SOEC).

Advantages/dsadvantages
Advantages include:

9 High production rates, high efficiency.

1 SOEC is modular technology, which allows for-effettive manufacturing process through automated
production

1 The process is endothermic allowing joule heat or surplus heat from qttmresses to be used as

energy input.

Operation at high current densities at or above 0.8 Alcm

Possibility to produce synthesis gas including high purity CO iel€rolysis which can be used in

chemical industries such as green fuel production.

Cheap cell materials.

Ability for fast regulations to cope with transient variations. Possibility to operate in reverse mode as a

fuel cell for grid balancing.

= =4

=a =

Disadvantages include:

1 The technology has not yet been demonstrated at large scale and is miyreammercially available.
9 Limited lifetime at stack level at high current densities.
1 To date only available at modest capacity level (~50 kW level)

Environment

Hydrogen is, like electricity, an energy carrier, which is only as clean as the energyfsmareéich it is
produced. Electrolysis can be used to enhance the value and thereby possibly the capacity of surplus
energy produced from fluctuating renewable energy sources such as wind. In the operation of the
electrolyser there are no environmentabrcerns. In the production / end of life disposal on the other
hand, the use of e.g. nickel / nickel oxide is a concern asatésogenic.



Research and development perspectives

High temperature operation of water electrolysis significantly increatiee performance. The initial
performances reported for SOECs and stacks are promising. Operation at high current densities increases
the production rate of hydrogen and thereby improves the overall economy. However, thedftttie art

SOECs suffer frorsignificant degradation (increase in cell resistance) at high current densities (when
current densities gets significantly above 1 AftmWhen operated at high current densities, structural
degradation is observed for both the fuel (cathode) and oxygemode) electrode. For the oxygen
electrode weakening of the electrolyte|electrode interface due to oxygen evolution occur which in most
severe cases lead to delamination, whereas at the fuel electrode, loss of percolation in-phad¥i is
observed.

Devdopment of higher performing cells may circumvent these degradation phenomena by lowering the
overpotential, and thereby the driving force for the degradation. This has been at least partly proven for
the oxygen electrode, whereas for the fuel electrode #xact degradation mechanism should be resolved,
and means to circumvent degradation at high current densities must be developed. Another approach
could be to decrease the cost of cells which could enable operation of more cells at lower current densities
For both electrodes, the main degradation mechanisms have been identified. The two main challenges to
be addressed before making the technology commercially viable are; 1) a demaneioglago multiMwW

level, and 2) improving the lifetime at high cemt densities.

Examples of market standard technology
No commercial technology is available yet at MW level. Small units specialized for production of CO can be
purchased (https://www.topsoe.com/products/coo2)

Prediction of performance andosts
Categoy 1: Research and development

The SOEC technology is still in a development phase focusing on increasing lifetime and robustness of cells
and stacks [1]. The demand for the technology is believed to increase as the availability of, or the will to
use, fosil fuels is decreased. This since the SOEC has the possibility of reducing®ahdHC®into

syngas (kI+ CO) which in turn can be used for production of synthetic carbon containing fuels. These fuels
will be C@neutral if the CQused is captured &m the air or originates from biomass and the electricity
needed for the production comes from a renewable source, for example wind or solar.

International references predicting prices and performance of the SOEC technology are very limited. For
example,the IEA Technology Roadmap on Hydrogen and Fuel Cells from 2015 does not mention any key
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In 2016 [13], DTU Energy prepared a prediction of the price and the performance of SOEC plants (see figure
5). The projection is based on the assumptions that major technological challenges are overcome by 2020



or shortly thereafter, to an exted which enables targeting an emerging and growing market in the period
20202030 resulting in an annual production volume of SOEC plants of ~300 MW per year (by 2030). This
would entail significant cost reductions primarily based on increased produatibme of the SOEC stacks

and the economy of scale of the Balance of Plant. Stack cost projections are based on detailed
manufacturing cost studies of the SOFC technology available in literature [5] and [6]. Between 2030 and
2050 further cost reductions aranticipated, driven through economy of scale related to the Balance of
Plant, as the standard plant is assumed increased from 15 MW to 50 MW of capacity.

Prediction of SOEC costs
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Figure 5:Prediction of SOEC costs.

Table 1:Data shown in Figure 5

DTU 2016 [13] 2,20 0,56 0,48 0,40
EUDP 2016 [16] 2,17 0,53 0,40
AAU 2013 [7] 0,96 0,36 0,29
E4Tech 2014 [12] 2,00 1,00 0,30
Central estimate in data sheet 2,20 0,60 0,50 0,40
Lower 1,35 0,25
Upper 3,00 1,50

Today, the longest tests reported for the technology a2 ylears and stacks contain relatively few cells (on
the order of 50100 cells).

Experience from SOFC shows that it is challenging to develop large stack systems or stacks with high
lifetime. In Japan in the order of 20,000 SOFC based CHP units are currently in operation, but worldwide the
SOFC technology has not yet won widespread use. It is somewhat uncertain when a market large enough to
bring down production costs of the technologyll emerge. In [13] a market of 300 MW/year by 2030 was



assumed growing to 3 GW/year 2050. Whether such a market will emerge by 2030 and will be won by SOEC
is uncertaing it depends on many factors, primarily the extent to which climate change abatinggsoare
adopted globally and the rate of development of competing technologies.
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key ones are listed above. To illustrate the uncertainty on éhpsojections this curve is in Fig. 5 also
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cost estimates in [12] and assumes that a significant market emerges only later than 2030, and the lower
bound is lased on a slightly lower assessment of the BOP cost than in [13] (~50 % of total equipment cost
in line with assumptions made in [7]) and a larger market.

Based on the available projections from [7], [12], [13] and [16] shown in Figure 5, a centratedtias

been made. As mentioned these projections are very uncertain but this is expected to be the best central
estimate. The estimate is very dependent on technological development as described above. In case the
technological breakthrough will not happebefore 2030 as assuwed in the central estimate, the cost in

2030 is expected to bel gy, @MW.

For the lower uncertainty limit it is assumed that technical challenges are overcome by 2020 to an extent
enabling targeting a significant market for the SOEC technology byi2@®@ordance with the projections

by DTU. The upper limit assumes significantly more conservative cost estimates based on the assumption
that the technical challenges are only resolved beyond 2030.

Uncertainty

The SOEC technology is categorised as a tdagy in the research and development phase. Therefore, the
uncertainty related to price and performance today and in the future is significant and higher than for the
other electrolyser technologies in the catalogue. The projections are affected by béaetars, most
importantly when the current technological challenges are overcome and whether there will be a
significant market for electrolyser technologies in general, and the SOEC in particular, which can drive
production costs down through increasg@doduction volume of the SOEC stack and economy of scale of
the Balance of Plant.

Additional remarks
No additional remarks.



Data sheet

Technology soec (Solid Oxide Electrolyzer Cell)
Uncertainty Uncertainty
2015 | 2020 | 2030 | 2050 (2020) (2050) Note Ref
Lower Upper Lower Upper

Energy/technical data
Typical total plant size (MW input) 0,25 1 15 50 A
Inputs
A) Electricity input (% total size) 85 85 85 85 A 7,18
B) Heat input (% total size) 15 15 15 15 A 7,18
Outputs
A) Hydrogen output (% total size) 68 76 79 79 72 80 75 83 B 1,*
B) Heat output (% total size) 3 3 15 15 C
Forced outage (%)
Planned outage (weeks per year)
Technical lifetime (years) NA 20 20 30
Construction time (years) 0,5 0,5 0,5 0,5 H
Financial data
DTU conservative estimate
Specific investment 4,5,6,7,
( MH2015 per MW input) NA 2,20 0,60 0,40 1,35 3,0 0,25 15 I 111314
- hereof equipment (%) NA 45 37 35 J, K
- hereof installation (%) NA 55 63 65 L
Fixed O&M NA | 66.000 | 18.000 | 12.000 | 44.000 | 110.000 | 8.000 | 20.000 | M,N | 10,13
(12015 per MW input per year) ) ) ) ) ) ) ) ’ '
Var i abl e2013&eMMWHinput) 0 0 0 0
Technology specific data
Operating temperature (degC) 775 750 675 650 D, E 1,2
Stack lifetime (years) 5 7 10
Ramp up time, linear to full load (minutes) 1 1 1 1
Ramp down time, linear to full load 1 1 1 1
(minutes)
Start-up time (minutes) 60 60
Notes:

A A plant operating in thermoneutral mode is assumed. Heat input for vaporizing the water is assumed and electricity for the
remaining input [8]. The heat supplied to an unpressurized stack should be >100C. For a stack pressurized at 5 bar the heat should
be supplied at >150C.

B Itis assumed that the best operating strategy is to maintain efficiency throughout the lifetime and to compensate the small
resistance increase occurring over the lifetime of the stack by reducing the production rate. The drop in production capacity can be
reduced by allowing operation at increased temperature towards the end of life of the stacks.

C If the supplied water to the SOEC is in the form of steam at 150°C the electrical efficiency of electrolysis is increased by
approximately ~17% (relative). This is relevant since waste heat at this temperature would be available, e.qg. if the electrolysis is run
together with a methanation or a methanol plant.




Most of the ohmic heat created in the stack will be consumed by the electrolysis reaction, which is endothermic. By running the

SOEC stack very close to thermo-neutral voltage only little heat can be extracted. The value for 2015 is predicted after

communication with Haldor Topose.

Increasing temperature may be necessary during operation in order to circumvent decreasing production rate due to degradation. In

general the preferred operation temperature is expected to go down as technology improves towards 2050.

For 250kW module construction time (stack production, mounting) is approximately 6 months (Sunfire: Danilo Schimanke, date:

22/01-2015).

The turnkey price is made from estimates of the following cost factors; SOEC stack, heat exchangers, blower, pump, piping,

electronics, delivery, land, contingency, contractors, legal fees, construction, engineering, yard improvements, buildings, electrics,

piping, instrumentation and installation and grid connection (as described in ref 13), using the same assumptions that are detailed in

reference [10]. Additionally, estimates from [11] and [12] are considered as well. The cost associated with grid connection is

assumed to be 0.05 ku/ kW [7]. Due to the wuncertainties rtamhated to
and the uncertainty regarding the market and related economy of scale effects, the central price estimate for 2030 is higher than

described in ref 13, namely, 1.0 million EUR/MW, which is in lign with the projection from ref 12.

The SOEC stack costs predicted here are based on the detailed cost assessments of SOFC modules reported in references [5,6]. It

has been documented that SOEC6s can run at much higher power densi
stacks can be operated at four times the power density used for SOFC in the reference material [5,6] and a production volume

between 5 and 10 MW/year in 2020, that increases 25 times to between 100 and 250 MW/year in 2050. This gives a SOEC stack

cost of 376 4/ kW in 2020, 43 G/kW in 2030 and 36 G4/ kW in 2050, whe
2050, comes from mass production of the stacks.

From the turnkey price the following expenses are included in the equipment cost: SOEC stack, heat exchangers, blower, pump,

piping, electronics and delivery.

The expenses not included in the equipment price are included in the installation cost, that is: land, contingency, contractors, legal

fees, construction, engineering, yard improvements, buildings, electrics, piping, instrumentation and installation and grid connection.

The O&M is assumed to be 3% of the turnkey price per year. Included in this number is the replacement cost of SOEC stacks which

is less than 1% of the turnkey price per year of the assumed lifetime of the system. A O&M cost of 2% and 5% is assumed for lower

and upper uncertainty, respectively.

The O&M cost is composed of 5%, 2% and 1.64% of the turnkey price per year for a plant size of 1 MW, 15 MW and 50 MW

respectively [13], in addition to the cost of exchanging stacks over the technical lifetime of the plant.
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Qualitative description

Brief technology description

Hydrogen can be produced by electrolysis of water. The water is split at the electrodes by the applied
electric power into oxygen dhe anode and hydrogen at the cathode. There are three main different types
of water electrolysers defined by the electrolyte used:

i1 Alkaline (referring to the nature of its alkaline liquid electrolyte)
1 Proton exchange membrane (PEM, referring to theliacolid polymeric electrolyte)
1 Solid oxide (referring to its solid ceramic electrolyte).

Regardless of the technology, the overall electrolysis reaction is the same:
Hh b 2eyHh

A PEMEC is built up around a proton exchange membrane in the roiditiie cell and consists of an anode

for oxygen production and a cathode for hydrogen production around the membrane. Typically, the
electrodes are in direct contact with the proton exchange membrane. In principle, the PEM fuel cell
resembles the PEM eledtyser, in which the exact opposite reaction occurs.

Equipment and costs related to possible subsequent compression of the hydrogen is not considered in this
data sheet.

H, |EI'.5 0,
Membrane ____ Current
(solid polymer) =77 77770 distributor
)
Ly
cathode anode
-=-- Bipolar
Electrode ---—-----4 plate (BiP)

(electrocatalysts)

Figure 1: Principle of a PEMEC. Adopted from [13]



Input
The input is electricityMoreover, demineralized water is needed in input for the reaction. The plant need
only be supplied with tap water since the demineralization facility is included in the plant.

Output

The output is hydrogen, oxygen and excess heat from the reaction.xtes®heat may be used for district
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expected to increase in the longer term to 90°C.

Energy balance
An example of energy balance is shown for the year 20 gure 2.

H, 54 >
Heat 0-15 >

Figure 2: Example of Energy balance for LT PEMEC (2015).

Electricity 100 LT PEMEC

Typical capacities
This technology is commercially available (2014) on small scale (0.&h)Namd large scale e.g. larger
prototype systems are presently being demonstrated worttev 240 Nni/h) by 2014 [5].

Several manufacturers announce future system capacities in the MW range and Siemens (stated in 2011)
estimate that they will introduce a 90 MW system on the market in 2020 at the latest [13].



Regulation ability
PEM electrolysrs have a fast response to load changes with a part load rangé@%.

The cold start time is reported to be around 5 minutes for state of the art plants, while the deployment
time from standby modus (hot start) is around 1 minute from minimum to makimpower. Ramping
down from 100% of capacity to minimum load can be done within a second.

These characteristics offer a system of high flexibility and it is expected that the regulating capabilities can
be further improved in the future [13].

The experienes with flexible operation of PEM electrolysers suggest that it does not damage the cells.

Space requirements

Advantages/disadvantages
Advantages include [3], [4], [13]:

Higher energy efficiency and production rate compared to alkaline electrolysis

Fuure systems are suitable for the MW scale

Offers fast stadup time and ramping rates

Straight production of compressed gases (>100 bar) for direct storage with no compressor
Operation at current densities >1.0 A/énthus very compact equipment can besigned

Long run time without maintenance

High gas purity (>99.99% for hydrogen) with no need for filtration

Ability to cope with transient variations in electrical power input, e.g. from renewable power
sources, making PEMEC an excellent option féisiag wind and solar electricity

=8 =4 =4 =4 -4 4 -4 4

The disadvantages include

1 High stack cost, not only related to the precious electrode catalyst materials, but also to the oxide
resistant stack elements (bipolar plates Figure 1). The presently used anode catailyisins Ir
oxide. The Iridium price (Figure 3) has been rather constant for decades as the applications so far
has been limited, but Iridium is one of the least abundant elements in the Earth's crust and the cost
will therefore be affected by a significanthciease in the applications e.g. PEMEC.

i1 Cost efficient water treatment and drying the hydrogen at high pressure is still challenges to be
addressed.

1 Uncertainty regarding the lifetime of the system [13].
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Figure 3: Development of the catalyst cost for PE®land PEMEC [9].
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Figure 4: State of the art system efficiency for PEMEC [10], [11], [12].

Environment

Oxygen is normally ventilated to the air, but can be stored or utilised e.g. for water purification, oxidation
of low oxygen lakes. Other emissiofiem the electrolyser are solely related to the power spent for
electrolysis.

The membranes are coated with fluoropolymer, which need to be properly disposed after end of use.
Recycling may become relevant in the future if the market for PEM technolgjigs.



Research and development perspectives

Presently, commercially sold PEM electrolysers have a high stack cost. To meet the capital cost
requirements of the PEM electrolyser a large and viable reduction in cell stack cost is needed e.g. through
the development/identification of new bipolar plate and current collector (CC) materials, and substitution
of the catalyst by other less expensive and/or more active catalysts. This degree of cost reduction is
consistent with the national Danish PEM roadmapc&imuch of the target Huelling market depends on

the successful commercialisation of fuel cells, the cost reduction curve for PEM fuel cells is synergistic with
the business case for the PEM electrolysers. It is furthermore necessary to focus onldhenép R&D

topics to complete the value chain: Power electronics, Cost efficient water cleaning, Manufactures-of high
pressure hydrogen equipment e.g. storage and coupling to biomass gasification also needs a stronger
Danish commitment.

COST BREAK DOWN OF SOA PEM ELECTROLYSER

Small parts 3%
Stack assembIng%J MEA manufacturing

10%

-2 Bipolar plates 51%
Sl PEMEC stack0% Catalyst
anode,
6%
Membranes 5%
Gas conditioning10% Cathode CC, 9%
Pressure plates3%
End plates, 1%

Source: http://www.fchu.eu/sites/default/files/study%20electrolyser-L@gos_0.pdf

Figure 5: Costieak down of the SoA PEM electrolyser in 2014 (after Bertuccioli et al. 2014 [1]).

Examples of market standard technology
13 MW PEM electrolyser capacity delivered by Proton Onsite to Guangdong Synergy Hydrogen Power
Technology Co in December 2016 [18)e Electrolysers will provide hydrogen for fuel cell busses.

Suppliers of PEM electrolysers include:

Hydrogenicswww.hydrogenics.com

ProtonOnSite/NElhttp://www.protono nsite.com/

ITM Powerhttp://www.itm -power.com/
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Prediction of performance andosts

PEM electrolysis is a technology in the development phase located bet@atsgory 2: Pioneer phase,
demonstration (for capacites >200 kW) andCategory 3: Commercial technologies with moderate
deployment(for capacities <200 kW).

The table below summarizes capital cost projection of PEM electrolysis according to literature sources. All
sources project considerable reduction irstm the longterm (by more than 50 %). The US Department of
Energy holds the most optimistic assessment, arguing that electrolyser capital cost can go down to approx.
$250-300/kW by 2025 (corresponding to approx. 022PHp ae Ka2 SO OMT 8 ®

According toEcdys ¢ A Navigant Companyhe capital cost (CAPEX) for a typical polymer electrolyte
membrane (PEM) electrolyser (1 MW) is already by 2017 down at around 1.0 $M/MWe (approx. 0.9
aeka2S0 womced

According to NEL subsidiary Proton Onsite the delivery of a 2 pl#t to China by October 2017 is priced
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f SFRAY3 G2 Iy 20SNIftf LINAOS 2F mMdp aeka2So

According to the PEM manufacturer NEL, a price of around 0.7 M$/M\Wéalistic by 2020. This does not
include buildings, grid connection and compression facilities. The price drop foreseen by NEL is particularly
related to production of larger stacks and expectation of greater production volumes.

The column to the righin Table 1 summarizes the central estimates applied in the datasheet, including
what is considered a realistic upper and lower bounds by 2020 and 2050.

Table 1:*Excl. grid connection, external compression, external purification and hydrogen storage

2015 2.44 2.59 1.59 ' 1.9

2020 1.01 ~0.8 0.220.25 1.1(0.81.5)

2030 0.75 1.29 0.88 0.6

2050 0.60 0.77 0.4(0.250.8)
Uncertainty

The uncertainty related to the projection of costs is assumed to be high, this is also the case in the short to
medium due to uncertainty about the market size and resulting productivity gaome larger stacks,
economies of scale in production and whether the challenges related to material cost can be overcome.

Additional remarks
No additional remarks.



Data sheet

Technology LT PEM EC (Low Temperature Proton Exchange Membrane Electrolyser C ell)

2015 | 2020 | 2030 | 2050 U”‘(:ggé"(i)’)“y U”?;g?g)‘ty Note | Ref
Lower Upper Lower Upper

Energy/technical data

Typical total plant size (MWe) 1 10 10 10 A 4 5’86’ 8

Inputs

A) Electricity input (% total size) 100 ‘ 100 ‘ 100 ‘ 100

Outputs

A) Hydrogen output (% total size) (LHV) 54 58 62 67 55 60 63 72 B’KC’ 14, 15

B) Heat output (% total size) 12 10 D

Forced outage (%)

Planned outage (weeks per year)

Technical lifetime (years) 15 15 15 15

Construction time (years) 0.5 0.5 0.5 0.5

Financial data

Specifici nv e st m0L% per(Mig) 1.9 11 0.6 0.4 0.8 15 0.2 0.8 E, F

- hereof equipment (%) 84 75 67 50 F 1

- hereof installation (%) 16 25 33 50

Fi xed 2819 pef MWe a year) 95,000 | 55,000 | 30,000 | 20,000 | 40,000 | 75,000 | 10,000 | 40,000 | G, B 15

Vari abl e2058%MMWa) 0 0 0 0 0 0 0 0 B

Technology specific data

Operating temperature 67 80 85 90 H

Ramp up time, linear to full load (minutes) 1 0.03 0.01 0.01

Ramp down time, linear to full load (minutes) | 0.02 0.02 0.02 0.02 |

Start-up time (minutes) 5 0.5 0.15 0.15 J




Notes:

A
B

C

T

AT IO

The stack size is expected to be up to 1.5 MWe by 2020
O&M cost are estimated to be 5 % of investment cost in accordance with [10]. It has not been possible to distribute O&M cost
between fixed and variable elements. All O&M costs are therefore allocated to fixed costs which are assumed to be dominating.
LHV considered (10,797.05 kJ/Nm3)
The waste heat is presently not utilized in large commercial systems, but IRD has proven that it is possible to utilize the waste heat
in a simple design. The 2030 and 2050 numbers are estimates based on the average hydrogen production lifetime efficiencies.
Improvements in efficiency will entail less waste heat to utilize. Values specified are for the beginning of the lifetime
Cost estimates and uncertainties are based on the review of different literature sources in the technology description, section:
Prediction of cost and performance.
Incl. power supply, system control, gas drying (purity above 99.4%); excl. grid connection, external compression, external
purification and hydrogen storage. Central values are listed (2050 is estimated); although the range is rather large.
Including stack exchange cost
Operational temperature and heat utilization temperature. The 2015 operational temperature is informed by Proton-On-Site 2013
2014: Proven by IRD for a pPEMEC system
Cold start-up time is approx. 5 minutes for state of the art plants today. Future expectations are based on [20]
Uncertainties for efficiencies based on [14] and [15]
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Qualitative description

Brief technology description

This process works with alkaline, aqueous electrolytes and has been used for hydrogen generation since the
end of the 18th century. Currently most commercially available electrolysers are based on alkaline
electrolysis.

The anode and cathode typically consisnicketplated steel and steel, respectively. [1]

The anode compartment and cathode compartment are separated by a #paaus diaphragm to avoid
blending of the product gases. Operation temperature of 80 °C and 30 bar in pressure is industriatistanda

Efforts to further develop alkaline electrolysis focus on lower costs, higher efficiencies higher output
pressure of gasses and dynamic operation in order to mirror the intermittent nature of renewable energy.

Input
The input is electricity. Moreovewater is needed in input for the reaction.

Output
The output is hydrogen, oxygen and excess heat from the reaction. The excess heat may be used for district
heating.

Energy balance
An example of energy balance is shown for NEL technology for the ydar 202


mailto:rdg@energinet.dk
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Figure 1: Example of energy balance.

Typical capacities
Typical plants capacities will vary from 4 kW to 100 MW depending on applications.

Regulation ability

According to [1], various literature available states, that the alkaline electrolyser shi@to provide the
required flexibility in systems with high amounts of fluctuating energy production, because the ramping
time is reported to be minutes. Additionally, the stan time (ranging from minutes to hours) for a cold
system is too long to pwide any flexibility to the system.

However, Hydrogenics emphasise that the current performance properties are a result of the lack of
demand for flexible alkaline electrolysers. The manufacturer states that alkaline electrolysers can be
capable of flexile operation and increase ramping rate to the range of seconds [1]. Highly flexible
operation requires that the electrolysers are pressurized. It is typically, not economical to pressurize large
electrolyser stacks (several hundred kW or above) becauserégases material consumption significantly.

Space requirements



Advantages/disadvantages
Advantages includel]:

=A =4 =4 =

1

The maturity of the technology

The relatively high durability of the system

The potential, future flexibility of the technology

Electrolyss can be performed in centralised or decentralised plants. In situations with decentralised
production possible distribution costs can be reduced or avoided.

Pressurized plants can be designed to be very flexible

Disadvantages include:

T
T

T
T

¢ 2RI @ Qa Idlalivelyiciv eficlemdiSs

Atmospheric pressure plants are less flexible. Pressurized plants is a costly option for plants with
large stacks.

The use of highly caustic electrolyte

Inability to produce hydrogen at high pressures

Increasing the pressure demperature will result in the molecules being split at lower currents and
thereby increasing the overall efficiency of the system (if waste heat or pressure can be used) [1].

Environment

Hydrogen is, like electricity, an energy carrier, which is onljle@h @s the energy source from which it is
produced. Electrolysis can be used to enhance the value and thereby possibly the capacity of surplus
energy produced from fluctuating renewable energy sources such as wind. In the operation of the
electrolyser thee are no environmental concerns.



Research and development perspectives

The market for electrolysers has for years been dominated by a few legacy providgpsiogrily ¢ large
(footprint and capacity) atmospheric electrolysers delivered to a relatiliglited and stable market for
industrial hydrogen applications.

These legacy systems have long proven the alkaline electrolyser technology in a stable atedmong
production of hydrogen, but they have not been developed further or optimized for tleeiushe green
energy supply system with very different applications each with different requirements.

Legacy systems have been delivered as large purpose/custom built projects of factory scale electrolyser
plants, involving considerable capex costs fongieeering, planning, site preparations and
installation/commissioning.

Development activities focus on reducing prices, and improving system efficiency and regulation abilities
required flexibility, and dynamic operation (rapid power up/down neededbfalancing purposes). All of

this requires more standardized electrolysers delivered as modules/units that can be mass produced,
tested, shipped and easily commissioned as plant floor installations or delivered built into standard
containers.

Examples of meket standard technology

NEL Hydrogen (Norway) provides electrolyser technology delivered factory scale. Hydrogenics provides
semi modular/built in (container) electrolysers. Data on AEC plants from the two above providers are
presented in Technology Data2 NJ | @ RNR2 ISy ¢SOKy2f23ASaé¢ w16 LINBLI |
I 2YYSNODAFEATFGAR2Y 2F | @RNRB3ISYy ¢SOKyz2f23A84a¢ dzyRS
Demonstration Program (EUDP) (Ea Energianalyse, 2016).

Prediction of performance andosts

Alkaline electrolysis is a mature technology that has been available for more than 100 years, but with
limited application in the energy sector. In low carbon energy systems electrolysers can play an important
role producing hydrogen for synthetizidls and at the same time balancing the electricity system. In
particular, alkaline electrolysers for use in the electricity system need be more efficient and cheaper.
According to some expert, there is a significant cost reduction potential beda@sésl-ekdolysers are

built in small volumes for niche markets.

Existing AEC plants are commercial technologies with large deployment [Category. 4], whereas new
concepts proposed by Danish stakeholders are in the pioneer and demonstration phase [Category. 2]

The table below shows the expected development in turnkey prices for AEC plants according to three

f AGSNI GdzZNB a2dzNDS yR (KS LINRB2SOG a!ylfeara F2NJ/
foundation for the data applied in the data shedill four literature sources agree that AEC plants will
become cheaper. According to [3] a significant price reduction can take place already by 2020 whereas the
three other sources suggest a more gradual reduction towards 2050.



In 2017, the manufacturelEL announced an order for a 100 MWe electiefyplant at a reported cost of
FLIWINRPE® npn YAfEA2Y bhYZ AdSd | LILINRE® nodny aeka?$
not include buildings and grid connection, it indicates that the prices of AEC plants have dropped to a lower
level than anticipated by analyst a few years ago (see table 1). The figure 0.48 According to¢EEofys
Navigant Company the capital cost (CAPEX) for a large AEC plant is about $600/kW, i.e. approx. 0.51
aekaz2S0 wy8od

Considering the recent drop in observedhppSa ¢S O2y AARSNI I LINAROS 27F ndc
scale plant (10 MW) by 2020 including installation and grid connection. Only a moderate cost reduction is
assumed thereafter (see table 1), however still resulting in lower prices than projbgt&di Tech in 2015

and the IEA in 2015.

-~ z

Table 1:Ly@SaidySyd 0O2ad F2NJ ! 9/ baekaz20® F9EOf® INR
purification and hydrogen storage.

2015 1.081 1.070 0.930 1.07
2020 0.870 0.630 0.60
2030 0.818 0.580 0.55
2050 0.658 0.50

Uncertainty

The price projection is deemed to be associated with a relatively high level of uncertainty. A key question is,
when the market for electrgiser in the energy sector will take off driving costs down through learning
effects.

Additional remarks



Data sheet

Technology AEC - Alkaline Electrolyser
Uncertainty Uncertainty
2015 2020 2030 2050 (2020) (2050) Note Ref
Lower Upper Lower Upper

Energy/technical data
Typical total plant size (MWe) 10 10 10 10 A 1,2
Inputs
A) Electricity input (% total size) | 100 | 100 ‘ 100 | 100 | ‘ ‘ | |
Outputs
#) Hydrogen output (% total size). at | 615 | 636 | 659 | 692 | 62 | 65 | 66 | 70 D 1,34
B) Heat output (% total size) 0 14 12 8
Forced outage (%)
Planned outage (weeks per year)
Technical lifetime (years) 25 25 25 25
Construction time (years) 0.5 0.5 0.5 0.5
Financial data
Specific I n0aeperme 4o, | 060 | 055 | 050 | 04 | 08 | 035 | 0.7 B.E 1,4
MWe)
- hereof equipment (%) 66 63 73 77 1,3
- hereof installation (%) 34 37 27 23 1
Se'ar;‘ ed CeIEpef MWea 53,500 | 30,000 | 27,500 | 25,000 | 20,000 | 40,000 | 17,500 | 35,000| B, C
Vari abl e203&MMa) 0 0 0 0 C
Technolog y specific data
Operating temperature 80 80 80 80 2
Ra_mp up time, linear to full load 8 8 0.5 0.5 =
(minutes)
Ramp down time, linear to full load
(minutes) 8 8 0.08 0.08 F
Notes:

A Since electricity is the only input, the typical capacity plant size can be equally referred to as MJ/s or MWe

B Considering the recent drop in observed prices we consider a price of 0.6 mill EUR/MWe realistic for a medium scale plant (10 MW)
by 2020 including installation and grid connection. Only a moderate cost reduction is assumed thereafter. For large scale
electrolysers cost may be lower.

C O&M cost are estimated to be 5 % of investment cost in accordance with [7]

D Efficiencies at lower heating value (LHV). Efficiencies for 2015 and 2020 are based on a commercial atmospherics system from
NEL according to [7]. Efficiencies for 2030 and 2050 are based on expectations from GreenHydrogen according to [7]. Uncertainties
for efficiencies estimated from [4] and the concepts mentioned in "Example of market standard technology".

E Uncertainties for specific investments estimated from the concepts mentioned in "Example of market standard technology" and [5]
for 2050.

F Ramping data for 2015 and 2020 are based on a commercial atmospherics system from NEL according to [7]. Ramping data for
2030 and 2050 are based on expectations from GreenHydrogen according to [7], assuming the electrolysers are pressurised.
Uncertainties for efficiencies estimated from [4] and the concepts mentioned in "Example of market standard technology".
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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 cooking oil and recycled animaltigd 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 operating costs.

Biodiesel produé A 2y | YR dza&S o083ty Ay 9dz2NRBLIS Ay GKS SI NI
biodiesel marketer and producer. Biodiesel production has since expanded to all regions of the world and
there is some international trade in both biodiesel feedstockd hiodiesel.

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. Vegetable 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 oil, this reaction will proceed either exceedingly slowly
or not at all, so heat, as well as cataygacidand/or base) are used to speed theaction. Almost all
biodiesel produced from virgin vegetable oils uses the fmagelyzed technique as it is the most
economical process for treating virgin vegetable oils, requiring only low temperatures assupee and
producing over 98% conversigield (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 through a number of sap#ion and purification steps to recover the excess methanol fer re
use, isolate the glycerine for potential upgrading and ensue that the methyl ester meets the required
specifications.

The general biodiesel production process is shown in the followgoigefi
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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 instead of chemical catalysts and a iSopkepnocess. This
catalystfree 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 phase, and reaction
occurs spontanealy and rapidlyThe 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. High temperatures and pressuregeguired, 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 the vegetable oil, methanol, electricity, twmaal
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 that can be
sold as fertilizer.

Energy Balance
The erergy 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 Vegetabk 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 range from less than 10,000 tonnes per yearosi al
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 tonnes but more than 50% of the plant production
capaity 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 batch plants. Larger plants are generallgtiomous processes. The throughput can be
regulated to a degree but process sta is generally fast so regulating the days of operation is also a
viable means to regulate production.

Space Requirements

A 100,000 tonne per year facility can be locatedeaosite 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 access is included at the facility.

Advantages/Disaglantages
FAME biodiesel is a relatively simple process that is well proven commercially. The capital costs are
relatively low and the no#fieedstock operating costs are also reasonable.

The feedstock costs are high compared to crude oil. The finished &seless 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 plants are relatively 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 accommodate their safe use.

Research and Devabment 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 todaysi 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.

Examples of Market Standard Technology
A number of companies provideddliesel technology packages. 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 dgparciexcess of 12 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
approacheghe theoretical maximum 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 litresskwown in the following 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 Biodiasglistry between 1991 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 péential
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 colleted, but there will 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]. TheB-¢duld be from vegetable 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 ofigéyamad 100 kilograms

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, ari®3 indicate the fatty acid chains asgted 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 ezonomie
of scale. The one 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 mas 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 [7]. The data is from 12 plants with production capaaitiaging from 40,000 to 330,000 tonnes per
year. The plants operated at an average of 74%apfcity.

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 continugly 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¢spgiarduct.

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
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 oil
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

YOO @EED QQE TDAOEBAE | | HICEES O ORNRD S £ |
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$0.66/litre, 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 learnibg-upscaling tabe the primary and learnirgy 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 reduction
(~5%)in 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 and desitaaiion.

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.Z.he capital cost has been adjusted to 64 million Euro to match the value
above. The results for 2016eashown in the following table.

Parameter Costs (Eur/litre)
Natural gas 0.01
Methanol 0.02
Other Variable Costs 0.06




Fixed Costs 0.02

Depreciatiorand 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. The fixed costxlude 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,
suggesting little potenal 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 included here; the natural
gas, power and methanol costs which are a small portion of the operating costs.

Startup Costs

The O&M costs stated in this catalogue includes atprtosts and takes into account a typical number of
start-ups and shutlowns. Therefore, the staip costsshould 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. This information is
determined from the NBB operatingath 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 with low energy consumption values. The 2015 datadsdrathe 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 tnarigitio the 2015 to

2050 values.



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 biodiesel/year 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,| 4
Electricity Consumption,
MWh/MWh Total Input 0.004| 0.004| 0.003| 0.003| 0.002 50% 150% 75% 125% E,l 4
Natural Gas Consumption,
MWh/MWh Total Input 0.025| 0.024| 0.022 0.02| 0.018 50% 150% 75% 125% E,l 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
Fi xed O&M (M 0.018| 0.018| 0.018| 0.018| 0.018 90% 110% 90% 110% | D, K, L
Variable 0O&M 6.77 6.77 6.77 6.77 6.77 90% 110% 90% 110% | D, K, L
Statup (M a4 [/ 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 G /1,000 t 0.022| 0.022| 0.022| 0.022| 0.022 90% 110% 90% 110% | D, K, L
Variable O&M
(M 40 /1,000 't 0.070| 0.070| 0.070| 0.070| 0.070 90% 110% 90% 110% | D, K, L




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,
c ont r aeetcontingency &nd working capital.

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 a/k tonne is million euro per 1,000 tonnes
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Qualitative Description

Used Cooking Oil (UCO) and animal fats can also be used to produce FAME. This section of the report
discussedAME production using these two feedstocks. The primary technical differentiation factor for
these two feedstocks is the free fatty acid (FFA) content of the feedstocks. Free fatty acids can be produced
when the lipids are heated, as they are when thelcdoy 3 2Af & | NB dzZaASR 2NJ 6KSy
rendered.

UCO and animal fats are generally less expensive feedstocks than vegetable oils. UCO is also treated as a
waste material in most regulatory systems so it generates a better carbon intensityaswbtbe 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 prosilfe®ME or biodiesel from vegetable oails is only
effective with triglycerides. FFAs require an acid catalyzed esterification reaction for commercial
production. This reaction is slower and involves an extra processing step. Some UCO and animal fat
biodieselproducers 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 FFAs to biodiesel.

The two step process is shown below, the basic difference between this amatdbess used for vegetable
oils is the initial esterification steps.
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Figurel Two Step Biodiesel Production Process

Input
The primary inputs 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 qualities), in some cases potassium salts that can be sold as
fertilizer, and unreacted FFAs.

Enegy 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 these plants do not do the two step process and accept the lower
yield due to the higher FFA camit of the feedstock.
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Figure2 UCO and Animal Fat FAME Energy Balance

The potential for recovering some heat for district heating is similar to that of the vegetable oil FAME
process, about 5% of the heat loss.

Typical Capacitie
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 MW) have been built in Europe.

The Daka ecoMotion plant in Denmark has a capacity of 50,000 sopmeyear (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 sethdatiatal
production from batch plants. Larger plants are generally continuous processes. The throughput can be
regulated to a degree but process stai is generally 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 out of the plant come by truck. The plant is shown in the following figure. The
actual storage angrocessing equipment coves less than 50% of the site.



Figure3 Daka FAME Plant

Advantages/Disadvantages
UCO and animal fats have many of the same advantages and disadvantages as vegetable oil FAME when
compared to petroleum died 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 higher. The cold weather properties of UCO and animal fat FAME
are usually slightly less attractiviean the vegetable oil FAME.

Environment

With low energy use the emissions from the biodiesel plants are relatively minor. Methanol and the
process chemicals used have safety hazards associated with their use but these are well known and there
are establisbs 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 by the plant.

Research and Development Perspective

Used Cooking Oil (UCO) and animal fat FAMEGsategory 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 work being
undertaken on making the use of lower quality feedstocks commercially attractive. Theseiaisaterg.
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.

BDI- BioEnergy International AG



Parkring 18, 8074
RaabaGrambach, Austria

They have built more than 30 biodiesel plants, mostly in Europe, since 1991.

Predication of Performance and Cost

Biodiesel production from UCO and animal fats latieely mature technology. Conversion performance in

the best plants that use the two step process approaches the theoretical maximum conversion rates. There
is therefore limited development potential for the technology.

Berghout [2] investigated the Progss 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 low value and may be due to the fact
that while the industry is new, the processing steps are based on mature chleprocesses 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 relatively low levels adrtainty 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 commeatly practiced at the Daka plant in Denmark. Europe is an importer of used
cooking oil as demand for the product exceeds the quantity supplied in Europe [2]. It is also reported that
that there are limited opportunities to increase the collection rate @@in Europe [3], resulting in about
60% of the UCO consumed in Europe is imported into the EU.

Quantitative Description
Additional quantitative information on the production of UCO or animal fat FAME is presented in the
following sections.

The esterificabn reaction that is practiced with some technologies prior to the transesterification process
is shown below. In this reaction there is no glycerine produced but there is some water produced.

O O
[ (H2804) [
HO-C-R + CH3;0H - CH3-O-C-R + H20

Fatty Acid  Methanol Methyl Ester  Water

Figure4 Esterification Reaction



Typcal 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 rates as market access for the production would have been an issue when they were
built.

A plant of 50,000 tone/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 Output

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 with production capacities ranging from 3,000 to 200,000 tonnes per
year. The plants operated at an average o¥%/8f capacity. The primary feedstocks for these plants were
FYAYFE Frdas RAAGATESNBRQ O2NYy 2Af O0SEGNI OGSR TN
About 10% of the 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 MJ (LHV

Table4 Mass and Energy Flows

The FAME vyield is lower, indicating that many of tlenfs do not practice the esterification step and the
energy use is about double that of the vegetable oil plants. The energy use would be higher if 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 about 40 to over 97% of production capacity in 2015.

The most likely reasons for forced outage are either a lack afsteek or a lack of markets for the product.

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 teropesafor most
processes. The corrosive 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 production.

Financial Data
Information on capital and operating costs are presented below.



Investment Costs

Argent Energy built a 75,000 tonne per year midadstock facility near Chester, UK in 2218.6. The
reported cost vas£75 million €100 million) [4]. This is considerably more expensive than the recent cost
estimate for a soybean biodiesel plant in the United States. The plant has significant pretreatment facilities
and can reportedly process 100% FFA feedstocks. Giheerextra processing required for the plants
processing higher FFA feedstocks some increase in price is expected ladt Ifiditre, almost double the

soy oil cost.

The future capital costs have been reduced by about 25% by 2050. The rationale sBmg#replercent cost

reduction than a vegetable oil FAME plant is that a greater yield improvement is expected as the industry
moves towards the best in class performance, due to the higher capital costs there should be more room
for improvement, and theredi 3ANBI 6§ SNJ SYLKIF A4Aa o0SAy3 LIl OS 2y (K
governments.

Operating and Maintenance Costs

There is no public source of economic data for UCO or animal fat biodiesel plants like the lowa State
information on soybean biodiesel plEn Given the higher energy requirements, the higher capital costs,
the potentially lower yields the operating costs should be higher than they are for a vegetable oil plant.

A German biodiesel Petrotec, a UCO biodiesel producer, used to supply somafimdommation to their
shareholders. The last information available is for 2014 [5], before they were purchased by REG Inc. from
the United States. The plant has a capacity of 185,000 tonnes per year and operated at 75% capacity in
2014.The informatiorthat 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

Table1 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 o€0.05/litre, the chemical costs will be higher for the UCO facility, it is estimated that the
variable operating costs af0.07/litre.

As with the vegetable oil FAME plants only limited improvements in the fixed and variable production costs
are forecast due to the low Progress ratio found by Berghout.



Startup Costs

The O&M costs stated in this cédgue includes startip costs and takes into account a typical number of
start-ups and shutlowns. Therefore, the statip 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 information collected for a UCO biodiesel facility is shimwthe 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 operate a close to theoretical yields
and methanolkonsumption 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 plant in 2015. The 2020 and 2030 values amateti from the transition from the 2015

to 2050 values.



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 biodiesel/year 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

Veg Oil Consumption,

MWh/MWh Total Input 0.906| 0.909| 0.912| 0.912| 0.912 99% 101% 99% 101%| E,I 1
Methanol Consumption,

MWh/MWh Total Input 0.044| 0.044| 0.044| 0.044| 0.044 93% 107% 93% 107%| B,E,l 1
Electricity Consumption,

MWh/MWh Total Input 0.007| 0.006| 0.005| 0.005| 0.004 50% 150% 50% 150%| E, 1
Naturd Gas Consumption,

MWh/MWh Total Input 0.044 0.04| 0.036| 0.034| 0.032 50% 50% 50% 50%| E.|l 1
Outputs

Biodiesel Output,

MWH/MWh Total Input 0.84 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) 15 15 15 15 15

Financial data

{LISOATAO Ay@Sg 108 1.02| 0.93| 0.89] 084 80%| 120% 90%| 110%| C,J,L| 3

- equipment (%) 75 75 75 75 75 G

- installation (%) 25 25 25 25 25 G

CAESR hga o6a € 0122 0122 0.122| 0.122| 0.122 90%| 110% 90%| 110%| D, K, L

£ NAF0otS hsa ¢ 765 7.65 7.65 7.65 7.65 90% 110% 90% 110%| D, K, L

StartdzL) 6a € ka2 | 0.00 0.00 0.00 0.00 0.00

Technology specific data

Specific energy content

(GJ/ton) biodisel) 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 € kmznann 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 ]

60a € kmXZnnn 0 0.15 0.15 0.15 0.15 0.15 90% 110% 90% 110%| D, K, L
Variable O&M

6a € kmInnn U 0.08 0.08 0.08 0.08 0.08 90% 110% 90% 110%| D, K, L




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,
contractor 6s &ndworkingoapitdl.i ngency

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. M a/k tonne is million euro per 1,000 tonnes.
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Qualitative Description

Hydrogenated vegetable oil (HVO) plants use the same feedstocks that aréouse®ME 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 gnhts.

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 prodet 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 straight chain and branched paraffitise simples 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 significant amounts of aromatics and
naphthenics. Aromatis are not favorable for clean combustion. HVO is practically free of aromatics and its
composition is quite similar to GTL and BTL diesel fuels made by Fischer Tropsch synthesis from natural gas
and gasified biomass.

The general HVO production steps ar®wn in the following figure.



=1 — —~ —>» 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 earoduct streams. This integtion 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 proess 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 balarafethe HVO process is very limited. The following
figure shows the typical energy balance based on a composite of information in the public domain [1] [2]
[3]. The sum of the inputs totals 100 MJ.

HVO
Fats & Qils 84.99 MJ
88.07 MJ
Naptha
Hydrogen 6.6 MJ
10.49 MJ
HVO
Production 3 Fuel Gas
33MJ
Electricity \
0.76 MJ
LPG
275MJ

Natural Gas

0.68 MJ
Heat Loss

237 MJ

Figure2 HVO Energy Balance



Theee 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/year (AltAir, USA) to move than 1,000 million
litres per yar (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 and pressure and thus will likely have limited captcitggulate 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 in Louisiana
are greenfield plants that have some integration lwitearby utility suppliers. The space required for the

plants are in the 0.02 to 0.025 ha/million litres of production range (220/MY).

Advantages/Disadvantages

HVO has a number of advantages over biodiesel as a fuel and as a production process. ddeipmat
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 requiremectuke 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 isomerization step in the process.

The fuel is sulphur free and has a very low aromatics contdtiiough 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.

The hydrotreating catalysts have a long life and can bgergrated. There is limited waste generated as
part of the process, although this can depend on the feedstock and the need toeaitethe feedstock to
remove minor contaminants.

Research and Development 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 FAKIHida, the basic
processing technology have been practiced 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 pri@nd performance may also be projected with a relatively high level 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. Algondn Road (Bldg A)
P.O. Box 5017

Des Plaines, IL 6005017

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 HydroRletechnology. dps@e has been researching and developing innovative
az2fdziAzya F2NJ NBySglotS FdzSt LINBRdAzOGAZ2Y aAyOS wnn
full operation today.

Haldor Topsge A/S
Haldor Topsges Allé 1
DK2800

Kgs. Lyngby
Denmark

Nesteand REG have developed their own technology and have not sold 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 the future. 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 considezedfidential by the producers.

Future capital costs can 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
assumpions are confirmed by the work of de Jong [4] who determined 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 lel® of uncertainty with respect to this pathway as it is commercially practice but
a number of companies throughout the world. With exception of Neste, these companies provide little
information on their operations.



Additional Remarks

As noted above Nesteogs 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-widdd
average value. The following figure is developed from those reports andnhbeark 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 represesgdling prices for HVYO, FAME biodiesel and ultra low sulphur diesel,
respectively.

Quantitative Description
The quantitative data is presented below for the technolobiye HVO chemistry is shown in the following
figure [8].

CIZHz-O-CO-CﬁHas 3H,
CIJH- O-CO-Cq7H3s  — 3C17H2sCOOH + C3sHs
CH»2-O-CO-C17H3s

Decarboxylation

Hz 3H2

Decarbonylation Hydrodeoxygenation

Ci7Hze + CO2

Ci7H3s + H. O+ CO CigHazs + 2H:0

Figure4 HVO Chemistry

The oxygen from the triglyceride feedstock is removed as C@ar@iome as #0. Unlike an ethanol plant
the CQ is not available as a concentrated-pmduct stream. Some of the feedstock is also converted to



propane and because theis some cracking of the chains a portion of the liquid product is in the jet fuel or
gasoline pool boiling range.

Typical Plant Size

There is almost an order of magnitude difference between the output of the smallest plant and the largest
plants. It is asumed 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 information used for theyen
balance shown ifrigure2. It is typical data and not representative of any specific pl&he 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 and Planned Outage

Neste report their quarterly sale rates. Since the last quarter of 2011, the plaRisland, Singapore, and
Rotterdam have been operational with an original nameplate capacity of 500,000 tonne per quarter. Neste
now claims a quarterly production capacity of 650,000 tonnes. The sales performance is shown in the
following figure and it imssumed that the production rates closely follow the sales rad@sce 2013 the
plants have operated above the original nameplate capacity indicating minimal unplanned 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.

Technical Lifetime
Plant lifetimes should exceed 25 years, similar to what would be expected in a petroleum refinery.

Constrution 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 pressures and temperatures
with an expectation of longer fabricatiqreriods.

Financial Data
Financial data from public data sources is presented below. Where primary public data is not available two
peer reviewed technaeconomic analyses have been used [9] [10].

Investment Costs
Diamond Green Diesel is undergoing a 330,8@hne/year expansion in Louisiana. The reported cost is
$190 million (US) [10]. They reported that this was about 50% of the cost of a greenfield plant.

Converting this cost to Europe, the location factor, exchange rate, and greenfield factor is agptiechvn
below.

Yoo @EER QQE UAG@MBE | | HIOEE S O ORNRE S ¢ i
Ap o XBIW UP& p OodrET T ET 1

It is estimated that a 500,000 tonne per year plant would have a capitaBcést e ppn YAt € A2y dz
factor of 0.8. Thig0.86/litre.



The EU Sub Group on Advanced Biofuels [12] reported that the capital costs for a 500,000 tonne/year
plants would be between 192 and 577 million Euros. The Diamond Green data would beupptreend
of the range.

A one million tonne per year plant is expected to cobttines (1.5)that of the 500,000 tonne per 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 h 2030.

Operating and Maintenance Costs
Neste publishes some information on their production costs in their quarterly financial repbnes.
available information for 2016 is shown in the following table.

ltem Value

€/tonne €/litre
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 efficikevel 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 the Neste financial information.

Technology Specific Data
The physical properties of HVO are shown in thilofing 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

% Lower cloud points sacrifice some product yield.



Table3 HVO Properties



Data sheet

The available data is summzed in the following table.

Technology HVO
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 500 500 750 850 1000| 50%| 200%| 50%| 100%| A, B
Typical total plant size MW HVO 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/MWh Total Inputs 0.008| 0.008 0.008 0.008 0.008| 50%| 150%| 50%)| 150% C 3,4,11
Natural Gas Consumption,
MWh/MWh Total Inputs 0.007| 0.007 0.007 0.007 0.007| 50%| 50%| 50%| 50% C 3,4,11
Outputs
HVO Output,
MWh/MWh Total Input 0.850| 0.850 0.850 0.850 0.850| 99%| 101%)| 99%| 101%| C,H
Naphta Output,
MWh/MWh Total Input 0.066| 0.066 0.066 0.066 0.066| 99%| 101%)| 99%| 101%| C,H
Fuel Gas Output,
MWh/MWh Total Input 0.033| 0.033 0.033 0.033 0.033| 99%| 101%| 99%| 101%| C,H
LPG Output,
MWh/MWh Total Input 0.028| 0.028 0.028 0.028 0.028| 99%| 101%)| 99%| 101%| C,H
District Heating Output,
MWh/MWh Total input 0.004| 0.004 0.004 0.004 0.004| 99%| 101%| 99%| 101%| C,H
Forced outage (%) 0 0 [
Planned outage (weeks per year 7
Technical lifetime (years) 25 25 25 25 25
Construction time (years) 2 2 2 2 2
Financial data
{LISOATAO Ay@Sai 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 hsga o6a ¢ 0.036] 0.036] 0.035] 0.035| 0.036] 90%| 110%| 90%| 110%| FK,L
+F NAFofS hga o¢€ 8.48 8.48 8.48 8.48 8.48| 90%| 110%| 90%| 110%| F,K,L
{GFNldzZL) 6a € ka4 0 0 0 0 0
Technology specific data
Specific energy content (GJ/ton) 44.1 44.1 44.1 44.1 4.1
Specific density (kg/l) or (ton/m3 0.77 0.77 0.77 0.77 0.77
Specific investment
6a € kmIaann G |1 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 hga o6a ¢ 0.052| 0.052 0.052| 0.052| 0.052| 90%| 110%| 90%| 110%| F,K,L| 7
+F NAFofS hga o6a 0104 0.104 0.104 0.104 0.104| 90%| 110%| 90%| 110%| F,K,L 7
Startupoa € KMXZnnn 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.

Performance is typical based on public data and confidential data reviewed by (S&T)? Consultants Inc.

Hydrogen consumption is also a function of the feedstock to a small degree.

m o O

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.

T o m

Total output excludes the heat loss.

Best plants operate at greater than 95% of capacity.
Range of capital cost is +/- 25% of mean.

J.
K.  Operating cost uncertainty is +/- 10% of mean.
L

M G/ k tonne is midnes on euro per 1,000 t
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Quialitative Description

This techology 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 rangerhis can be seen in thellowing figure which is a comparison of the UOP

process diagrams for both technologies.
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Figurel HVO Diesel vs Jet Process

There is one dedicated HVO jet facility in the world. It is the 130,000 tonne per year AltAiirplaod
Angeles, California. It employs the UOP process shown above. Detailed information on the AltAir operations
is not publicly available and thus there is more reliance on secondary information in the description than
there was for the previous sectidhat considered the production of renewable diesel fuel.

This technology would be classified as being between the Pioneering and the early commercial phase.



Brief Technology Description

To meet the jet fuel specification, the produced {pgd fuel has tohave 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 frgm ClS.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@®-(a marine distillate fuel) and-BR(a military jet fuel) for the US

military and Renewable Jet, Diesel, d@dsoline [1]. The company has not provided information on what
percentage of each fuel is produced. The facility is using animal fats and used cooking oil as feedstocks. The
technology should work for any of the same oils and fats used for renewabld fliete

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 hydrogen demand higher when jet fuel is produced as a result of the
additional hydrocracking step.

Like most ofthe operating HVO plants, the AltAir facility takes advantage of existing equipment and
services to reduce costs and risks.

Input
The primary inputs to the production process are the fats and oils and hydrogen, along with some
electricity, thermal energyand chemicals.

Output

The outputs from the process are the jet fuel, some diesel fuel, 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
Several of the analysis of HVO Jet fuel have used the GREET model data for the energy balance [2] [3].
Other studies have investigated the optimization of the process and reported significant process variability

[4] [3]-

The energy balanaasing the GREET information is shown in the following figure.
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Figure2 HVO Jet Fuel Energy Balance

As with the HVO technology in the previous chapter it is likely that 15% of the heat loss can be recovered as
a high temperaturestream that could be used for district heating.

The product yields for two feedstocks in the Tao paper [4], which are derived from Aspen modelling, are
very different than the GREET product yields as shown in the following flgiierent product yieldswill
impact the energy balance for the process.
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Figure3 Comparison of Product Yields



An earlier analysis of the process published in 2010 also showed much lower yields than is used in GREET
[6]. This report was based on a thetioal analysis of the process. The energy balance from this work is
shown in the following figure.
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Figure4 Alternative HVO Jet Energy Balance

Typical Capacities

Demand for biojet fuel is potentially much larger than the capaoitythe single plant supplying the
product. The one existing plant is also small compared to the HVO plants producing diesel fuel. There is no
NBI a2y ¢gKeé (GKS GeLAOIf LIXIFyd OFLIOAGASE 62yQlG o6S
litres per year.

Regulation Ability
Very little information is available on the turn down ratios of the process. It is a process with a high
operating temperature pressure and thus will likely have limited capacity to regulate throughputs.

Space Requirements
The AltAir plant is a r@urposed oil refinery so the space requirements for this facility are not likely to be
representative of greenfield plants.

The Neste HVO plants in Singapore and Rotterdam and the Diamond Green Diesel and REG plants in
Louisiana argreenfield 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 (228 ). 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 fromthis process.



Due to lower yields and higher energy and hydrogen consumption the production costs of HVO Jet will be
higher than HVO diesel fuel, which are already higher than the fossil fuel prices.

Environment
Based on the information in the peer reviedvditerature the jet fuel production is more energy intensive
than the production of HVO diesel fuel.

The hydrotreating catalysts have a long life and can bgereerated. There is limited waste generated as
part of the process, although this can dependtha feedstock and the need to pteeat the feedstock to
remove minor contaminants.

Research and Development Perspective

Hydrogenated vegetable oil (HVO) Jet Fuel has been classed as a Category 3 technology, a commercial
technology with development poterdl. There is one production facility in operation that is dedicated to
maximize jet fuel. These technologies are deemed to have a certain development potential such as
opportunities for optimizing jet fuel production with different feedstocks or posdiegdstock blends and
therefore there is a considerable level of uncertainty related to future price and performance. On the other
hand the process steps that are used are all well know refinery process units which limits the potential
improvements.

Example 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

Predication of Performance and Cost

The production of jet fuel from fats and oils is being practised commercially in one facility, hovesyer
little information on the actual performance is available in the public domain. Therefore it is uncertain
where the technology sits on the development curve.

Uncertainty

There are relatively high levels of uncertainty with the performance paraméterthis technology as the
data in the public domain is not based on the performance of the one operating plant. That information is
confidential. The information that is in the public domain from peer reviewed studies is sometimes
contradictory especiallwith respect to product yields and energy consumption.



Additional Remarks

It is possible to produce some jet fuel from HVO plants that focus on the production of diesel fuel. There is

a portion of the HVO that can be recovered by distillation that wiletrtee fuel specifications of the jet
FdzSto® ¢KAA A& GKS af A3aKGE SyR 2F GKS RASaSt 1 +£h
However, if there is a demand for diesel and jet fuel it is one way to produce HVO Jet without a loss of yield
and lage amounts of LPG or naphtha materials being produced. The distillation curves for three
commercial renewable diesel fuels are compared to the typical upper and lower limit for jet fuel in the
following figure. It can be seen that 10 to 20% of the HV®dliieiel is within the jet fuel range. There is no
guantitative public information on the flexibility of the operations to alter the diesel/jet 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 is often contradictory so much of the information presented below has a high degree of
uncertainty.

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. The gooduct output however will be higher. It is assumed that the typical plant size
will be 400,000 tonnes, 80% of the typical diesel H\&Dtpkflecting the lower primary product yield.

Input and Output
The estimated input and output is shown in the following tabléis is based on the GREET model
parameters which were used féigure2. The output is one litre diVO 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 keen assumed that no changes to the inputs and outputs are achieved over the present technology.
The data in the data represents a very good mass balance with limited opportunity for improvement.

Forced and Planned Outage
HVO jet fuel plants should operate 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 25years, similar to what wbeléxpected 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 pressures and taaperatu
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.

Investment Costs

Investmen costs are 25% higher than the HVO plant due to the lower yield of the primary product. It is
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cost but lower throughput than used for the HVO plartis i 1.06/litre.
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The future investment cost is lower due to the increased scale of the plants, the same approset &s
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 across the jet fuel amfroducts. 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 @a@08 per litre. These costs are held
constant for the future years.



Startup Costs
The startup costs are included in the operating costs.

Technology Specific Data
The physical properties of HVO Jet are shawthe following table.

Property Value
Density, kg/m 770
LHV, MJ/kg 44.0
LHV, MJ/litre 34.4
Oxygen content 0
Freezing point, C -63°C

Table2 HVO Jet Properties




Data sheet
The guantitative data for HVO jet fuel is summediizn 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 HVO/year 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 2,3
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/MWHh 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 (%) 0 0 0 0 0 |
Planned outage (weeks per year)

Technical lifetime (years) 25 25 25 25 25

Construction time (years) 2 2 2 2 2

Financial data

{LSOATAO Ay@oSadySyid ¢ 096/ 096| 081 0.75| 0.71| 50%| 150%| 50%| 150%| A, E,J, L

- equipment (%) 75 75 75 75 75

-installation (%) 25 25 25 25 25

CAESR hga o6a € ka?2keé90.036/ 0036/ 0.036| 0.036| 0.036] 90%| 110%| 90%| 110%| F,K,L

+F NAF0ofS hga 6e ka2 K( 8501| 8501| 8.501| 8.501| 8.501| 90%| 110%| 90%| 110%| F,K,L

StartdzlL) 6a € kmIann U | 0 0 0 0

Technology specific data

Specific energy content (Gdnh) 44 44 44 44 44

Specific density (kg/l) or (ton/m3) 0.77| 0.77| 0.77( 0.77| 0.77

{LSOATAO Ay@SadySyid ¢ 1.39| 1.39| 1.18| 1.10| 1.04| 50%| 150%| 50%| 150%| A, E,J, L
-equipment (%) 75 75 75 75 75

-installation (%) 25 25 25 25 25

CAESR hga o6a € kmZnnj 0052 0.052| 0.052| 0.052| 0.052| 90%| 110%| 90%| 110%| F,K,L

+F NAF0fS hga 6a € «kwm3 0.104] 0.104| 0.104| 0.104| 0.104 90%| 110%| 90%| 110%| F,K, L

{GFNldzLd 6a € kmInann 0 0 0 0 0




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.

m o O

T o m

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.

The total capital cost include total installed cost (total direct costs) and all indirect costs such as engineering, construction,
contractoroés fee, contingency and working capital

O&M costs, costs for main raw materials are not included.
There is limited potential for process improvements.

Total output excludes the heat loss.

Best plants operate at greater than 95% of capacity.
Range of capital cost is +/- 25% of mean.

Operating cost uncertainty is +/- 10% of mean.

M G4/ k tonne is million euro per 1,000 tonnes.
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Figurel 1st Generation Ethanol Production Process

Brief Technology Desigtion

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 liquefying enzyme and heated to 90 téCL@Dliquefy the starch in

the grain. The slurry is cooled to 3®35°C, a saccharification enzyme to convert the starch to fermentable
sugars and yeast is added to ferment the sugars to ethanol and carbon dioxide. After about 48 hours the
GOSSNE Aa aSyid G2 RAaGAfEFdAz2yYy O2 fatdeYigititheietairang LI NJ
solids. The ethanol stream has the remaining water removed in a molecular sieve or an anhydrous
distillation column. The ethanol is suitable for fuel blending at this stage. The distillation bottom columns

are centrifuge to separatesome 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 vacuum evaporation system to



produce a syrup which can also be sold or sent to the dryer. The di€lilled NI} Ay & |+ NB dzaSR I
animal feed.

Input
The primary inputs into the system are the corn or wheat feedstock, water, power and thermal energy.
There are secondary inputs of enzymes, yeast, and acids and bases for pH adjustment.

Output

The primt NB  2dziLddzia FNB SiGKFy2f YR RAAGATESNBEQ 3INI AN
either combined (where the solids and syrup are combined) or separately (where the solids and syrup
streams are sold as individual products. Corn plantsatsem 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
aSLI NI GStfte AyaidSFEFR 2F Fa LINI 2F GKS RA&(radidnS NA Q
practical.

Energy Balance

The energy balance of & feneration corn ethanol plant is shown in the following figure. This figure is
based on an ethanol yield of 415 litres per tonne of corn. The ethanol yield is a function of the starch
content ofthe grain and the plant conversion efficiencies, the typical range is 405 to 430 l/tonne [1]. The
NFGA2 2F GKS SySNHeée 2F SGKlIy2f (2 5AaGAftSNERQ 51
feedstock. Wheat generally has a slightly lower etilaoutput but higher DDG output. The natural gas and
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plants will use more energy than corn plants as more DDG is produced that must be driddeand
evaporation systems are generally not as efficient as the viscosity of the syrup is higher for a given solids
content.

Caorn Ethanol

8312 MJ 46.3 MJ
Natural i
Gas
15.31 MJ 28.68 MJ
Electricity Heat Loss

1.57 MJ 25.02 MJ

Figure2 1st Generation Ethanol Energy Balance

Most of the unit operations in the process are undertalegmelatively 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
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dryer exhaust and use the energy to reduce the purchased natural gas. The practice is not yet widespread.

Typical Capacities

In North America, the most recent new plants were built with 400 million litres of ethanol production
capacity per year (32000 tonnes ethanol per year, 280 MW). These plants generally had two production
trains of 200 million litres per year each (160,000 tonnes ethanol per year).

Twentyfive years ago plants were typically 60 million litres per year. Over time capacitisstgrake
advantage of economies of scale.

Regulation Ability

Plants generally operate continuously with one or two shutdowns per year for maintenance. The process is
biological and it is important to minimize the possibility of infections that can regield and negatively
impact the performance of equipment. This limits the potential for operations below about 80% of
nameplate capacity. Lower production rates can only be achieved with more frequentuptaand
shutdown cycles which increase the opéngtcosts.

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 Fueld20 million litre per year wheat ethanol plant in the UK occupies 10 ha in an existing
industrial complex. The site was chosen due to its existing infrastructure and utilities.

Space requirements will range from 0.024 to 0.052 ha/million litres (350 Son?™. Smaller 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* generation ethanol is a well proven technologyislthe largest volume renewable fuel produced in the
world today. Ethanol is a high octane fuel that can be used to increase the octane of the gasoline that it is
blended with. This has the potential to reduce the GHG emissions of the petroleum refireigciease

the refinery energy efficiency, factors that are not often considered when the benefits of ethanol are
discussed.

Ethanol does contain about 35% oxygen which limits the quantity that can be blended with gasoline. In
Denmark, ethanol is blended the 5% by volume level [2]. Europe, ethanol blended at the 10% by volume
level is a relatively recent developmei10 is currently available in Belgium, Finland, France and Germany

3].

Environment

The lifecycle GHG emissions df deneration ethanol e about equally split between the feedstock
production and fuel production [4]. Feedstock emissions are geographic specific and can vary significantly
from country to country due to production practices.



Research and Development Perspective

First generathn ethanol produced from corn and wheat 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 over time would be expectdrefore, the future price and
performance may also be projected with a relatively high level of certainty.

Examples of Market Standard Technology
There are many suppliers of' eneration ethanol technology. More than 50% of the US production
capacitywas designed by ICM Inc. They have also designed plants in Europe, Brazil, Argentina, and Africa.

ICM, Inc.

P.O. Box 397

310 N. First Street
Colwich, KS 67030897

The German company GEA is one of the largest suppliers of process technology for tineldisty and a
wide range of other industries, including fuel ethanol. They also have expertise with respect to wheat
starch production.

GEA Group Aktiengesellschaft
PeterMdller-Str. 12

40468 Dusseldorf

Germany

Predication of Performance and Cost

The cornethanol industry has been studied from the perspective of the experience curve [5] [6]. There
have been significant improvements in the performance of the technology over time and the
improvements are in line with the expectations based on the productiowth of the industry.

Uncertainty
Given the level of maturity of the industry there is a low level of uncertainty associated with information
collected on the technology.

Additional Remarks

The world starch ethanol production is shown in the followingrig[6]. The United States is the dominant
producer and that is almost all produced from coPnoduction in Canada and Europe is a mixture of wheat
and corn plants.
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Figure3 World Starch Ethanol Production

Production levels inhtte post 2010 period have not increased as rapidly as they did in the previous decade,
as a result the rate of change in the technology has slowed down on a year over year basis since it takes
longer to double the production in this decade than it did ie thst decade.

Quantitative Description
There is a significant amount of quantitative information available for this technology since it is the largest
renewable pathway in the world.

The process involves two chemical reactions. In the first, starch islligdd to glucose as shown below.

(GH1005)n + NHO MHNGeH1206
Starch Water  Glucose

The glucose is then fermented with yeast to ethanol and carbon dioxide.

GH12:0s m 2GHOH +  2GO
Glucose Ethanol Carbon Dioxide

Typical Plant Size

Plant sizes can range up to 400 roiiliitres 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 can also be a limiting factor. Most plapésate 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.

In their 2014 report on the industry, ePure [8] reported the production capacity of beveragduahd
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



information along with the fuel ethanol prodtion reported by Eurostat for 2014 is shown in the following

table. Not all of theseplants 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 Euopean 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 was 1.61 billion 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 therG@ 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
Natural gas 7 MJ
Ethanol 1 litre
DDG 0.72 kg
CQ (if captured) 0.75 kg
Corn Qil 0.03 kg

Table2 Corn Ehanol 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 may be 2.6 kg/litre of ethanol and the DDG production may be
0.94 kg/litre. The energy cenmption 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 crop and corn is
planted in the spring for a fall harvest, the ratio of the starch cotgesf 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 beeg decl

by 1.8% per year. This rate is expected to start 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 padecade, which is not that surprising as the power consumption
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 designedoperate 350 days per year with 15 days for maintenance. 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 stardgeat the

front and back ends of the plant, individual 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 asvailable. The European industry generally operates at lower
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 ethantriéschesse demonstrated.

Construction Time
Plants can 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 ismore financial data available for the North America industry 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.

As with the FME industry, lowa State University maintains a financial model and monthly operating data
for a 380 million litre corn ethanol plant located in lowa [10].

Investment Costs
There have been relatively few' seneration ethanol plants built since 2010. Se tapital 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 construction in the United States [11] [12]. One will pr&@R@enillion litres



and has a reported cost of $150 million [12]. This included $10 million in working ca@pieabther has a

capacity of 450 million litres and has a cost of $190 million [12].

lowa State Ringneck Energy Elite Octane
Capacity, milliompy 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 data to a European value using the methodology
provided in the Intoduction, the capital cost for this large plant is estimated as follows;
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Given the slow pace of new plant construction it is expected that the future capital costs are a function of
the plant scale and a 0.8 scaling factor and not of technology improvements.

Operatingand 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. Theapital cost has been adjusted to 206 million Euro to match the value above.
The results for 2016 are shown in the following table.

Parameter Costs (Euro/litre)
Natural gas 0.043
Power 0.012
Other Variable 0.049
Fixed Costs 0.048
Total Costs ex feetisck 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.

Startup Costs
Startup costs are incliled in the previous table.

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/kg 26.9
LHV, MJ/litre 21.3
Oxygen content 35%
Blending Octane number ~115
Flash point, C 13

Table5 Ethanol Properties




Summary
The quantitative data for the®lgeneration ethanol process are summarized in the folloviaue.

Technology 1st Generation Ethanol
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/MWh Total Input 0.83| 0.83| 0.84| 0.85| 0.85 98%| 105% 98%| 102%| C
Electricity Consumption,

MWh/MWh 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| 0.47 0.95 1.02 0.95 1.02| E,F
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

Specific investment
6ae ka2 90Kl y| 074] 0.72] 069 0.66| 0.66 95%| 125%| 95%| 125%| I,J | 10

- equipment (%) 75 75 75 75 75
-installation (%) 25 25 25 25 25
CAESR hsa 6ac| 0061 0.061| 0.061| 0.061| 0.061| 95%| 125%| 95%| 125%| J 8
+F NAFof S Wnga | 8301 8301| 8301| 8.301| 8.301| 90%| 110%| 90%| 110%| G,B,J 8

StartdzL) 6 a€ KMZnN 0 0 0 0 0 H
Technology specific data

Specific energy content

(GJlton) 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 kmIana 0 0.65| 0.63| 0.61| 0.59| 0.58 95%| 125%| 95%| 125%| I,J | 10

- equipment (%) 75 75 75 75 75

-installation (%) 25 25 25 25 25

CAESR hsa odac

Ethanol) 0.061| 0.061| 0.061| 0.061| 0.061 0.95| 125%| 95%| 125%| J 8
+FNAFotS hga

Ethanol) 0.062| 0.062| 0.062| 0.062| 0.062 90%| 110%| 90%| 110%| G,B,J 8

Startup6 a€ KMZnn 0 0 0 0 0 H




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 vyield as the mass must be
conserved.

Variable costs are reduced from improved energy efficiency.
H. Start-up costs are included on variable costs.

I.  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 a/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 okyigehe fundamental
chemical reaction that is the precursor of both the combustion and gasification processes. The products of
biomass pyrolysis include biochar, b and gases including methane, hydrogen, carbon monoxide, and
carbon dioxide.

A widerange of biomass feedstocks can be used in pyrolysis processes, however the pyrolysis process is
very dependent on the moisture content of the feedstock, which should be around 10%.

Pyrolysigprocesses can be categorized as slow pyrolysis or fast pgrdhgst pyrolysis is currently the most
widely used pyrolysis system. Slow pyrolysis 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 locations which 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 aas#ly 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 biorsaspidly heated in the absence of oxygen. As

a result it decomposes to generate mostly vapours and aerosols and some charcoal. Liguid production
requires very low vapour residence time to minimise secondary reactions of typically 1 s, although
acceptableyields can be obtained at residence times of up to 5 s if the vapour temperature is kept below
400 °C. After cooling and condensation, a dark brown mobile liquid is formed which has a heating value
about half that of conventional fuel oiThe basic procesflow 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 ib could be used for power generation when dry feedstock is available.

Output
The primary output from the system is the kid, and potentially some char and produced gas depending
on the des ign of the system, operating conditions and the feedstoclkslus

Energy Balance

The energy balance of the process 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 proded to drive the reactions, producing just bio oil, steam and possibly
electric power.
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Figure2 Fast Pyrolysis Oil Energy Balance

Typical Capacities

BTG Bioliquids operates a 5 T per hour (tph) fast pyrolysis system in Herfgeldetherlands [2]. The

plant produces approximately 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. THargest plants will produce approximately 75 million 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 [4]This is shown in the follawng 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

Engn operates a 10 million litre per year facility in 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 forddstock and finished products and is located in a less 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 highrveatetent and total acid number. It is not
miscible in 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 taracteristics of the oil can be improved by removing the oxygen either through hydrotreating
(hydrodeoxygenation) or feeding the product into a fluid catalytic cracker or a hydrocracker at a petroleum
refinery (decarboxylation).

Hydrodeoxygenation requisehydrogen but results in a higher yield. Single stage hydrotreating can be
difficult to achieve with excess coking. Two stage hydrotreating and the usesalamt are options.
Hydrogen consumption can be on the order of 15% by weight of the hydrotrgatmtiict.

550 Nb2E&fl A2y R2Say Qi NBIldZANB KeRNR3ISY odzi NIBad:

Environment

The GHG emission performance of the pyrolysis oil should be very good as most of the energy to drive the
process comes from the biomass feedstock. The GHiGs@ns 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 2echnology, 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 witie¢heology is gained
from the existing semtommercial demonstration facilities and then the technology is scaled to
commercial plants.

Examples of Market Standard Technology

Since this is a Category 2 technology there are no market standard technol@giesof the leading
development companies with this technology is the Dutch company BTG Bioliquids. They have a
commercial demonstration plant operating 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&8ieergent
Techndogies. Envergent provides licensing, engineering services 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 equipmentliesntracted to Honeywell UOP.

Honeywell UOP has also partnered with Ensyn in the commercial development of Refiqagc€ssing
opportunities. Honeywell UOP is assisting Ensyn in interfacing with refiners and offers refineries delivery
systemswhich&l2 ¢ (GKS NBFAYSNI (2 AyidSaINIGS 9yaeyQa oA2O0ON

Ensyn Technologies Inc.
Corporate Offices and Engineering
2 Gurdwara Road, Suite 210
Ottawa, Ontario K2E 1A2

Canada

http://www.ensyn.com/

Predicaton of Performance and Cost
Costs for the first of kind 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 rédesedling issues
due to the stage of the development of the technology.

Additional Remarks

There is significant interest in this pathway from petroleum refiners. The potential of pyrolysis oils te be co
process in a petroleum refinery to produce gasolara 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, ligma 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 cellulose and 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 of
secondary reaction (and hence the product yields) e 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 a fast pyrolysis process are:


https://www.btg-btl.com/en
http://www.ensyn.com/

9 Very high heat transfer ratashich 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 incregsas 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 Quebec project that is nearing completion will have atgagfa¢0 million litres per

year and projects in Brazil and the United States have capacities of 75 million litres p&rhe=ar different

plant sizes are shown in the following table with different approximate equivalent metrics.

Volume Based, Millionitres 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 Sized

Input and Output
The input and output for a 150,000 tpy plant i#n 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 Planned Outage
The plants operate continuously. BTG have stated that they havesairrached 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.

Construction Time
The Ensyn Quebec project started construction in June 2016 andthe 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 dailed information [6] [7] [8] on capital costs and operating costs are in the public
domain. These have been generated by independent third parties and not by the leading process
developers.

Investment Costs

The BTG Hengelo facility had a project costl® million [9]. The capital cost is essentiallyO per annual

litre of production. The Ensyn Quebec Project had an announced capital cost of $103 million CaTadian (
million) [10]. This is a cost ©1.75 per annual litre of production.



In 2010 Wrightet al [6] develop the capital an operating costs for a fast pyrolysis system with
hydrotreating. The information was detailed enough to be able to remove the hydrotreating costs. The
plant processed 2000 tpd of biomass to 1 million litres of-ddioper day. The nth plant capital cost
excluding the hydrotreating was $250 million, or $0.25/litre. The nth plant capital cost was 31.5% of the
pioneer plant cost.

Hu et al [7] presented the capital costs without upgrading of about $215 million for the 200@dpidyf
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
capital cost was estimated toe £6.6 million (€5.5 million) for the pyrolysis portion a0 million for the
hydrotreating portion. The plant produced 7.9 million litres of gasoline equivalent after hydrotreating.

We have assumed that the first of kind plants have capital cost4.6f per annual lie of production and
that the nth plants will be able to reduce that €8.30 per annual litre of production.

Operating and Maintenance Costs

Wright reported fixed costs of $11.5 million per year and variable operating costs ex feedstock of $3.6
million pea year. At 350 million litres of pyrolysis oil per year those costs amount to $0.03 and $0.01 per
litre for Fixed and Variable O&M costs respectively.

Startup Costs
The startup costs are included in the operating cost estimates.

Technology Specific Dat

The properties of fast pyrolysis oil are shown in the following table [11] and compared to typical values for
heavy fuel oil [12].The bieoil has some oxygen which reduces the energy content and increases the
density.

Parameter Fast Pyrolysis O HeavyFuel Oil
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, fim 13

Kinematic viscosity at 50 °C, fim 200-600

Table3 Fast Pyrolysis Bi@il Properties



Data sheet

The information on pyrolysis oil production is summarized in the following table.

Technology Fast Pyrolysis Bio Oil
Uncertainty Uncertairty
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,Al,B|1,6
Inputs
Feedstock Consumption, MWh/MWh Total Ian 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, Outpty MWh/MWh Total Input 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% E
Forced outage (%) n.a.
Planned outage (weekspyear) 4 4 C 8
Technical lifetime (years) 25 25 25 25 25
Construction time (years) 2 2 2 2 2
Financial data
{LISOATAO Ay@SaidySyid o 24 1.9 1.1 0.8 0.7 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%| 123%| F,G
+F NAFofS hga o6e€ ka2 K 2,70 2.70| 270| 270| 270 75%| 125% 75%| 125% F, G
{GF NI dzLlJ 6ae kmInann n.a. 0 0 0 0
Technology specific data
Specific energy content (BGon) bicoil) 16 16 16 16 16
Specific density (kg/l) or (ton/m3) 1.2 1.2 1.2 1.2 1.2
{LISOATAO AywSaidvySyid o 1.2| 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 hgsa 6ae kmInnan 0.036| 0.036| 0.036| 0.036| 0.036 75%| 125% 75%| 125%| F,G
+F NAFo6fS hga odae km3na 0.012| 0.012| 0.012| 0.012| 0.012 75%| 125% 75%| 125% F, G
{GF NI dzLlJ 6ae kmInnn n.a. 0 0 0 0




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 a4/ k tonne is million euro per 1,000 tonnes
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Qualitative Description

Cellulose is an important structural componenttb& primary cell wall of green plants. It is an organic
compound with the formula ¢,00s),, a polysaccharide consisting of a linear chain of several hundred to
many thousands df6 m 1 0 fglugpse 8riks. Fhe basic chemical formula is the samerasaich with
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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 thiégeneration starch etharigrocess.

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 amenable to hydrolysis. 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 reactiblydrolysis can be carried 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
GoSSNE Aad (KSyYy Rhohdnd wafeiSfiiem ihe? unfeliieritedZsslidsSAl gedond distillation
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 prutess developers generally 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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Figurel Cellulosic Ethanol Process

Input
The primary input is the cellulosic feedstock, along with water and the chemicals used in the process. The
guantity and type of feedstock vary between process developers.

Output

The output from the system is ethanahd 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 vinasse (stillage) from the ethanol piodutor 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 heat could be sold
externally. Some developettry 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 be used to replace these nutrients.



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, developers do not
release too much information tohe public. The most detailed techrezonomic information available is
FNRY GKS !'{ DblaAz2ylf wSySéglLofS 9ySNHE& [ 02N} G2NE
represent the current state of the art but it is still the most complete analysidlable.A Sankey diagram

based on published data from the US National Renewable Energy Laboratory is shown in the following

figure.
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Figure2 Cellulosic Ethanol Energy Balance

This process also consumes a significant quantitghafmicals 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 is the energy required to produce and transport the chemicals.
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Figure3 Cellulosic Ethanol Energy Balance with Chemicals

Since the process generates its own energy for use in the process, the internal energy consumption is high.
The process also consumes significantly more energy tharftgerferation ethanol procees.

For comparison the Sankey diagram for the Inbicon technology is shown in the following figure [2].
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Figure4 Inbicon Cellulosic Ethanol Energy Balance

This technology has much lower ethanol production but also produced atfigad 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 feedsstreams to power generation depending on the location specific opportunities.

Typical Capacities

There have been about a half dozen commercial demonstration plants built in Europe, Brazil and the United
States over the past five years. The plants haventszed 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 capacity for significant periods of time
but several plants are making progress towards operating at design capacity. The prsumed0,000 to
100,000 tonnes of feedstock per year when operated at capacity.

Regulation Ability

Since most of the plants have not been able to operate continuously for extended periods of time it has
been difficult to assess their regulation capabiltién theory, the regulation capabilities should be similar

to those of the I generation plants but the added complexity of the process and the fact that the process
supplies the fuel for the process my 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 110 million litre per year DuPont facility in Nevada lowa has an area of 18.5 ha,
excluding the storage area. The storage area appeabe twice the size of the plant. The 80 million litre

per year POET DSM covers an area of 120 ha including feedstock storage.

The space requirements for the plant do vary significantly, some of which is due to the need to store a year
or more of feedstak on the site. Space requirements of 0.5 ha/million litres (7080/W) would appear
to be a reasonable value which allows room for feedstock storage.



Advantages/Disadvantages

The cellulosic ethanol process utilizes a feedstock that is largely undexditiiznost agricultural regions of

the world, thus there is no perceived competition for feed and food crops. The GHG emissions are similar to
those of sugarcane ethanol, where crop residues provide the energy for the process.

The technology is complex amdpital costs will be higher than for'generation ethanol plants. The
technology complexity has also negatively impacted the time required to commercialize the process. The
POET DSM plant has only recently announced that they have been able to selyretineatment
challenges and have been able to run the plant at 80% of capacity [3]. This is three years after the plant
opened.

Other large scale first of kind plants have also had commercial and technical challenges, for example the
DuPont plant is novfor sale, the Beta Renewables plant in Italy has been idled and the Abengoa plant in
Kansas was sold in a bankruptcy sale. The exact reasons for these decisions are not public and in some
cases the decisions may have been due to other challenges thabthpanies may have faced or changes

in business priorities. Operations at some of these plants may resume with new owners.

POET DSM [4] reported that in addition to resolving the technical challenges of pretreatment that they
have decided to build an esite enzyme production facility. Presumably this is a commercial decisien; on
site production would not need to concentrate the enzyme to reduce transportation costs, saving capital
and operating costs.

Van der Meij [5] recently presented a venture capital@a @A Sg 2F GKS GSOKyz2f238
not see the business case for the technology citing feedstock logistics costs, scale, high pretreatment costs
and margin uncertainty as issues. He also stated that there was still significant techriskogyesent.
Nevertheless, new plants are being announced [9] [10].

Environment

In some regions of the world there is concern that removing too much straw from the field will have
negative impacts on soil health. Reduced soil carbon and increased ermpstential are potential
outcomes if the crop residue harvest is not undertaken in a sustainable manner.

Research and Development Perspective

Cellulosic ethanol produced from straw is a category 2 technology, a pioneer phase technology with limited
applicatons to date. 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 customizai®still needed. The technology still has a significant
development potential.

This technology has probably had more research undertaken on it than all of the other technologies in this
report. As the technology has been scaled to near commercial scalg ofghe process developers have
experienced significant challenges with materials handling through the front end of the process.

The challenges of operating the first of a kind cellulosic ethanol facility were acknowledged by Merritt [6].
He stated thatthree years after startp the plant is operating at 80% of capacity, converting 95% of the
fermentable sugars to ethanol at the design solids loading. The engineering focus is now on how to simplify



the process and reduce capital costs, exactly the gietsvthat create the learning curve. He also highlights
advances in enzyme effectiveness in reducing future operating costs.

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 technology was the Danish company
Inbicon. However they have had difficulty in developing a commercial project without government
guarantees.

The Itdian company, Gruppo Mossi Ghisolfi, which developed the Beta Renewables plant in Crescentino
Italy and supplied the technology for the GranBio plant in Brazil, has recently been granted protection from
creditors [7].

DuPont has recently put their Nevadauva plant up for sale [8].

The one company that has recently moved ahead with new projects is Clariant. They have announced a
license agreement with Enviral [9] to add a 50 million litre per year plant to an existing facility in Slovakia
and a similar sizéplant to be built in Romania [10].

Clariant Produkte Deutschland GmbH
Biotech & Renewables Center
Staffelseestrasse 6

D-81477 Munich, Germany

Predication of Performance and Cost

This technology is at the early stages of commercialization. There are repoeed capital costs for the

first commercial scale plants (pioneer plants) but there is no published, independently verified information
on the actual performance of the plants.

It is expected that capital costs and operating costs will improve sigmijc once the existing plants
achieve consistent operations and new plants are built based on the learnings from operating the first
commercial plants.

Uncertainty

There remains significant uncertainty with respect to the commercialization of the teciyolde plants

built 3 to 5 years ago have experience some 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 fidljle [

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| Idle




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 Htanol Plants

Quantitative Description

The available quantitative data that is available on the technology is mostly from third parties and not from
the technology providers or plant operators. Actual plant data is considered confidential by the process
dewelopers.

The process itself is essentially identical to the starch ethanol process with the primary difference being the
length of glucose polymer chain.

The process involves two chemical reactions. In the first, cellulose is hydrolyzed to glucose abethawn
One of the technical challenges with the process is making the cellulose component of the lignocellulosic
feedstock accessible for the hydrolysis process.

(GHiOs)n+ NHh - TheHYDs
Cellulose  Water Glucose

The glucose is then fermented with yeast to ethanol and carbon dioxide.

GH120; 2GHOH + 2GO
Glucose Ethanol Carbon Dioxide

Typical Plant Size

The plants that have been built hebeen 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 (140 MW) [1]. As with
the 1 generation plants it is likely that plant sizes will increase as rptamets are built and experience is
gained with the technology.

Input and Output
The primary input is the feedstock. Most technology developers (but not all) utilize the non fermentables to
provide the thermal energy and electric power for the plant anchediave 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 using a portion of the sugar produced by hydrolysis. Enzyme consumption is much higher
than itis 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 produced. It is likely that this has been decreased with
additional development work but NREL have pablished 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 electricitithe data used for the Sankey diagram is shown in the following
table [1].

| Parameter \ Input | Output |




Feedstock 3.38 kg
Chemicals 0.38 kg
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 not likely at this level. It has begsumed 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
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the difficulty in achieving design rates but also the progress that can be made with experience.
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Figure5 Cellulosic Ethanol Prodition Rates

Both logen and Poet have stated that the initial operational challenges have been in theagraent
stage of the process. Severe fouling and flow restrictions have been reported in this section. Eventually it is
expected that plants will bable to operate for 330 to 350 days per year with no forced downtime.

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 domstion 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 the size and capital expenditures for the pioneering plant3 i3hformation
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
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 2.5
Brazil
Average 76 293 3.9

Table3 Capital Costs

The capital costs for the pioneering plants have been about six to seven times higher'tanetation

plants. While de Jong [14] did not report a ¢&apgrowth 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 NREL capital cost for th& plant [1] was $381 million for 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$/kW ethanol (1.5 to 2.6 US $/annual
litre). They see this beingduced to 1,200 to 2,300S $/kW ethanol by 2045.

The EU Sub Group on Advanced Biofuels [16] reported capital costse3®@but noted that the first
LI I yda NIy3aSR FTNRBY HXoyn (U2 208SNlcXTtnn e€kl2®

The capital costs are 3 to 5 times higher thahggneration 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 summarized in the following table [1].



Parameter Eurol/litre

Variable operating costs, ex feedstock 0.083

Fixed costs 0.04

Table4 Operating and Maintenance Cts

These are nth plant estimates which are unlikely to be achieved for the pioneering plants although there is
no published information on the performance of the pioneering plants.

Startup Costs
Startup costs are included in the operating costs.

Technolayy Specific Data
The ethanol properties of cellulosic ethanol are identical to thgdneration ethanol properties.



Data sheet

The quantitative 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 9
Typicatotal plant size, MW 55 55 130 155 180 50%| 150% 50%| 150%| A, Al, B 9
Inputs
Feedstock Consumption, MWh/MWh Total Input ‘ 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
Electiricity Output, MWh/MWh Total Input 0.04| 0.04| 0.05| 0.05| 0.06 80%| 120%| 80%| 120% C 1
Forced outage (%) 0
Planned outage (weeks per year)
Technicalifetime (years) 25 25 25 25 25
Construction time (years) 2 2 2 2 2
Financial data
{LSOATAO Ay@dSalivyYSyild odac 5.69| 5.69| 256| 2.25| 2.13| 75%| 150%| 75%| 150%| D,G 1,10 11
- equipment (%) 75 75 75 75 75
-installation (%) 25 25 25 25 25
CAESR hsa 6ae ka?2k&SI N {0114 0.114| 0.057| 0.057| 0.057 95%| 200%| 95%| 200%| F,G 1
+F NAFo6fS hga o6e€ ka2 90GKI| 271 271| 136 13.4| 136 95%| 200% 95%| 200% F, G 1
StartdzlL) 6ae kmInanan G 9QGKIy 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 AywpSaildvySyil odac 5.06| 5.06] 2.28| 2.00| 1.90 75%| 150%| 75%| 150%| D, G 1,10,11
- equipment (%) 75 75 75 75 75
-installation (%) 25 25 25 25 25
CAESR hsa 6ae kmInann G ¢ 0101 0.101] 0.051| 0.051| 0.051 95%| 200%| 95%| 200%| F,G 1
+I NAF6fS hga o6ae kmZnanna| 0203 0.203] 0.101| 0.100| 0.101 95%| 200%| 95%| 200%| F,G 1
StartdzlL) 6ae kmInanan G 9QGKI Yy 0 0 0 0 0 E




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 prodution of diesel or jet fuel from biomass is a tgtep process, 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 fssied cabonaceous 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). The carbon monoxide then reacts with water to form carbon
dioxide and mordaydrogen via a wategas shift reaction.

The FischegTropsch proces®r FischegTropsch Synthesis or-TH is a set of chemical reactions that
changes a mixture of carbon monoxide gas and hydrogen gas into liquid hydrocaflbess. reactions
occur in thepresence of certain metalatalysts, typically at temperatures of 1&D0°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 desigifi@sgised

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
counter-current, or cecurrent, or cossflow, 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 gasifiers,
rotary kiln) or minutes (fluidized bed gasifiers). Different gasifier desigasbetter suited to different
feedstocks and gas needSasification igurther described inBiomass Gasificationgeneral introduction

and the following chaptersThe Fisher Tropsch reactions are practised commercial on symgdsced

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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Figurel Biomass to Diesel and Jet Process

Input
The primaryinput 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 heasyIiaxdifficult 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 wax materials can be recycled through the process to improve the selectivity but
usually at tle expense of overall efficiency. Some systems will produce excess power for sale from the
system.

Energy Balance
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to liquids. The carbon efficiency the biomass gasifier to raw syngas is 71.8% and the carbon efficiency of
the syngas to fuels is 46.2% for an overall carbon efficiency of biomass to fuels of B3286ergy out per
unit of energy in is 38.5%.

Naptha
13.76 MJ

Jet
147 MJ

Diesel

Wood
100 MJ FT Distillate
9.98 MJ

Electricity
1.17 MJ

Loss &
Internal Use
61.5 MJ

Figure2 Biomas 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 plants use some of the process heat to produce electricity for the plant use
and potentally a small amount to be exported. Steam from the exit of the final steam 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 ghage 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 published.

Other computer simulations of biomass to FT systems have reported higher efsieKceutz 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] modelled several optimized hardwood to FT liquid process configurations. The energy
efficiencyranged from 56 to 61% and the carbon conversion efficiency ranges from 54 to 60%.

Sikarwar [4] identified feedstock characteristics that influence the performance of biomass gasification
systems. These include moisture content, ash content, chlorine anghw, and the cellulose,
hemicellulose and lignin fractions as the three components degrade at different temperatures during
gasification. He reports that in general, the higher the cellulose and hemicellulose content, the greater the
volume of gaseousrpducts formed. Therefore, softwood, hardwood, wheat straw and bagasse with much
higher cumulative percentages of cellulose and hemicellulose are preferred over sunflower seed hull,
coconut shell, almond shell, larch plant or poultry litter, when attemgtio obtain gas as the final product.

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

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 gasification facilities but only five that has more than 7,000 h/year of
operation time. The capacitiegain the 10 to 40 MW range with one larger facility thatfres biomass

and fossil fuelsThe facilities are idtified in the following table.

Site Thermal Output, GJ/yea Running h/year
Harboore (Denmark) 576,000 8,000
Gussing (Austria) 230,400 7,000¢8,000
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 inputlameah larger than the biomass gasification

plants shown in the table above. The largest fossil plant is the 260,000 bbls/day (500 million GJ/year) Shell
LI Fyd Ay vIEGENY {KSftftQa 2NAIAYIE D¢[ LI I yrlloAy al f
Gllyear).

There is work ongoing on small FT distillate reactors. Velocys claims that the commercially optimal size for
their biomass to FT liquids system is 1,900 bbl/day (72 million litres/year) [6]. Their reference plant
processes landfill gasd 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 lossH@Wever, the gas



composition will change over this range and when the gasifier is coupled 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 abity of the overall system.

Space Requirements

The biomass gasification district heating plant in Harboore 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 first phase of 20 MW was built.

The space requirements will be less than 1,000MW/. This may be reduced if the size of the units are
larger.

Advantages/Disadvantages

Biofuels tha can be produced from nofeed or food feedstocks and can be used in heavy duty transport

F LILX AOF GA2yay 6KAOK OFyQd o6S Slrairfte StSOGNRTASRE
sector. Dropin biofuels, such as the FT fuels made by taé&hnology can be used in the existing fuel
infrastructure and are attractive to the existing fuel providers.

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

been done on this technology have considered plants in the range of 1,000 to 2,0@hdeg tof wood per

day (350,000 to 700,000 dry tonnes of wood per year.

The Danish Energy 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 #w curr
production and consumption of woody biomass in Denmark.

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 thisreldgy. Biomass gasification
systems will produce some ash that 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 tye appear to have some influence on the properties [9].

The fuels 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 D&lopment Perspective

Biomass gasification for diesel and jet fuel 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 facilitie®r 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.

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

There is work underway on integrating the two technologies, improving the gas -gfeasystem
performance and addressing the issue of scale for the fuel synthesis stage.

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 GoBiGaKs project in Sweden, and the Senden wood gasifier to
power facility in Germany.

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

The UKAmerican company, Velocys is working on snt@lesFT plants. They are developing smaller scale
microchannel 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 woody biomass 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 D& Phase 2 application for a loan guarantee for a wood to FT liquid project [11].
Phase 2 applicatioflsy Of dzZRS G KS Sy @ANBYYSyidlf NBLR2NIXZ GSOKYyA
credit evaluationThe plant is to be built in Natchez, Mississippi a 40 ha site. The plan is to start
construction in late 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.

Velocys plc

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

Predication of Performance and Cost

The prediction of performance and cost is based on published teebonomic papers rather than on
actual plant performance. ThBREL paper is based on a plant twice the size of the proposed Velocys
project.



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

One of the challenges for small scale FT plants has been that a range of products is produced, from gasoline
boiling range products to waxes. Markets for all products are required for commercial success and finding
markets for small volungof gasoline blending components and the wax can be an issue. In some projects
the revenue from the wax has been a significant portion of the total revenue.

FT synthesis produces a range of products betwaeam@ waxes. The actual ranges will vary witbgess

type, catalysts, and syngas quality but there is always a range of products. Tijm [12] reports on the product
distribution for two different process severities as shown in the following tdblgortunately the paper

does not provide the accompanyjtyield data for the two operating conditions but there is more gasoline
produced in the kerosene mode than the diesel mode.

Gas Oil Modé Kerosene Modé
% wt
Tops/naphtha 15 25
Kerosene 25 50
Gas Oill 50 25

Table3 Product Distibutions ¢ Shell SMDS

In his 1999 thesis, van der Lann [13] showed that the quantity of each group of products did vary with
operation conditions. This is shown in the following figure where the two right hand bars represent the
liquid products and the te 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.
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Figure3 Selectivity vsYield



Quantitative Description

The available quantitative data that is available on the technology 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 breaks the biomass down to a
combination of hydrogen, carbon monoxide and carbon dioxide. A simplified reaction is shown below.
Actual biomass has highly variable compositiod aomplexity with cellulose as one major component.

GH0s+ Q+HBh  h / h+ Hb+ CHR other species
Note: The above reaction uses glucose as a surrogate for cellulose.

Stoichiometryfor methanol production of syngas requires the ratio ef €O to equal 3. The product gases
are then subjected to the wategas sHi reaction to increase the quantity of hydrogen. The equilibrium for
this reaction is temperature dependent which controls the CO tgré(d.

CO+EDT CQ+H

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

@n+1)H,+n/ h  FHnb+nHO

Generally, the Fischefropsch process is operated in the temperature range of¢d360 °C. Higher
temperatures lead to fasr reactions 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 favaratifam of 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 techneconomic work assumed plant 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 tableTli¢re are
some chemicals and catalysts required by 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 dagre also capable of operating at these rates. Forced outages are
expected to be minimal.

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

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

Financial Data

The financial data is only available from the literature. There is a preliminary cost estimate of $300 million
for the 72 million litreVelocys plant in Mississippi (80 MW) [14]. This woul@d4@5/litre for a European

plant.

Investment Costs

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 milliooredr@/litre of
product.

Irena [15] report current capital costs for this pathway as $3,000 to $5,000¢R/8 (o €4.6/litre). The EU
Sub Group on Advanced Biofuels [16] report the capital cost8,800/kW €3.35/litre).

Considering the capital growtladtor information from de Jong [17] the capital cost information for the nth
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 itet6.00/litre, which may sli be too optimistic

Operating and Maintenance Costs

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 cbets in t
analysis.

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

Table5 Operating and Maintenance Costs

Startup Costs
The startup costs are included in the costs shown above.

Technology Specificdda
The typical properties of FT diesel are compared to petroleum diesel in the following Talelduel has a
higher cetane than petroleum diesel but a lower volumetric energy content.



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

Table6 Typical Fuel Properties




Data sheet

The quantitative data for the biomass to diesel and jet process are summarized in the following table.

Technology

Biomass to Diesel and Jet

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, Al, B 1,6
Inputs
Feedstock Consumption, MWh/MWh Total
Input 1 1 1 1 1 80%| 100% 80%| 100%| C 1
Outputs
NaphtaOutput, MWh/MWh Total Input 0.138| 0.138| 0.145| 0.154| 0.163 80%| 110% 80%| 110% D 1
Jet Fuel Output, MWh/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 0.012| 0.012| 0.016| 0.018| 0.020 80%| 110% 80%| 110% D 1
Forced outage (%) 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@SadySyi 433| 4.33| 3.90| 3.62| 3.46 75%| 120%| 75%| 120%| E,L |1,6,7,8,9
- equipment o) 75 75 75 75 75
-installation (%) 25 25 25 25 25
CAESR hga dae ka? k@ 0104 0.104] 0.104| 0.103] 0.104| 75%| 120%| 75%| 120%| L 1
+I NAFo6fS hga oe ka2 K 1063 1.063] 1.063| 1.064| 1.063 75%| 120% 75%| 120% 1
{GFNIi dzZlJ 6ae kmZInnn 0 0 0 0 0 F
Technology specific data
Specific energy content (GJ/ton) FT Diesel) 44 44 44 44 44
Specjficz density v(kg/l) or (top/ﬁ) - 0.77| 0.77( 0.77| 0.77| 0.77
{LSOAFTAO Ay@dSauyYSyu
Liquids/year) 6.49| 6.49| 5.84| 550 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
CAESR hsa 6ae kmInnn 0156 0.156| 0.156| 0.156| 0.156 75%| 120% 75%| 120%
+I NAFo6fS hga o6ae kwm3 0013| 0.013] 0.013| 0.013| 0.013 75%| 120% 75%| 120%
{GF NIi dzZLJ 6 acidskearI n nn 0 0 0 0 0 F




Notes:

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

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
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 G4/ 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 from biomass is a tvetep process, in the first step the solid biomass is converted

to the gas phase and in the second step the gas is converted to methanol.

Gasification is a process that converts organic or fossied carbonaceous materials at high temperatures
(>700°C), vthout 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 2The H/CO ratio can be lowered to someatent by the reverse wategas 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 only product that could be produced by this route. Diylether (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 be agricultural or forestry residues. There is a wige nathe 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 co-current, 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 gasifiers,
rotary kiln) or minutes (fluidized bed gasifiers). Diferr gasifier designs are better suited to different
feedstocks and gas needSasification idurther described inBiomass Gasificationgeneral introduction

and the subsequent chapters.

The syngas to methanol reactions are pised 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 large there have been some small scale methanol plants built where large nasuresejaes are

not available.

The overall process is shown in the following simplified process flow diagram.
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Figurel Biomass to Methanol Process

Input

The primary input for most process is just the biomass. The reactiensxathermic and generate enough

heat for the process and in some cases to produce the power required for the system. In other examples
power is purchased for the process.

Output
The plants produce methanol and in some cases could produce some excessapdwersteam 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 fo ot
Methanol 145 M)
Electricity
10.82 MJ Heat Loss
and Internal
Energy
Consumption

3615 MJ

Figure2 Bio Methanol Energy Balance

There are two potential means to recover some of the waste hEag 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 steam 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 the potential for energy recovery are not reported
in most of the recent techneconomic studiepublished.

Other biomass to methanol systems have been proposed that offer higher efficiencies [2] [3]. The
GreenSynFuels project provided the energy balance for both a traditional biomass to methanol plant and
one integrated with a solid oxide electrobrzto produce hydrogen to provide a better CO torkHitio for

the methanol synthesis stage. Clausen provided information for a highly optimized biomass to methanol
process. The energy balances for these systems are shown in the following figures.
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Figure3 GreenSynFuels Traditional Methanol Plant

This plant produces electricity instead of consuming it and the methanol production rate is slightly higher
per unit of wood consumed. The following figure shows the highly optimizedrsydéscribed by Clausen.
The methanol production rate is 8% higher per unit of feedstock.

IMethanol

63 MJ

Wood Optimized District Heat

100 MJ Methanol 26 MJ
Internal Use

and Heat Loss
11 MJ

Figure4 Optimized Biomass to Methanol Plant

This final energy balance system considers the supplementation of hydrogen to alter the darbon
hydrogen ration of the syngas to better match the methanol synthesis requirements. It produces more
methanol per unit of energy in and has a much better carbon efficiency.
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Figure5 Hybrid Biomass to Methanol Plant

Typical Capeities

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 glycerine from biodiesel plants as the feedstock in the
Netherlands but that operation is now proc@s3 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. It
gasified black liquor from a pulp mill rather than biomass.

Commercial plants would likely be slamiin size to the biomass to diesel and jet technology that was
discussed in the previous section, with and early commercial plant consuming 500 to 1000 tpd of biomass
and producing 125 to 250 million litres/year.

Eventually plants could be built largeitivfeedstock availability being the limiting factor.

Regulation Ability

While biomass gasifiers can operate down to about 35% of rated capacity, commercial methanol plants
usually operate at steady state conditions close to the design capacity. Commnmeetianol plants can

take 23 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 scalplants.

Space Requirements

Space requirements will be similar to the space for the biomass to diesel and jet pathway, on an area per
feedstock basis. The area per volume of fuel produced will be lower due to the lower energy density of
methanol compared taiesel and jet fuel.

Based on the Velocys commercial FT liquids plant the area requirements for biomass to methanol are about
0.16 ha/million litres of methanol.

Advantages/Disadvantages
Methanol is not widely used as a transportation fuel today but thare 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 Serenergy in Denmark. There is also some interest in methanol as a
marine fué 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%) withsoleent have been used in the UK in

recent years. Methanol has also been used in blends withreithand gasoline in performance vehicles.

Methanol from biomass would offer GHG emission benefits for many applications that are not available for
methanol produced by natural gas.
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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 profile, especially when they are designed to be
selfsufficientin 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, a pioneer
phase technology with limited applications to dat€he technology has been proven to work through
demonstration facilities or sesiommercial plants. However, due to the limited application, the price and
performance is still attached with high uncertainty, since development and customization is stitdhe

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 gasification in Europe over the past several decades butdaheret 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 combustion system. 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 6,000
hours of operation.

More work is required on the integtion 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 Methanol [5]. The plant is cost estimated at approxin3&@Imillion Euro and

will 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 witlthyssenKrupp Industrial Solution$ 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 Canadian company has operated a municipal solid WdS/) 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 the process of being converted to
produce ethanol rather tha 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 techrglogiven 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 syngas is produced from biogas
and not from biomass. Thessystems will be smaller due to the resource availability but with less
technology risk since there is no biomass gasification involved.

Quantitative Description
The available quantitative data that is available on the technology is mostly from thirégartd 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 reaction breaks the biomass down to a
combination of hydrogen, carbon monoxide and carbooxiie. A simplified reaction is shown below.
Actual biomass has highly variable composition and complexity with cellulose as one major component.

GHiOs+ Q+Hh  H / h+ Hb+ CHR 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 then subjected to the wategas shiftreaction to increase the quantity of hydrogen. The equilibrium for
this reaction is temperature dependent which controls the CO tgra(.

CO+EDT CQ+H

Carbon monoxide and hydrogen react over a catalyst to produce methanol. Today, the mogt wsee!
catalyst is a mixture of copper amthc oxidessupportedon alumina. At 5100 bar and 250C, the
reaction is characterized by high selectivity (>99.8%):

CO+2Hb /0H

Compared to the production of diesel and jet fuel from the gasificatidbiahass, 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 by the feedstock availability.
The proposed plat 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 a wood to methanol plant [7]. They bakegtant 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 willfdarm values.
Pioneering plants may have 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 gpsrtigse

rates as shown earlier and fossil methanol plants are also capable of operating at these rates. Forced
outages are expected to be minimal.

Technical Lifetime
Due to the maturity of the technology, plant lifetime is estimated to be 20 yearpléots build before
2025. Hereatfter, it is expected to increase to 25 years.

Construction Time
Construction time for the technology is expected to be about38imonths.

Financial Data

Techneeconomic analyses of standalone biomass gasification to methaystems 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 proposed Swedish plant.

Investment Costs

The estimated capital cost of the 270,000 tonne per year meathgtant is 369 million Euros [1] (0.91
e/litre). This is the same cost as the Varmland Methanol plant but it is more than twice the capacity. This is
a reasonable ratio between thé"mplant 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 ofe 1,850 to 3,450/kW depending on the scatd Q0/litre toel.85/litre).

The capital costs range froe®.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 disposale@flO/kg €0.08/litre). NREL did not provide a
breakdown of the operang costs.

Startup 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 corent 50%
Blending Octane number ~115
Flash point, C 12

Table2 Methanol Properties



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 3,5,6

Typicaltotal 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
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 1
Forced aitage (%) 4 4 0 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

. 3 o 1,3,5,
{LISOAFTAO AYy@dSauyYSyu 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 dae ka2 ke§ 0058 0058 0.039 0038 0.039] 90%| 110%| 90%| 110%| EF 1
+ NAFo6fS hga oe ka2 K 204 204| 136/ 13.6| 136 90%| 110%| 90%| 110%| E,F 1
{41 NI dzLJ 6ae kmZInnn 0 0 0 0
Technology specific data
Fecific 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
{LISOATAO Ay@SadySyi 3.42| 3.42| 1.90| 1.40| 0.95| 50%| 100%| 80%| 120% . g' >
CAESR hgsa 6ae kwmInna 0038 0.038 0.025 0.025 0.025 90%| 110%| 90%| 110%| E,F 1
+F NAFo6fS hga o6ae km3 0114 0.114| 0.076| 0.076| 0.076 90%| 110% 90%| 110% E, F 1

{GFNIi dzZld 6ae kmZInnn 0 0 0 0 0




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 Ga/k tonne is million euro per 1,000 tonnes
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Quialitative Description

Methanol to 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. The plant uses electricity from the grid to make
hydrogen which is converted into methanol in a catalytic reactigin carbon dioxide (C The CQis
captured from flue gas released by a geothermal power plant located next to the CRI facility. The origin of
the flue gas is geothermal steam emissions.

There are many possible sources of, @wer plants, fertilizer ppducers, ethanol plants) and variations of
the concept have been proposed where renewable electricity sources replace the grid power used in
Iceland. Smaller scale systems could usgffo@h biogas plants as an alternative to methanation.

The methanol cold also be further processed into DME or gasoline with available commercial
technologies.

Brief Technology Description

Methanol is produced commercially mostly via steam reforming natural gas. In that process the methane is
reformed into hydrogen, carbon amoxide and carbon dioxide and then the gases areombined to
produce methanolln the power to methanol system separate sources of hydrogen and carbon dioxide are
combined to produce the methanol as shown in the following figure.
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co,
CO, Source =—p T
Carbon ) == =
Capture Y
A—-) : »  —p Methanol
~— Syngas Methanol Methanol
Power _'> H Compression Synthesis Distillation
2]
Water ———3  —> 0,
Electrolysis

Figurel Methanol to Power Process



Electricity is used to produce the hydrogen and to compress the gases prior to the methanol synthesis
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 applications. Low lev&%3 methanol has been blended with
gasoline and csolvents in Europe and North America in the past. Higher level blends (M85) has been used
in flex fuel vehicles and methanisl a good source of hydrogen for fuel cell vehicles. The Danish methanol
fuel cell manufacturer SerEnergy is now producing a commercial reformed methanol fuel cell vehicle with a
driving range up to 800 km on a tank of methanol [1].

Input

The primary inpts to the system are electricity for hydrogen production and carbon dioxide. The carbon
dioxide can come from many different sources. Alternatively the inputs could be carbon dioxide and
hydrogen where the hydrogen would be produced by electrolysis.

Output
The output from the system is methanol and water.

Energy Balance
The energy balance is shown in the following figure. In this 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
32.84 MJ

Figure2 Methanol from Power Energy Balance

There are two sources of waste heat, from the electrolyzer used for hydrogen production and the methanol
synthesis reaction. The electrolyzer energy loss is the larger of the two soanckis lower quality. The
temperature of the waste heat will vary with the electrolyzer design and could range from 70 1€ 1&0

most designs. Solid oxide electrolyzers operate at much higher temperatures (700 40) &t would

have higher qualityxcess heat.

Typical Capacities

The one operating plant produces 5 million litres/year (4,000 tonnes of methanol, 3 MW) but it is as much a
demonstration plant as a commercial operation. The EU funded M&b@gpect brings together 8 partners
throughout Europe together for one mission: to demonstrate the economic feasibility of valorising
captured C®by turning it into a versatile platform chemical and renewable fuel such as methanol using
hydrogen producedrom 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 availability[d].CO



Atsonios et al [5] investigated the technical and economic aspects ofametiproduction 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 120,000 t of methanol per year. A facility this size would consume 165,000
t/year of CQ.

The90 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 than this and may be limited both by the
availability of C@and the size of electrolyzers, althglu large electrolysis systems can be built with
multiple electrolyzer stacks

Regulation Ability

The electrolyzers [7] have excellent load following capability and can respond to large load (100 to 25% of
capacity) changes within a fraction of a second. &tmmercial natural gas methanol production process

can take several days to reach operating capacity as both the natural gas reforming stage and the methanol
synthesis stages operate at high temperature and pressure.

I LIRGSNI G2 YSiKI y thé natuidlBad @Briningsstge Qut theknetBidhol synthesis stage
still operates at about 300 C and 85 bar of pressure. If this stage is not operated at a continuous rate there
will be significant loss of overall efficiency for the process.

Space Requirentds

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 will probably translate into more area per unit of
production. The 4,000 tpy CRI plant geland occupies 0.8 ha of land or 0.16 ha/million litres of methanol
(3,000 n/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.

The relatively small scale of the production systems will likely result in higher capital costs for the facilities.
The methanol production process is not well suited to intétenit 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. Gotz [8] investigated the cost of hydrogen storage for the SNG pathway, which
has a simdr 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 the capital cost of the hydrogen
supply electrolyzer.

Environment
The process is relativelyehign, 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 energy efficiency of the process is about 60%. The carbon dioxide input has no energy and thus
al 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 internally for thermal use and a third could be
available as low grade heat for district hieg systems.



Research and Development Perspective

Methanol 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 facilities or semi
commnercial 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 is at the early stage of development although both the hydpgeuction by electrolysis
and the methanol synthesis are well established technologies. There is moderate development potential for
the technology.

Examples of Market Standard Technology
Carbon Recycling Internationaffers a standard Powebn-Liquids pant design with nominal 50,000 ton/yr
methanol production capacity.

Carbon Recycling International
Holtasmari 1

201 Kopavogur

Iceland

Predication of Performance and Cost

Commercial scale plants will be at least an order of magnitude larger than the onatiogefacility and so

the prediction of operating performance and costs at scale are uncertain. Some predictions of future costs
have been made in the literature and theses are discussed later in this section.

Uncertainty

The one demonstration plant hdseen operating for several years and the process steps have been
commercially practices for many years. The overall uncertainty is with the integration of the two
technologies, the potential need for a third stage to produce the requireg @@l the scalaility of the
technologies.

Additional Remarks
The technology offers the opportunity to produce a liquid fuel (methanol) from electricity and is a potential
means to address the range limitations of battery powered electric vehicles.

There are three typesf electrolyzers that could be considered for the hydrogen supply. There are the
traditional alkaline cells, the emerging polymer membrane systems and potentially solid oxide electrolysis
cells [9].The characteristics of each are summarized in the foligwable.

Alkaline Cells Polymer Cellg Solid Oxide Cells
Operating TemperaturéC 60-80 60-80 750-950
Pressure 32 bar| 100 bar potential 100 bar potential
Electrical Efficiency (HHV) 75-85% 10-85% 90%
Stage of Development Commercial Commerciall Under development
Products H, and 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 technogies available that can produce gasoline from methanol [10] which would allow the
fuel to be used in existing gasoline powered vehicles. The methanol to gasoline process is very efficient so
that the overall efficiency of power to gasoline is not sigaifity lower than power to methanol. Capital

costs are higher due to the extra process step.

Quantitative Description
The quantitative description of the technology is provided below.

Typical Plant Size

Carbon Recycling International is offering processkpges for 50,000 tpy plants. This is an order of
magnitude scale up from the existing facility. Other analysis has been undertaken on plants of 140,000 tpy
[5] and 440,000 tpy [8].

Input and Output

The process requires carbon dioxide and hydrogen to predunethanol. The hydrogen would be produced
through electrolysis so electricity becomes the process input rather than hydrogen. Theo@® come

from many different sources and depending on the source, there could be some thermal energy and
electric powe required to concentrate and purify the gd=or this work it has been assumed that the,0

the process input and is of the required quality.

Parameter Input Output
Electricity 9.5 MWh
Hydrogen (0.14tH)
Carbon Dioxide 141
Methanol 1 tonne
Water 0.59 tonne
Oxygen 1.5 tonne

Table2 Mass and Energy Flows

Forced and Planned Outage

The methanol synthesis stage of the process performs best when operated continuously, close to capacity
and for extended periods of timé:orced outages need to be minimized and the plant should be able to
operate at an average annual rate of 95% (15 days per year downtime).

Technical Lifetime
Methanol plants have long operating lifetimes. Due to the maturity of the technology, plantrideis
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 expeetd to be two years.

Financial Data
The financial data is extracted from literature reports since no commercial plants have been built.



Investment Costs

The investment costs for three plant sizes from three reports are shown in the following table. Tlessma
plant has the highest capital costs, as one would expdwe. medium and large plants have similar capital
costs, reflecting either the uncertainty in 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) M Z 0 0 Me@HkyQ MZHY Me@HyQ

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 capit@sied ore67 per tonne of methanol produced.
Perez estimated the O&M costs a¥0 per tonne of methanol. It is assumd#tht 50% is fixed O&M and
50% isvariable O&M.

Startup Costs

Startup costs are included in the O&M costs above, however this teolggatan take several days to start

up and a similar time to shut down so the system performance will deteriorate significantly if the process is
started up and shut down frequently. Starp and shut down 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 GRWh will result in GHG emissions that are less than gasoline.



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 50 100 125 150 50%| 150% 50%| 150%| A,B 4,5,11
Typical total plant size, MW 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/MWhinput 0.58| 0.58| 0.61| 0.63| 0.65| 100%| 133%| 100%| 133% D 2,3
District Heating Output,
MWh/MWHh Total input 0.25| 0.25| 0.25| 0.25| 0.25 0%| 100% 0%| 100% E 2,3
Forced outage (%) 0
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
6ae ka2 aSiKlIy2ft(y 451 4.51 3.01 2.26 1.50 50% 100% 80% 120% F 1,356
- equipment (%) 75 75 75 75 75
-installation (%) 25 25 25 25 25
CAESR hsa 6ae ka? 0053 0053 0.053] 0.053] 0.053 90%| 110% 90%| 110% , 1
+F NAFo6fS hga o€ « 627 6.27 6.27 6.27 6.27 90% 110% 90% 110%| E,F 1
{GdF NI dzZLd 6ae kmIf 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 dasity (kg/l) or (ton/m3) 0.79 0.79 0.79 0.79 0.79
Specific investment
bae kmInnn G aSiK 30 3.0 2.0 15 1.0 50%| 100%| 80%| 120%| F 1,3,56
- equipment (%) 75 75 75 75 75
-installation (%) 25 25 25 25 25
CAESR hsga 6ae «km3 0.035 0035 0035 0035 0035 90%| 110%| 90%| 110% , 1
+F NAFo6fS hga oOac 0.035| 0.035| 0.035| 0.035| 0.035 90%| 110% 90%| 110%| E,F 1
{01 NI dzLJ 6ae kmZA 0 0 0 0




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 G4/k tonne is million euro per 1,000 tonnes
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Quialitative Description

Synthetic Natural Ga(SNG) is produced by the methanation of biogas. The main components in biogas are
methane and CO The content of COmay vary between about 350 vol. % depending on the actual
biogas production technology. The carbon dioxide in the biogas is reactedhyilrogen to produce
additional methane. Alternatively, SNG can be produced via gasification of biomass which is described
Biomass Gasificatiorgeneral introductiorand the subsequent chapters

This chapter does not considéhe production of the hydrogen as there are multiple production options
available.

Biogas, hydrogen production, and methanation are all commercial technologies but the combination of the
three processes is a concept that is still at the research, denetapand deployment stage.

Brief Technology Description

The core unit in a methanation plant is the hydrogenation/methanation unit in whichisC€nverted to
methane by reacting with hydrogen. A catalyst is usually used for this process. The methasatioon is
exothermic and will generate large amount of heat. There is also some research and development work
being undertaken on biological conversion routes THis section is based on the chemical route.

biogas

Biomass ———> y» =3 Bjomethane
—> H,0

Digestion Methanation
H,

EleCtriCity
oy sy —>0,

Electrolysis

Figurel SNGProcess



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 iggsented 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
Aa oO0F&aSR 2y aGLINRBOSaa 02y OSLIi repart [2hThis id Based ¢ndhk BidggasC S R S
having 65% methane; gas with less methane will require more hydrogen and have a different energy
balance.

Biogas SNG
53.36 MJ 89.3 MJ
Heat
':gdgg%ﬁ? Recovered
’ ' 10.54 MJ
Electricity Heat Loss
0.76 MJ 0.16 MJ

Figure2 SNG Energy Balance

The methanation stage is relatively efficient withns® high temperature (>100 C) heat recoverable from
the process.

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 demonstration plant was the Audjaesplant in Wertle, Germany with a hydrogen
production capacity of 6 MW. The plant output was 325°Miv1(88,000 GJ SNG/year) (3 MW) [3]. Gotz et

al undertook their techneeconomic analysis on a plant that produced 1000°Kik (270,000 GJ/year) (9

MW).

The oncept could also be applied to other sources of carbon dioxide such as biomass gasification or
industrial processes that produce high quality,GGch as ethanol production, some natural gas processing
plants and processes such as ethylene oxide produdtg. 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 for the methanation stage.

The nethanation 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 COSYMA (Container Based SystemMethanation) 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 requirements will be less than teeegpaicements

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 likely embodiment of the conakmireduce 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 distribution
systems.

The size of thelants 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 number of systems that have amiated 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 quantities of SNG. TBeBiGas projedn Goéteborg 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 ¢imehopdrogen is
produced, hydrogen from electrolysis produced with renewable electricity will produce SNG with low GHG
emissions. Some of the other potential systems which utilize f@@ 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 than from the methanation process.

Research and Development Perspective

SNG productin 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 facilities or semi
commercial plants. However, due to the limited application, the price @erformance 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 subrocesses are all commercial processes although the commenatianation
processes are generally at a larger scale than would be required for biogas plants. What is required for
commercialization is the system integrators who can integrate hydrogen production and methanation into
a system that can be added to theobas production unit.



Examples of Market Standard Technology
Haldor Topsge offers methanation technology, their TREEMfcess. The applications of the technology
have been in larger fossil based industries.

The applications of the technology to smalbéogas 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 thaitners 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 and demonstration plant performance.

The Vienna University of Technology [5] is offgra 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 Potee6Gas Plants. They built the Audgas plant in Wertle, Germany in
2013. They claim to offea modular structure that is suited for outdoor usthe plant consists of the
following operating modules:

power electronics with rectifiers (connection to medium voltage level)
water treatment system

hydrogen production (alkaline pressurized electraysi

CQ feed gas treatment

methanation reactor

cooling system

ancillary systems

=A =4 =4 4 -4 -4 -4

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 takié @3smissions from a
coal fired power plant and combine them with hydrogen to produce SNG which will then be fed into an
existing gas grid [6HZI will supply the electrolyzer and the methanation unit.

Predication of Performance and Cost

Each of the thee processes involved in the concept is a commercial process at some scale. What is not well
developed is the integration of the three processes and the demonstration of the methanation at a suitable
scale. With very limited commercial deployment of ttencept 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 relatiwe high level of uncertainty with respect to the performance and cost.

Additional Remarks
The Audi ggas plant in Wertle Germany is shown in the following photo.



Figure3 SNG Methanation Plant

As with the discussion of power toathanol there are multiple options for hydrogen production for SNG
systems. Haldor Topsge designed and constructed a pilot plant that became operational April 2016 [7]. The
design capacity is 10 Nfh of upgraded biogas. This capacity requires approx. B0 dolid oxide
electrolyzer cell, which is provided by two Fuel Cores, each consisting of 4 SOEC stacks. Haldor Topsge A/S
also designed the biogas cleaning unit and the methanation plant which is located at the Agricultural
Research Centre of Aarhus Unsigr at Foulum, Jutland.

The system has proven to be capable of withstanding power loss with having a significant negative impact
on the methanation catalysiThe high efficiency of the SOEC hydrogen production system should lead to a
better energy balane than show irFigurel in chapter

98 Methanol fromPower. The facility is shown below.



P

Figure4 Haldor Topsge SNG Pilot Plant

Quantitative Description
The theoetical chemical reaction that occurs with methanation of biogas is shown below.

CQ+4RbCH+HO

The reaction 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%.

The catalytic methanation reaction has been known since 1902. &tteology has been developed 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 thawill determine the 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 towarder Iptgnts, driven by cost
reductions related to economgf-scale effects for the biogas plant and in particular the upgrading facilities.

Biogas SNG systems have about double the gas output of the biogas or 140,000 to 1.4 million GJ per year.
This range ifrom 2 to 20 times the size of the operating Aue&s 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. Theesysiutput is SNG with about 98% methambere

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
changing catalysts.

Technical Létime
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 and methanation stagesué 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 capital costs for metharfiagiara low of
36,000€/GJ/hr SNG to 415,000 k D VBRN®&. MJsmall plant producing 70,000 GJ/year could have capital
costs of 3.36 millior to a high of 29 milliore (€48/GJ toe414/GJ). Gotz concluded that the costs at the
low end of the range were the nso 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€osts

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 costs. Little information ite 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.



Startup Costs

The startup costs are expected to be low in a wadlsigned syst®. Some capital investment on
intermediate storage of hydrogen and or 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 methanation design and the abpusad for gas clean
up. The data from the Swiss project for the gas composition before the final-afeane shown in the
following figure.
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Figure5 Gas Composition Prior to Final Cleap

With some gas cleanp methane level®f 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, however as it is expectethéhgas will be injected

into the grid and cemingled with fossil natural gas at a low concentration, there will be no impact on the
final users.



Data sheet

The information on the SNG production process is summarized in the following 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 SNG/year 70 100 250 500 700 75%| 125%| 75%| 125%| A, B 1,7
Typical total plant size, MW 2.3 3.3 8.3 16.5| 23.1 75%| 125% 75%| 125%| A,Al, B|1,7
Inputs
Biogas Consumption, MWh/MWHh Total Inpu| 0.53| 0.53| 0.53| 0.53| 0.53 80%| 120% 80%| 120% C, | 2
Hydrogen Consumption,
MWh/MWh Total hput 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| 0.01| 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 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 Ay@SaidySyi 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 hsa 6ae ka2 k&g 0044 0036 0.030] 0.024| 0.018 90%| 110%| 90%| 110% 1
VilNAF 6t S hsa 6e€e ka2 K 5.18| 4.32| 3.60| 2.88] 2.16 90%| 110%| 90%| 110% 1
{dF NI dzZld 6¢ 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@SadvySyid | 0036 003 0025 0.02| 0015 50%| 150%| 50%| 150% H 1
- equipment (%) 75 75 75 75 75
-installation (%) 25 25 25 25 25
Fixed@a 6e€ kDW {bDO0 0.14| 0.12| 0.10|{ 0.08| 0.06 90%| 110%| 90%| 110%
+F NAFofS hga o6e kDW| 014 012 010/ 0.08| 0.06 90%| 110%| 90%| 110%
{dF NI dzZlJ 6e¢ kDW { bD( 0 0 0 0 0




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 hydrothermal processing conditions are @BIPC 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 of reactions, 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 Desgiion

A biomass slurry is fed into reactors at high 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 th@roduct stream is degassed and the liquid is separated into an
agueous phase and an oil phase. The agueous phase is recirculated through the reactors and oil is available
for market or further processing. The gas is used internally in the process ta@ring thermal energy.

The basic process flow is shown in the following figure.



—>

Reactor

—

~ —>»co,

Gravimetric
Separator

Aqueous

Biomass w3 <=  Product

Additives ———3p <€

Mixer

—

» H,0 = = HTL Oil

Qil
Product

Figurel Hydrothermal Liquefaction Process Flow

Input

The process inputs are biomass, water, and an alkali catalyst. Some electricity isdrequiggerate the

process.

Output

The primary output from the system is the bd 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 eactor operating temperature.

Energy Balance

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 input was 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 firseaahm
plants will produce 2,000 bbls or oil per day (140 MW) and consume 240,000 odt of feedstock per year [6].

Zhu [7] undertook a techreconomic analysis of an HTL plant and upgrader that processed 2,000 odt per
day and produced 3,780 to 4,900 bblsadlf per day. The low 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 plantenGhe high pressure and
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 requirenmas are likely to be 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 edtins that the area required 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 liquidithy a low oxygen content 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 also make the fuel easier to hydro treat to rembeeoxygen and upgrade the fuel so

that it is suitable for more demanding applications such as the use in transport diesel applications. The
product could also be used as a bio crude oil for use in existing petroleum refineries to produce bio
gasoline andliesel blending components.

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 where biomass avadability i



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 Perspective

Hydrothermal liquediction of biomass to produce a bl 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 of the technology.

There is potential to improveigids 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 technology there are no martegidard technologies. One of the leading
development companies with this technology is the Daiistmadian company Steeper Energy. They have
recently announced plans [1] for an industrial scale demonstration plant at a former pulp mill located in
Tofte, Noway with their partner Silva Green Fuel, a Norwegtavedish joint venture.

Steeper Energy
Sandbjergvej 11

DK 2970 Hgrsholm
Denmark
http://steeperenergy.com/

The other major technology supplier is the Austrai@mpany, 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 Arthur Street

North Sydney NSW 2060 Aralia
http://www.licella.com.au/contact/

Predication of Performance and Cost

Given the early stage of development predictions of performance and cost are uncertain. The
announcement of an industrial scalemonstration facility is a significant step in the development of the
technology.

There is some discussion in the literature [7] of the current state of the art with respect to performance and
capital and operating costs. These estimates have been deselby 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 the technology.


http://steeperenergy.com/
http://www.licella.com.au/contact/

Additional Remarks

There is significant interest ithis pathway from petroleum refiners. Due to the low oxygen content of the
product the refiners there is the potential for the product to be-mmcessed in existing refineries with
minimal modifications.

HTL oil is very viscous which will limit the patel applications of the oil to a replacement for other heavy
viscous oil in applications like boilers. The physical properties of HTL can be improved by hydrotreating the
oil.

Jensen et al [9] have reported that about 2% wt. hydrogen is consumed wheailtig 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 hydroti@ted 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/KQ) 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/qg) 55.7 0.0

Tablel Hydrotreated HTL Properties

Quantitative Description

The reaction chemistry of hydrothermal liquefaction is complex, and many different chemicalonsact

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 Chemic&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 per day. Teebmoomic assessments [7] have
considered plants of 5,000 bbls/day as long term design objecivese different plant sizes are shown in

the following table with different approximate equivalent metrics.

Volume Based, bbl/day Input Mass Based, tpy  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 théollowing table.In addition to the parameters shown in the table there would
420 GJ of produced gas that is utilized in the process.

Input Output
Wood, tonnes/day 350
Power, kWh 93,325
Bio-oil, bbls/day 1,000 Bbls

Table3 Typical Input and Output

Forced and Planned Outage
Harris Group prepared a report on HTL reactor design for the National Renewable Energy Laboratory (NREL)
and used a 90% on stream design factor. That allows 36 days per year for system maintenance.

The caonbination of a solid feedstock and the high pressures involved have been problematic for systems
like pressurized biomass gasification systems. Harris reportedptivaary challenges associated with the



reactor section design were (1) maximizing heat gné&tion, (2) managing the potential for poor heat
transfer from the reactor effluent to the reactor feed due to the potential for high viscosities in the feed
streams, and (3) minimizing cost associated with the reactor system itself, given the venedigted
pressures. It is possible that the first large scale demonstration plants will experience some forced outages
as these challenges are addressed.

Technical Lifetime
Plants of this type would normally be designed for at least a 20 year lifetime.

Congruction Time
Construction periods of 2 years are likely due in part to the fabrication time of the specialty high pressure
reactors involved in the process.

Financial Data

Several sources of detailed information [7] [10] [11] [12] on capital costs andhtipg costs are in the
public domain. These have mostly been generated by independent third parties and not by the leading
process developers. However, Pedersen et [12] are involved with Steeper Energy so the information from
this paper has been used ihg data sheet. The information from of the reports is discussed below.

Investment Costs

Zhu [7] and Pedersen [12] provided information for both the production of HTL and for upgrading the HTL
to a pure hydrocarbon... The capital costs are compared in dflewfing table.The Harris Group [10]
investigated five different designs with widely 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 $1,646 millior] $225
Investment

Best case $364 million

Table4 Capital Cost Comparison

%KdzQa O2al0 SadAYFGS 461l a LINBLINBR dzaAy3d ! a@Sy t N
potential missing equipment in the design. The Harris estimate is an engineering estimate based on vendor
guotes for the equipment. Both use factors for the installation costs and indirect construction costs.

Using the Pedersen estimate and an outmft 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 Zhureport does 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 millian

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 wssnped per litre of

gasoline equivalent (LGE). We have converted that to a per litre of HTL basis by assuming that 1 LGE is
equal to 0.90 litres of HTIChe 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$/litre/(@dpband the
fixed O&M is 0.10 US$/litre (0.@8litre).

Startup Costs
The startup costs are included in the operating cost estimates.

Technology Specific Data

The properties of the Hydrofactienoil produced by the Steeper Energy process are shavting following
table [2] and compared to typical values for heavy fuel oil [3]. Theibibas some oxygen which reduces
the energy content and increases the density but the properties are broadly similar. TFb#é Wiscosity is
very sensitive to thedamperature and is more viscous that the petroleum HFO at the same temperature.



Parameter Hydrofactiorm Oil 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 Poih, C 24 15
Flash Point, C 29 100
Kinematic viscosity at 40 °C, rfim 17,360

Kinematic viscosity at 50 °C, fim 200-600
Kinematic viscosity at 60 °C, i 1,545

Table7 HTL BieOil Properties




Data sheet
The information onHTL 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 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 n.a. 120 180 250 300| 5006 125%| 75%| 125%| A,B |1,6
Typical total plant size. MW n.a. 145 220 300 360| 500 125%| 75%)| 125%| A,Al,B|1,6
Inputs

Feedstock Consumption, MWh/MWh Total na. 0.95 0.95 0.95 0.95

Input 90%| 150% 90%| 125%

Electricity Consumption, MWh/MWh Total Inp| N-a. 0.05| 0.05| 005 005 7506 125% 75%| 125%

Outputs

Bio Oil Outpty MWh/MWh Total Input n.a. 0.82 0.82 0.82 082  90%| 110%| 90%| 110%

Coproducts Output MWh/MWh Total Input n.a. 0 0 0 0| 90%| 110%| 90%| 110%

Forced outage (%) 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 Ay@SadySyid ( na 2.20 1.65 1.24 110 759 125%| 75%| 125%| D,G |6,8

- equipment (%) n.a. 75 75 75 75

-installation (%) n.a. 25 25 25 25

CAESR hsa 6ae k a? na.| 0063 0063 0063 0063 759 125%| 75%| 125%| F,G
tF NAF6fS hsa 6e ka2 K| ha| 14013 14.013] 14.013| 14.013| 750| 125%| 75%| 125%| F,G
{dF NI dzZld 6e€ «ka? .Az2| na 0 0 0 0

Technology specific data

Specific energy conte (GJ/ton) HTL) 36.7 36.7 36.7 36.7 36.7

Specific density (kg/l) or (ton/m3) 1.05 1.05 1.05 1.05 1.05

{LSOATAO Ay@SadySyd (| na 2.67 2.00 1.50 133| 75%| 125%| 75%| 125%| D,G |6,8
- equipment (%) n.a. 75 75 75 75

-installation (%) n.a. 25 25 25 25

CAESR hsgsa o6ae€ kmEInnn| na| 0076 0076 0.076] 0.076| 7506 125%| 75%| 125%| F,G

+F NAF6fS hga oae kmx| na| 0143 0.143| 0.143| 0.143| 750 125%| 75%| 125%| F,G

{GFNIi dzZlJ 6ae kmZInnn n.a. 0 0 0




Notes:

J.  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.
K. 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.

This is twice the time normally found in process operations.
Capital costs for n" plant are used for 2050 and earlier costs are estimates.

L
M
N. These are based on extrapolated pilot plant results.
0. N"plant estimates

[=]

M G4/ k tonne is million euro per 1,000 tonnes
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Quialitative Description

Catalytic hydropyrolysis (CHyP) of biomass is the thermochemical conversion of biomass -itcobio
liquid fuels by processinwith hydrogen and a catalyst to break down the solid biomass structure to liquid,
gaseous and solid components. Typical catalytic hydropyrolysis processing conditions -@i#b 3715 of
temperature and operating pressures from 10 to 30 bar.

There are a nmber of possible configurations of the technology. In some proposed configurations the
catalytic hydropyrolysis stage is followed by a further hydrotreating stage andidrlguid fuels in the
gasoline and diesel range can be produced instead ebihihike the fast pyrolysis process, the feedstock
must be appropriately 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 bed reactor 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 hydmgdgadded. After that hydroconversion reactor the
gaseous stream is condensed and the condensed liquid is phase separated into an aqueous phase and an oll
phase. There is also an uncondensed gaseous phase. In some systems the liquid is further hydlavicbate
distilled to produce gasoline and diesel fuel fractions. The aqueous phase and uncondensed gas can be
steam reformed to produce the energy and hydrogen required by the process. The basic process flow is
shown in the following figure.
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Figurel: Catalytic Hydropyrolysis 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 commercializatermytirogen can be
produced internally using the produced gas and char.

Output

The energy containing outputs from the system can be organic liquidsilhidiochar, gas and heat. The
gas could be a source of £for methanization for SNG production. Tkeis also water produced by the
system. Other configurations consume the gas and the char to produce the hydrogen.

The bicoil produced in the first reactor will still have some oxygen in it, although at reduced levels
compared to the fast pyrolysis proceslt will have limited miscibility with 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 balamcfor 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 undertaken in a floédl reactor with a cobalt molybdenum catalyst,
followed by deep hydrodeoxygenation using a nickel molybdenum catalyst in the hydroconversion reactor.
Since this is based on an experimental system it is not fully optimized and the char, gas, and ex@ss heat
shown as products.
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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 based omenewable gasline and diesel produced by the integrated hydropyrolysis and
hydroconversion (I process at an existing petroleum refinery in the United States. This process has been
optimized to produce liquid products and it utilizes all of the char and gas to ysupel energy and
hydrogen requirements for the process. It is this process which has received the most attention in the
literature and has published techreconomic assessments. It is this process that the primary data sheet
has been based on.
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Char and Gas
for Internal
Consumption
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Figure3: Catalytic Hydropyrolysis Energy BalangeConfiguration 2

Alternative configurations may be possible, particularly where the char has higher value applications than
just energy production, but then other energy inputs into thetegswould be required.

TypicalCapacities
CRI Catalyst, the company developing thé ti¢hnology has a demonstration facility in India which
processes five metric tonnes of feedstock per day on a dryfrastbasis [3].



They claim that they have provided IH Technology 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 waste anldozded and itegrated 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
and 1,500 tonnes biomass/d@jants 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 five plants, each prddi@imglion 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 aetmmtwmic study of
2,000tonnes/day wody 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 the required reactor residetioe 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 feedstock storage. The NREL
techno econornit 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.

AdvantagegDisadvantages

The primary attractiveness of the technology is that biomass camiveected 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 higiressure 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 emission performance of the prodwill 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
emission performance will be very good. When the hydrogen is supplied externally from déassitaes,

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 will contain a range of lightdogitbons, carbon monoxide and dioxide and
hydrogen. It is suitable for combustion and can replace natural gas or other fossil fuels.

Biochar could have a number of potential applications. It has been used as a soil amendment and it appears
to stimulate plaat 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.



Researctand Development Perspective

Catalytic hydropyrolysiof biomass to produce either bl or 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 of the technology.

There is potatial 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 this is a Category 1 technologyréhe@re 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 Royal Dutch Shell.

CRI Catalyst
Londa England

https://www.cricatalyst.com/cricatalyst/contactis

Predicaton of Performanceand Cost

Given the early stage okgtelopment 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 was done on a mild catalyticolygis 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 witrespect to performance and economics due to the stage of the
development of the technology.

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 theroduct to be ceprocessed 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 is from Marker [9) and is deperuterhe
feedstock (values for wood are shown). The amount of deoxygenation after the first stage is significant
compare to other pyrolysis systems and hydrothettiguefaction (HTL) processes.


https://www.cricatalyst.com/cricatalyst/contact-us.html#iframe=L2Zvcm1zL2VuX3VzX2NyaV9jYXRhbHlzdF9jb250YWN0X3Vz

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/g) 2.2 <0.001

Tablel: Catalytic Hydropyrolysis Oil Properties

The first stage product has specific gtawf 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 biochar produced from wood was analyzed bykda[9] and the results @& 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 hydarbons 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 sgieppby the US Department of Energy and there

are a number of progress reports on the technology that are available detailing research between 2010 and
2017 [8] [9] [10].

EnergyTechnicaData
Some quantitative information on the process is presented below



Typical Plant Size
The technology has not yet moved beyond the pilot plant stageaiél planning 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 115million 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 tHellowing table. This plant produced its own power 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 andutputs that were used for the LCA study in the same 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 rhgdrogen than the process required
and the excess was exported to the adjacent oil refinery.

Input Output
Wood, tonnes/day 1,000
Power, kWiiday 5,880
Gasoline, litres 213,000
Diesel, litres 120,000
Export steam, 1000 kg/day 1,450
Excess hydgen, 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 anmature technology a two week allotment (4%) is provided for forced allocations.

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
Corstruction periods of 3 years were allowed for the NREL teguomomic study.

Financial Data
There is limited recent financial data available for the proc8$se NREL study has the most detail
available.



Investment Costs

bw9[ Qa wp8& Ol Lis bdsdd ora2DAD tp§ dihiplat bnd $as geported in 2007 US dollars. A
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 sgus¢énaehts to provide a

more direct comparison and found that the costs were within 15% of each other. The tecbnomic
analysis published by Thilakaratne et al [6] has a much lower liquid product yield so it is not considered in
this analysis.

Parametes 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

¢lFyQa O2ail Rdstckyréparatibnytasts (aRReening &nd grinding) which 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 waalso produced 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 cosi2Mtre (US $).

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 from 2015 {16 AYRAOFGS GKIFG GKS FAYAAKSR 3l azft A
gasoline and diesel specifications and most of the issues are related to high aromatic contents. A 2018
presentation [13] indicates that the products do now meet the EN 228 stahdar gasoline (35%
aromatics max) and EN 590 for diesel except for the cetane number.

Data sheet

The information on catalytic hydroprocessing is summarized in the following table. Since there are no
operating plants in 2015, the data is presented for fhears 2020 to 2050. The data table is based on
Configuration 2, since that is the closest to commercialization.



Catalytic Hydroprocesing Datasheet, Configuration 2

Technology Catalytic Hydropyrolysis con®
Uncertainty Uncertainty
2015| 2020 2030| 2040 2050 (2020) (2050) Note Ref

Lower | Upper | Lower | Upper

Enengy/technical data

Typical total plant size 1,000 t Bio Oillyear| 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, Al,B| 3,4
Inputs

Feedstock Consumption,

MWh/MWh Total Input na.| 0.99| 099 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

Bio Oil Output, MWh/MWh Total Input n.a. 0.55 0.57 0.58 0.6 90%| 110% 90%| 110% D
Coproducts Output MWh/MWh Total Inpy n.a. 0 0 0 0 90%| 110% 90%| 110% D

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

Specificy #Sa G YSyd o6ae «k| na| 278 158 1.15| 093] 75% 125% 75%| 125% C,F |5,11

- equipment (%) n.a. 75 75 75 75

-installation (%) n.a. 25 25 25 25

CAESR hsgsa o6ae ka?2«ké@ na| 0027/ 0.027| 0.027| 0.027 75%| 125%| 75%| 125%| E,F

+I NAFo6fS hga o6e ka?l na. 131 131 131 131 75%| 125% 75%| 125% E,F

{GFNI dzZld 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 Ay@SadyYSyd na| 396 224| 1.64| 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 hsga o6ae kmInn na| 0039 0.039| 0.039| 0.039 75%| 125%| 75%| 125%| E,F
+F NAFofS hga 6e€ km3 na.| 0016 0016 0.016| 0.016| 75%| 125% 75%| 125%| EF
{GF NI dzZLd 6e¢ kf . A2 n.a. 0 0 0 0

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 8,00 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. Capital costs for'fiplant are used for 2050 and earlier costs are estimates.

D. These are based on extrapolated pilot plant results.



E. N"plant estimates

F.a ek] G2yyS Aa YAftA2y SdaNB LISNI mInnn G2yySa

G. The values are prior to distillation into the diesel and gasoline fractions.

A separate data sheet is provided for configuration 1. This is not a complete data set as this configuration is
based on research dtlies and no scale up or costing of the configuration has been undertaken.

Catalytic HydroprocessinBatasheet¢ Configuration 1

Technology Catalytic Hydroprocessingonf. 1

2015 | 2020 | 2030 | 2040 | 2050 Uncertainty Uncertainty Note Ref

(2020) (2050)
Lower| Upper | Lower | Upper
Energy/technical data
Typical total plant size 1,000 t liqui n.a. 40 80 120 160 50% | 125% | 75% 125% | A, B 3,4
fuels/year
Typical total plant size. MW n.a. 57 114 171 228 50% 125% 75% 125% | A Al 3,4
B

Inputs
Feedstock Consoption, MWh/MWh | n.a. | 0.77 | 0.77 | 0.77 | 0.77 | 90% | 150% | 90% 125% C 1
Total Input
Hydrogen Consumption, MWh/MWK n.a. | 0.23 | 0.23 | 0.23 | 0.23 | 75% | 125% | 75% 125% C 1
Total Input
Outputs
Liquid Fuel Output, MWh/MWh Totgd n.a. | 0.38 | 0.38 | 0.38 | 0.38 | 90% | 110% | 90% 110% C 1
Input
Biochar, OutputMWh/MWh Total Input | n.a. 0.13 | 0.13 | 0.13 | 0.13 90% 110% 90% 110% C 1
Gas OutputMWh/MWh Total Input na | 031 | 031 | 031 | 031 | 90% | 110% | 90% 110% C 1
District HeatMWh/MWh Total Input na | 018 | 0.18 | 0.18 | 0.18 | 90% | 110% | 90% 110% C 1
Technology specific data
Specific energy content (GJ/ton) 43.0
Specific density (kg/l) or (ton/f 0.83
Notes

A. The plant size range is likely limited by the feedstock availability.

Al. This value is theohlrly 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 plaimt operation yet.

C. These are based on extrapolated pilot plant results.
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