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Amendment sheet  

Publication date 

tǳōƭƛŎŀǘƛƻƴ ŘŀǘŜ ŦƻǊ ǘƘƛǎ ŎŀǘŀƭƻƎǳŜ άTechnology Data for Renewable Fuelsέ ƛǎ WǳƴŜ нлмтΦ  

Amendments after publication date 

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

Date Ref. Description  

04 2021 Chapter 104 Methane pyrolysis added 
04 2021 Chapter 86,87,88 The three chapters on electrolysis (86 Solid Oxide Electrolyzer Cell, 87 

Low Temperature Proton Exchange Membrane Electrolyzer Cell (LT 
PEMEC), and 88 Alkaline Electrolyzer Cell) have been replaced with one 
chapter (Chapter 86). Both text and data sheets have been updated. 

02 2021 Chapter 103 Green Ammonia production added 
07 2020 Chapter 102 Minor adjustment in DH output for hydrogen to jet, note letters fixed 

and note added 
05 2020 Chapter 102 Power to Jet added. 
02 2019  Minor corrections to text in all chapters. New figures and tables in 

introduction. 
Version number added to front page. 

02 2019 Chapter 101 Financial data added for configuration 1 (catalytic hydropyrolysis) 
02 2019 Chapter 85+96 The two chapters 85 and 96 on biofuels from gasification + Fischer 

Tropsch have been merged to one chapter that is now Chapter 85.  
12 2018 Chapter 101 Catalytic Hydropyrolysis added 
12 2018 Chapter 89-100 Datasheets revised 
09 2018 Chapter 89, 90, 

91, 92, 93, 94, 95, 
96, 97, 98, 99, 
100 

Large update, with addition of 11 technologies.  

03 2018 Chapter 83,84,85 Thermal gasification added.   
03 2018 Chapter 86,87,88 Electrolysis added.   

 

The newest version of the catalogue will always be ŀǾŀƛƭŀōƭŜ ŦǊƻƳ ǘƘŜ 5ŀƴƛǎƘ 9ƴŜǊƎȅ !ƎŜƴŎȅΩǎ web site.  
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Preface 

The Danish Energy Agency and Energinet, the Danish transmission system operator, publish catalogues 

containing data on technologies for energy carrier generation and conversion. This current catalogue includes 

technologies for energy carrier generation and conversion. 
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Introduction 
This catalogue presents technologies for generation and conversion of energy carriers. In particular: 

production of hydrogen by means of electrolysis, biofuels from biomass and production/upgrade of 

biogas/syngas. 

Most of the process are characterised by multiple inputs and multiple outputs, which include for example 

different fuels/feedstocks, electricity and process heat (recoverable or lost). 

Upstream and downstream processes are not included - the datasheets do not provide information on prices 

for fuels, environmental impact from fuel procurement, or the economic consequences of the substitution 

of fossil fuels with liquid fuels produced from biomass. 

The main purpose of the catalogue is to provide generalized data for analysis of energy systems, including 

economic scenario models and high-level energy planning. 

These guidelines serve as an introduction to the presentations of the different technologies in the catalogue, 

and as instructions for the authors of the technology chapters. The general assumptions are described in 

section 1.1. The following sections (1.2 and 1.3) explain the formats of the technology chapters, how data 

were obtained, and which assumptions they are based on. Each technology is subsequently described in a 

separate technology chapter, making up the main part of this catalogue. The technology chapters contain 

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

technology data.  

General assumptions 

The data presented in this catalogue is based on some general assumptions, mainly with regards to the 

utilization and start-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, they feature a high number of full load hours (around 8000 h/y) and a reduced number of start-

ups (5 per year). 

On the other hand, electrolysers are assumed to be designed and operated for approximately 4000 full load 

hours annually. In particular, use the advantage of lower power prices by producing e.g. in hours of high 

renewable energy production (similarly to heat pumps). The assumed number of start-ups and consequent 

shut-downs for electrolysers, unless otherwise stated, is 50 per year. 

Any exception to these general assumptions is documented in the relative technology chapter with a specific 

note. 
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Qualitative description 

The qualitative part describes the key characteristics of the technology as concise as possible. The following 

paragraphs are included where relevant for the technology. 

Contact information 

Containing the following information: 

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

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

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

Brief technology description 

Brief description for non-engineers of how the technology works and for which purpose. 

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

Input 

The main raw materials and other forms of energy consumed (e.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 energy carrier as well as co-product or by-products, for example process heat. Temperature of 

the output heat is specified as well. Non-energy outputs may be stated as well, if relevant. 

Energy balance  

The energy balance shows the energy inputs and outputs for the technology. Here an illustrative diagram is 

shown based on data for the year 2015, thus currently available technology.  

For process heat losses and produced energy carrier, it is important to specify information about temperature 

and pressure. 

The first important assumption is that the energy content of all the fuels, both produced and consumed, is 

always expressed in terms of Lower Heating Value (LHV). As a consequence, because of the presence of some 

latent heat of vaporisation, the energy balance may result in a difference between total energy input and 

total energy output. 
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Figure 1 Example of Energy balance. All inputs sum up to 100 units. 

For comparison, 100 units of total input are used to standardize the diagrams. This choice allows the reader 

to easily calculate the efficiency for each of the output, which will be directly equal to the energy value in the 

balance. 

Each of the inputs and outputs has to be accounted for in the diagram, including auxiliary electricity 

consumption in input and process heat losses in output  

Auxiliary products, as for example chemicals and enzymes, will in general only assist the process and are then 

not relevant for the energy balance. They should just be included as auxiliary product input data. 

Typical capacities 

The capacity, preferably a typical capacity (not maximum capacity), is stated for a single plant or generation 

facility. In case different sizes of plant are common, multiple technologies can be presented, e.g. Large, 

Medium and Small. 

Regulation ability 

Mainly relevant for hydrogen technologies where 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 part-load or fast regulation lead to increased (or lower) wear and hence increased cost. 

Space requirement 

Space requirement is specified in 1,000 m2 per MW of thermal (Typical plant capacity). The space 

requirements may for example be used to calculate the rent of land, which is not included in the financial 

cost, since this cost item depends on the specific location of the plant. 

Advantages/disadvantages 

A description of specific advantages and disadvantages relative to equivalent technologies. Generic 

advantages are ignored; e.g. renewable energy technologies mitigating climate risks and enhance security of 

supply. 

Wood pellets    90

BioSNG
Plant

BioSNG     57

   Heat                    16
             (high temp.)RME     2

Electricity     8
   Process Heat        30

              (low temp.) 
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Environment 

Particular environmental and resource depletion impacts are mentioned, for example harmful emissions to 

air, soil or water; consumption of rare or toxic materials; issues with handling of waste and decommissioning 

etc.  

The energy payback time or energy self-depreciation 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 consumed during the 

production of the technology. 

 

Research and development perspectives 

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

for technological development in terms of costs and efficiency is mentioned and quantified. Danish research 

and development perspectives are highlighted, where relevant. 

Examples of market standard technology 

Recent full-scale commercial projects, which can be considered market standard, are mentioned, preferably 

ǿƛǘƘ ƭƛƴƪǎΦ ! ŘŜǎŎǊƛǇǘƛƻƴ ƻŦ ǿƘŀǘ ƛǎ ƳŜŀƴǘ ōȅ άƳŀǊƪŜǘ ǎǘŀƴŘŀǊŘέ ƛǎ ƎƛǾŜƴ ƛƴ ǘƘŜ ƛƴǘǊƻŘǳŎǘƛƻƴ ǘƻ ǘƘŜ ǉǳŀƴǘƛǘŀǘƛǾŜ 

description section (Section 1.3). For technologies where no market standard has yet been established, 

reference is made to best available technology in R&D projects.  

Prediction of performance and costs 

Cost reductions and improvements of performance can be expected for most technologies in the future. This 

section accounts for the assumptions underlying the cost and performance in 2015 as well as the 

improvements assumed for the years 2020, 2030 and 2050. 

The specific technology is identified and classified in one of four categories of technological maturity, 

indicating the commercial and technological progress, and the assumptions for the projections are described 

in detail. 

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

Data for 2015  

In case of technologies where market standards have been established, performance and cost data of recent 

installed versions of the technology in Denmark or the most similar countries in relation to the specific 

technology in Northern Europe are used for the 2015 estimates. 

If consistent data are not available, or if no suitable market standard has yet emerged for new technologies, 

the 2015 costs may be estimated using an engineering based approach applying a decomposition of 

manufacturing and installation costs into raw materials, labor costs, financial costs, etc. International 

references such as the IEA, NREL etc. are preferred for such estimates. 
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Assumptions for the period 2020 to 2050  

According to the IEA:  

άInnovation theory describes technological innovation through two approaches: the technology-push model, 

in which new technologies evolve and push themselves into the marketplace; and the market-pull model, in 

which a market opportunity leads to investment in R&D and, eventually, to an innovationέ όǊŜŦΦ сύΦ  

¢ƘŜ ƭŜǾŜƭ ƻŦ άmarket-Ǉǳƭƭέ ƛǎ ǘƻ ŀ ƘƛƎƘ ŘŜƎǊŜŜ ŘŜǇŜƴŘŜƴǘ ƻƴ ǘƘŜ Ǝƭƻōŀƭ ŎƭƛƳŀǘŜ ŀƴŘ ŜƴŜǊƎȅ ǇƻƭƛŎƛŜǎΦ IŜƴŎŜΣ ƛƴ 

a future with strong 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, as well as 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.  

 

¢ƘŜ L9!Ωǎ bŜǿ tƻƭƛŎƛŜǎ {ŎŜƴŀǊƛƻ ǇǊƻǾƛŘŜǎ ǘƘŜ ŦǊŀƳŜǿƻǊƪ ŦƻǊ ǘƘŜ 5ŀƴƛǎƘ 9ƴŜǊƎȅ !ƎŜƴŎȅΩǎ ǇǊƻƧŜŎǘƛƻƴ ƻŦ 

international fuel prices and CO2-prices, 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: 

άbŜǿ tƻƭƛŎƛŜǎ {ŎŜƴŀǊƛƻΥ ! ǎŎŜƴŀǊƛƻ ƛƴ ǘƘŜ World Energy Outlook that takes account of broad policy 

commitments and plans that have been announced by countries, including national pledges to reduce 

greenhouse gas emissions and plans to phase out fossil energy subsidies, even if the measures to 

implement these commitments have yet to be identified or announced. This broadly serves as the IEA 

ōŀǎŜƭƛƴŜ ǎŎŜƴŀǊƛƻΦέ (ref. 7). 

!ƭǘŜǊƴŀǘƛǾŜ ǇǊƻƧŜŎǘƛƻƴǎ Ƴŀȅ ōŜ ǇǊŜǎŜƴǘŜŘ ŀǎ ǿŜƭƭ ǊŜƭȅƛƴƎ ŦƻǊ ŜȄŀƳǇƭŜ ƻƴ ǘƘŜ L9!Ωǎ прл {ŎŜƴŀǊƛƻ όǎǘǊƻƴƎ 

ŎƭƛƳŀǘŜ ǇƻƭƛŎƛŜǎύ ƻǊ ǘƘŜ L9!Ωǎ /ǳǊǊŜƴǘ tƻƭƛŎƛŜǎ {ŎŜƴŀǊƛƻ όǿŜŀƪŜǊ ŎƭƛƳŀǘŜ ǇƻƭƛŎƛŜǎύΦ 

Learning curves and technological maturity 

Predicting the future costs of technologies may be done by applying a cost decomposition strategy, as 

mentioned above, decomposing the costs of the technology into categories such as labor, materials, etc. for 

which predictions already exist. Alternatively, the development could be predicted using learning curves. 

Learning curves express the idea that each time a unit of a particular technology is produced, learning 

accumulates, which leads to cheaper production of the next unit of that technology. The learning rates also 

take into account benefits from economy of scale and benefits related to using automated production 

processes at high production volumes. 

The potential for improving technologies is linked to the level of technological maturity. The technologies are 

categorized within one of the following four levels of technological maturity. 
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Category 1. Technologies that are still in the research and development phase. The 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. Technologies in the pioneer phase. The technology has been proven to work through 

demonstration facilities or semi-commercial plants. 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 (e.g. gasification of biomass). 

Category 3. Commercial technologies with moderate deployment. The price and performance of the 

technology today is well known. These technologies are deemed to have a certain development potential 

and therefore there is a considerable level of uncertainty related to future price and performance (e.g. 

offshore wind turbines) 

Category 4. Commercial technologies, with large 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  (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 of some 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 explains 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 level of experience 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 beside the central 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 
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uncertainties. Thus, 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 

This section includes other information, for example links to web sites that describe the technology further 

or give key figures on it. 

References 

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

Quantitative description 

To enable comparative analyses between different technologies it is imperative that data are actually 

comparable: All cost data are stated in fixed 2015 prices excluding value added taxes (VAT) and other taxes. 

The information given in the tables relate to the development status of the technology at the point of final 

investment decision (FID) 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 hand. The 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 generic part, which is identical for all technologies and a technology 

specific part, containing information, which is only relevant for the specific technology. The generic part is 

made to allow for easy comparison of technologies.  

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

datasheet. 

Each cell in the table contains only one number, which is the central estimate for the market standard 

technology, i.e. no range indications. 

Uncertainties related to the figures are stated in the columns named uncertainty. 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 early stages 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 technology. The uncertainty 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. 
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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 four time 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 assumptions and potential 

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 for energy carrier generation and conversion technologies are presented 

below: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction 

 

 

 

Page 15 | 315 -  Technology Data for Renewable Fuels 
 

 

 

 

 

 

 

Technology  name/ decription 

  2015 2020 2030 2050 
Uncertainty 

(2020) 
Uncertainty 

(2050) 
Note Ref 

Energy/technical data     Lower Upper Lower Upper   

Typical total plant size (MW output)        
 

          

- Inputs           

A) Energy input share  

(% total input(MWh/MWh)) 
          

B) Energy input share 

(% total input(MWh/MWh)) 
          

C) Energy input share  

(% total input(MWh/MWh)) 
          

 
          

X) Auxiliary products inputs (kg/MWh)           

Y) Auxiliary products inputs (kg/MWh)           
 

          

- Outputs           

A) Output share  

(% total input (MWh/MWh) ) 
          

B) Output share  

(% total input (MWh/MWh)) 
          

C) Output share  

(% total input (MWh/MWh)) 
          

           

X) Non-energy outputs (kg/MWh)           

Y) Non-energy outputs (kg/MWh)           

           

Forced outage (%)           

Planned outage (weeks per year)           

Technical lifetime (years)           

Construction time (years)           
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Financial data                                  

Specific investment (ú /MW of total input)           

 - hereof equipment (%)           

 - hereof installation (%)           

Fixed O&M (ú /MW of total input)           

Variable O&M (ú/MWh of total input)           

Startup cost 

(ú /MW of total input per startup) 
          

           

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 facility. It represents 

the sum of all input and is expressed in MW thermal. 

Input  

All inputs that contribute to the energy balance are included as main energy input and are expressed as 

percentage in relation to the total energy input, or equivalently as MWh/MWh of total input.  

The energy inputs (and outputs) are always expressed in lower heating value (LHV) and moisture content 

considered is specified if relevant. 

Auxiliary inputs, such as enzymes or chemicals that are assisting the process but do not contribute to the 

energy balance are included as auxiliary products (under 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 equivalently as MWh/MWh of total input. 

Any energy co-product or by-product 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 or be lower than 100%. 

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

The process heat (output) is, if possible, separated in recoverable (for example for district heating purposes) 

and unrecoverable heat and the temperatures are specified. 
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Forced and planned outage 

Forced outage is defined as the number of weighted forced outage hours divided by the sum of forced outage 

hours 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 expected 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 gradually but still stay within 

acceptable limits. For instance, power plant efficiencies often decrease slightly (few percent) over the years, 

and O&M costs increase due to wear and degradation of components and systems. At the end of the technical 

lifetime, the frequency of unforeseen operational problems and risk of breakdowns is expected to lead to 

unacceptably low availability and/or high O&M costs. At this time, the plant is decommissioned or undergoes 

a lifetime extension, which implies a major renovation of components and systems as required making the 

plant suitable for a new period of continued operation. 

The technical lifetime stated in this catalogue is a theoretical value inherent to each technology, based on 

experience. As explained in the General Assumptions, different types of plants are designed for a different 

annual utilization and typical number of start-ups a year. The expected technical lifetime takes into account 

these assumptions. 

In real life, specific plants of similar technology may operate for shorter or longer times. The strategy for 

operation and maintenance, e.g. the number of operation hours, start-ups, and the reinvestments made over 

the years, will largely influence the actual lifetime. 

Construction time 

Time from final investment decision (FID) until commissioning completed (start of commercial operation), 

expressed in years. 

Financial data 

CƛƴŀƴŎƛŀƭ Řŀǘŀ ŀǊŜ ŀƭƭ ƛƴ 9ǳǊƻ όϵύΣ ŦƛȄŜŘ ǇǊƛŎŜǎΣ ŀǘ ǘƘŜ нлмр-level and exclude value added taxes (VAT) and other 

taxes. 

{ŜǾŜǊŀƭ Řŀǘŀ ƻǊƛƎƛƴŀǘŜ ƛƴ 5ŀƴƛǎƘ ǊŜŦŜǊŜƴŎŜǎΦ CƻǊ ǘƘƻǎŜ Řŀǘŀ ŀ ŦƛȄŜŘ ŜȄŎƘŀƴƎŜ Ǌŀǘƛƻ ƻŦ тΦпр 5YY ǇŜǊ ϵ Ƙŀǎ ōŜŜƴ 

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 1.0585 to reach the 2015 price level). 



Introduction 

 

 

 

Page 18 | 315 -  Technology Data for Renewable Fuels 
 

 

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 or local levels, as per IEA reporting from 2015 (ref. 3). For renewable energy technologies 

this effect is even stronger as the costs are widely determined by local conditions. 

Investment costs 

The investment cost is also called the engineering, procurement and construction (EPC) price or the overnight 

cost. Infrastructure and connection costs, i.e. electricity, fuel and water connections inside the premises of a 

plant, are also included. 

The investment cost is reported on a normalized basis, i.e. cost per MW. The specific investment cost is the 

total investment cost divided by the Typical total plant size described 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 on the space requirements, if specified in the 

qualitative description. 

¢ƘŜ ƻǿƴŜǊǎΩ ǇǊŜŘŜǾŜƭƻǇƳŜƴǘ Ŏƻǎǘǎ όŀŘƳƛƴƛǎǘǊŀǘƛƻƴΣ ŎƻƴǎǳƭǘŀƴŎȅΣ ǇǊƻƧŜŎǘ ƳŀƴŀƎŜƳŜƴǘΣ ǎƛǘŜ preparation, 

approvals by authorities) and interest during construction are not included. The costs to dismantle 

decommissioned plants are also not included. Decommissioning costs may be offset by the residual value of 

the assets. 

Cost of grid expansion 

The costs for the connection of the plant to the system are included in the investment cost, while no cost of 

grid expansion or reinforcement is taken into account in the 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, different sizes 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 plants is usually less than that for smaller plants. This is called the 

ΨŜŎƻƴƻƳȅ ƻŦ ǎŎŀƭŜΩΦ ¢ƘŜ ōŀǎƛŎ Ŝǉǳŀǘƛƻƴ όǊŜŦΦ нύ ƛǎΥ 
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Where:  C1 = Investment cost of plant 1 (e.g. in million EUR) 

C2 = Investment cost of plant 2 

P1 = Power generation capacity of plant 1 (e.g. in MW) 

P2 = Power generation capacity of plant 2 

ὥ  = Proportionality factor 

Usually, the proportionality factor is about 0.6 ς 0.7, but extended project schedules may cause the factor to 

increase. It is important, however, that the plants are essentially identical in construction technique, design, 

and construction time frame and that the only significant difference is 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 stated in the notes for the capacity 

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

 

Operation and maintenance (O&M) costs 

¢ƘŜ ŦƛȄŜŘ ǎƘŀǊŜ ƻŦ hϧa ƛǎ ŎŀƭŎǳƭŀǘŜŘ ŀǎ Ŏƻǎǘ ǇŜǊ Ǉƭŀƴǘ ǎƛȊŜ όϵ ǇŜǊ a² ǇŜǊ ȅŜŀǊ), where the typical total plant 

size is the one defined at the beginning of this chapter and stated in the tables. It includes all costs, which 

are independent of how the plant is operated, e.g. administration, operational staff, payments for O&M 

service agreements, network use of system charges, property tax, and insurance. 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. 

¢ƘŜ ǾŀǊƛŀōƭŜ hϧa Ŏƻǎǘǎ όϵκa²Ƙύ include consumption of auxiliary materials (water, lubricants, fuel 

additives), treatment and disposal of residuals, spare parts and output related repair and maintenance 

(however not costs covered by guarantees and insurances).  

Planned and unplanned maintenance costs may fall under fixed costs (e.g. scheduled yearly maintenance 

works) or variable costs (e.g. works depending on actual operating time), and are split accordingly.  

All costs related to the process inputs (electricity, heat, fuel) are not included. 

It should be noticed that O&M costs often develop over time. The stated O&M costs are therefore average 

costs during the entire lifetime.  
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Start-up costs 

The O&M costs stated in this catalogue includes start-up costs and takes into account a typical number of 

start-ups and shut-downs. Therefore, the start-up costs should not be specifically included in more general 

analyses. They should only be used in detailed dynamic analyses of the hour-by-hour load of the technology. 

Start-up costs, are stated in Ŏƻǎǘǎ ǇŜǊ a² ƻŦ ǘȅǇƛŎŀƭ Ǉƭŀƴǘ ǎƛȊŜ όϵκa²κǎǘŀǊǘǳǇύΣ ƛŦ ǊŜƭŜǾŀƴǘΦ ¢ƘŜȅ ǊŜŦƭŜŎǘ ǘƘŜ 

direct and indirect costs during a start-up and the subsequent shut down. 

The direct start-up costs include fuel consumption, e.g. fuel which is required for heating up boilers and which 

does not yield usable energy, electricity consumption, and variable O&M costs corresponding to full load 

during the start-up period. 

The indirect costs include the theoretical value loss corresponding to the lifetime reduction for one start up. 

For instance, during the heating-up, thermal and pressure variations will cause fatigue damage to 

components, and corrosion may increase in some areas due to e.g. condensation. 

An assumption regarding the typical amount of start-ups 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 start-ups a years are assumed. Any change with respect 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 start-ups than the one assumed 

by using the stated start-up costs with the following formula: 

ὕǪὓ ὕǪὓ Ὓὸὥὶὸόὴ ὧέίὸὲz Ὓὸὥὶὸόὴ ὧέίὸὲz  

 

where ὲ  is the number of start-ups specified in the notes for the specific technology and ὲ  is 

the desired number of start-ups. 

Technology specific data 

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

For example, operating temperatures are indicated for electrolysis and other processes in which it is a 

relevant parameter. 

Whenever process heat is available as output, its temperature is specified as well. 

For electrolysis technologies, parameters regarding the regulation ability are specified as follow: 

¶ Ramp up time, linear to full load (minutes) 

¶ Ramp down time, linear from full load (minutes) 
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¶ Start-up time (minutes) 

¶ Minimum load (%) 

Relevant emissions to the environment, including 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 

The latent heat of vaporization is the heat 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) and returning the temperature of the combustion 

products to 150°C, which assumes the latent heat of vaporization of water in the reaction products is not 

recovered. The LHV are the useful calorific values in boiler combustion plants and are frequently used in 

Europe. 

Using the LHV for efficiency definition, a condensing boiler can achieve a thermal efficiency of more than 

100%, because the process recovers part of the heat of vaporization. 

The higher heating value (also known as gross calorific value or gross energy) of a fuel is defined as the 

amount of heat released by a specified quantity (initially at 25°C) once it is combusted and the products have 

returned to a temperature of 25°C, which takes into account the latent heat of vaporization of water in the 

combustion products. 

When using HHV for thermal efficiency definition, the thermodynamic limit of 100% cannot be exceeded. 
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Overview of technologies for renewable fuel production 

A short overview of the technologies and pathways for renewable fuel production, that are included in the 

catalogue, is presented in the following. The aim is to ease the use of the catalogue. The pathways have been 

divided into four overall categories, each of which is depicted in the following figures and tables. The tables 

elaborate the pathways in slightly more detail than the figures.  

The four overall categories are as follows. 

1. Biomass to gaseous products and synthetic natural gas (Figure 1 and Table 1) 

2. Electricity to hydrogen (Figure 2 and Table 2) 

3. Oils and fats to liquid fuels 

4. Biomass and CO2 + electricity to liquid fuels  

The categories are divided in respect to the inputs and outputs. The relevant chapter reference number is 

given for each output in figures and tables.  

Short descriptions of selected terms are included in this section. For more information about the pathways 

please refer to the respective chapters. 
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Figure 1 Pathways for biomass to gaseous products and synthetic natural gas 
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Table 1 Biomass to gaseous products and synthetic natural gas.  
1: Agricultural residues, 2: agricultural waste. 
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¶ Biogas ς A mixture of methane and carbon dioxide. 

¶ Producer gas ς A mixture of hydrogen, carbon monoxide, carbon dioxide, methane, and C2 to C4 

hydrocarbons. 

¶ SNG ς Synthetic Natural Gas. Chemically the same as Bio-methane. 

¶ Digestate ς Material remaining after anaerobic digestion, usually high in nutrients. 

¶ Ag res ς agricultural residues 

¶ Ag waste ς agricultural waste 
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Figure 2 Pathways for hydrogen production from electricity (PEM: Polymer electrolyte membrane or Proton exchange membrane) 
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Table 2 Electricity to hydrogen (PEM: Polymer electrolyte membrane or Proton exchange membrane) 
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Figure 3 Pathways for oils and fats to liquid fuels 
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Table 3 Oils and fats to liquid fuels 

 

¶ Esterification - Biodiesel reaction. 

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

¶ HVO ςHydrogenated Vegetable Oil, also known as renewable diesel. Fuel is oxygen free. 

¶ Hydrotreating covers both deoxygenation and decarboxylation reactions. 

¶ UCO ς Used cooking oil. 
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Figure 4 Pathways for biomass to liquid fuels and CO2 + electricity to liquid fuels 
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Table 4 Biomass to liquid fuels and CO2 + electricity to liquid fuels 

 

 

¶ Renewable Diesel from Fischer Tropsch is chemical similar to HVO. 

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

and 220 °C which can be used for gasoline production. 

¶ Syngas ς A mixture of hydrogen, carbon monoxide and carbon dioxide. 

¶ DDG ς 5ƛǎǘƛƭƭŜǊǎΩ ŘǊƛŜŘ ƎǊŀƛƴǎΣ ŀ ƘƛƎƘ ǇǊƻǘŜƛƴ ŀƴƛƳŀƭ ŦŜŜŘΦ 

¶ Bio-oil ς A mixture of organic chemicals contains varying amounts of oxygen. Bio-oil can be refined 

to various fuels, such as gasoline, diesel and jet.  
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81 Biogas Plants 

Contact information: 

Danish Energy Agency: Jacob Hjerrild Zeuthen and Filip Gamborg  

Author: EA Energianalyse 

Publication date 

June 2017 

Amendments after publication date 

Date Ref. Description  

- - - 
- - - 

Qualitative description 

Brief technology description 

Biogas plants produce a methane rich gas on the basis of biodegradable organic material. The feedstock is 

transported to the plant by road or pumped in pipelines. At the plant, it undergoes an anaerobic process, 

which generates biogas.  

The technology 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 gas boiler or it can 

be upgraded to bio SNG (synthetic natural gas). Upgrading of biogas to bio SNG is treated in a separate 

chapter of the technology catalogue. 

The biomass is received and stored in pre-storage tanks and later processed in digestion reactor tanks. The 

digesters are normally heated to either 35 - 40 oC (mesophilic digestion), or 50 - 55 oC (thermophilic 

digestion).  After being processed in the main reactor, the material is stored in post-processing tanks where 

further gas is produced and collected. Typical processing time in the digesters is less than 25 days in Danish 

plants, but many plants have longer retention time in order to increase the gas yield.  

Danish plants use continuous digestion in fully stirred digesters. This implies removing a quantity of digested 

biomass from the digesters and replacing it with a corresponding quantity of fresh biomass, typically several 

times a day. 

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

 

Figure 1: Typical components in a biogas plant. 

 

Input 

¶ Biodegradable organic material such as animal manure/slurry, organic waste from food processing 

and households, agricultural residues (e.g. straw), energy crops, etc. 

¶ Electricity for mechanical processing equipment. 

¶ Process heat for preheating and heating the reactor tanks. 

Output 

¶ Biogas. 

¶ Digestate, e.g. for use as fertilizer. 

The biogas gas typically contains 50-75% methane (CH4), 25-45% carbon dioxide (CO2) plus a minor content 

of hydrogen (H2), nitrogen (N2), oxygen (O2), hydrogen sulphide (H2S) and ammonia (NH3). The composition 

of the biogas varies with the specific mix of the input. 

Energy balance  

It is not practical nor usual to measure the energy content of the input material as a calorific value, as for 

ƻǘƘŜǊ ŜƴŜǊƎȅ ŎƻƴǾŜǊǎƛƻƴ ǘŜŎƘƴƻƭƻƎƛŜǎΦ LƴǎǘŜŀŘ ǘƘŜ ƛƴǇǳǘ ǳƴƛǘ Ψ¢ƻƴǎ ǇŜǊ ȅŜŀǊΩ and the corresponding output 

capacity is used to define the size of the plant. Accordingly, the efficiency of the plant is not calculated in the 

same way as for other conversion technologies, except for straw where the lower calorific energy of the 

straw input is used. 

The volatile solid (VS) content of the biomass represents the fraction of the solid material that may be 

transformed into biogas. For animal slurry the VS share is approx. 75 %, for source separated household 

waste it is approx. 80 % and for maize and grasses around 90 %. The methane production achieved in practice 
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depends on processing time and the organic loading rate among other factors. For further information on 

the methane output from different types of biomass, see reference [14]. 

 

The digestatel contains the nutrients and the long term stable carbon of the input material and has a high 

value as agricultural fertilizer. Drained fractions of the non-digested residual material might be useful for 

combustion or thermal gasification. 

The production of biogas, as well as the content of methane in the biogas, vary with the amount and quality 

of the organic waste used. Methane has a lower heating value of 35.9 MJ/Nm3. Biogas with 65% methane 

thus has a heating value of 23.3 MJ/Nm3. To allow comparisons it is practical to measure the output in Nm3 

methane. 

The data sheets in this chapter comprise a basic plant with input of a proportional mix of resources assessed 

available in Denmark in year 2012 and 2020 [9]1, but excluding energy crops and straw. 

¢Ƙƛǎ Ǉƭŀƴǘ Ƴŀȅ ǊŜǇǊŜǎŜƴǘ ŀƴ άŀǾŜǊŀƎŜέ ƻǊ άƳƻŘŜƭ ǇƭŀƴǘέΦ !ƴ ŜȄŀƳǇƭŜ ƻŦ ŜƴŜǊƎȅ ǇǊƻǇŜǊǘƛes for a basic plant is 

shown in table 1. 

Basic biogas plant 

(2015) 

Input share 
(by tons) 

Methane production  

(GJ/ton)* 

Methane production  

(% 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% 1.5 - 3.5 0% 

Other 3.5% 1 - 5 11% 

Total 100%  0.80  100% 

Table 1: Energy properties for basic biogas plant with a mix of input material, 2015. *Based on references [8] and [9].  

As seen in table 1 the potential energy (methane) production per ton of straw and industrial waste is app.10-

17 times higher than the potential energy (methane) production per ton of animal slurry. This means that, 

the methane output of a plant with a certain input capacity (measured in tons) can be increased by increasing 

the share of feedstock with relative high energy production potential. The differences in methane output is 

mainly due to varying water content of the different resources.  

The possibilities for increasing the share of straw and deep litter material depend on the design of the plant 

and the pre-treatment of the feedstocks. Experimental work indicates that relatively high shares of straw 

 
1 Interpolations are made for year 2015 
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may be possible [5]. The possibility of pumping the biomass puts on upper limit on the amount of It is 

assumed that the total amount of straw and deep litter material can contribute with up to 50% of the total 

methane production [9].  

A plant with maximum input share of straw and deep litter material could have a mix of input material and 

corresponding output as shown in table 2. 

 

Increased straw share 

(2015) 

Input share 

(by tons) 

Methane production 
(GJ/ton) 

Methane production  

(% of total) 

Slurry (pig and cattle) 73.5% 0.44 26% 

Deep litter 8.0% 2.00 13% 

Manure,  6.1% 1.57 8% 

Straw 6.3% 7.27 37% 

Industrial organic waste 1.0% 4.83 4% 

Household waste 1.6% 3.41 4% 

Energy crops 0.0% 1,5 - 3,5 0% 

Other 3.5% 1 - 5 7% 

Total 100% 1.20 100% 

Table 2: Input mix and expected output for a basic plant where input of straw and deep litter  material contribute to 50 % of 
output. 

Similarly, the energy output from the plant can be increased by a higher share of industrial organic waste, 

which typically origins from slaughterhouses and other food industries. Table 3 shows the expected methane 

gas production of the basic plant with a 5% share of industrial organic waste. 

Increased industrial organic waste 
share (2015) 

Input percentage 

(by tons) 

Methane production 

(GJ/ton) 

Methane production 

(% 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 and expected methane gas production from the basic plant but with 5 % industrial organic waste 

While feedstocks with higher dry matter content may yield higher methane content in the biogas they also 

set additional requirements to transport and pre-processing systems and may increase the auxiliary energy 

consumption. Feedstocks such as straw and energy crops with higher contents of lignocellulose must be 
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mechanically chopped, ground, or otherwise treated before being fed into the digester in order to obtain an 

acceptable processing time [5]. Thus, higher yields when using alternative feedstocks are usually followed by 

increased investment and O&M costs. Also, 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 Denmark, and a larger number of 

smaller plants (app. 50 farm scale biogas plants and app. 50 anaerobic digesters at waste water treatment 

plants and a few plants for treating waste water from industries). A centralised biogas plant in Denmark 

typically has an input capacity from 70.000 to 700.000 tonnes per year [5], and raw material is, typically 

delivered from 10 to 100 farms. In a study based on data from 16 existing Danish plants [5] an average yield 

of approximately 28 Nm3 methane per tons input was reported, corresponding to around 1 GJ/ton, however 

with large variations from approx. 17 to 52 Nm3 methane/ton. The trend is towards larger plants, driven by 

cost reductions related to economy-of-scale effects for the biogas plant and in particular the upgrading 

facilities. 

Regulation ability 

Biogas production in the same reactor can be increased by adding organic materials with high methane 

potential, however, there is a biological limit to how fast the production can be regulated. For example, a 

biogas plant digesting only animal slurry during summer, may increase the gas yield from 14-14.5 m3 methane 

per tonne to about 45-50 m3 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 capacity, e.g. 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 plant with CHP production has a gas storage of approximately a half-ŘŀȅΩǎ production to 

accommodate price and demand variations. 

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

grid. 

Space requirement 

The space requirements will vary depending on the design and lay-out. Biogas plants are typically placed in 

open farm land. 

Advantages/disadvantages 

Advantages: 

¶ Methane emission is mitigated, with relatively low CO2 abatement costs [6] fossil fuels are 

substituted 

¶ Saved expenses in slurry handling and storage.  
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¶ Environmentally critical nutrients, primarily nitrogen, phosphorus and potassium, can be 

redistributed from intense farmlands to other areas. The risk of leaching of nitrates is reduced. 

¶ The fertilizer value of the digested biomass is better than the raw materials. The fertilizer value is 

also better known, and it is therefore easier to administer the right dose to the crops. 

¶ For waste fractions with a high water content, co-digestion of manure and waste can often provide 

a low cost option compared to other forms of waste handling, such as incineration. 

¶ Compared to other forms of waste handling such as incineration, biogas digestion of solid biomass 

has the advantage of recycling nutrients to the farmland ς in an economically and environmentally 

sound way. 

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

¶ Using straw in biogas plants does not deplete the content of carbon in the topsoil compared to 

using straw for heating (combustion)  

Disadvantages: 

¶ Use of straw and other solid biomass resources in biogas production yields a lower energy output 

than if the same feedstock was used for thermal gasification and/or combustion. 

¶ The successful operation of biogas plants is relatively complex and requires large experience  

¶ The consumption of large quantities of biomass with low dry-matter content (manure) makes 

transport and sourcing radius a critical parameter. 

¶ Use of heat from biogas fueled decentralized CHP plants is dependent on the heat demand in the 

local district heating system. A low heat demand can otherwise limit operation during summer 

season. 

Environment 

Biogas can substitute fossil fuels in the energy system and thereby avoid emissions of CO2.  

Furthermore, biogas can prevent significant emissions of the greenhouse gas methane to the atmosphere 

when the biomass is digested in biogas plant, during storage and application on the field. However, an 

amount of biogas risks to leak from the plants. 

In a study of 15 Danish plants, it was assessed that these biogas plants can reduce greenhouse gas emission 

by 60-180 kg CO2 equivalent per ton of biomass digested [5]. This assessment includes the substitution of 

fossil fuels, reduced methane loss due to digestion and collection and a methane leakage from the plants of 

2% of the produced biogas. 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). The substitution of fossil fuels varies, depending on the energy system and on how the plants are 

operated. 

The gas leakages shall be reduced as far as possible during the entire process to avoid emissions of the 

greenhouse gas (methane) and odour problems in the neighbouring environment. An 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 [12]. 2 % is assessed to 
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be a realistic average level in the future for existing plants. The goal of the biogas industry in Denmark is to 

reduce total methane leakages to 1 % by 2020, including losses from upgrading facilities- 

Odour problems from biogas plants is often reported as a problem, but can be avoided with proper filtering 

of the off-gasses and good management during operation. The anaerobic treated organic waste product is 

almost odour-free compared to raw organic waste. 

Biogas contains sulphur, which may represent an environmental problem due to emissions of SO2. 

The content of sulphur (H2S) in the biogas will vary depending on the feedstock material. When animal slurry 

is the main source, the raw gas typically contains 3.000-10.000 mg/m3 [2]. The sulphur content can be 

reduced fully or partially by a number of technologies, or a combination of these, including precipitation with 

iron chloride in the digester tanks, adsorption with activated carbon filters, or by a biological scrubber [2]. 

Biogas engines tolerate small amounts of sulphur in the gas, which however causes SO2 emissions to the 

environment. When the gas is used for upgrading to bio SNG complete sulphur removal may be necessary, 

but this is normally included in the upgrading plant. The cost of sulphur removal is in the range 0.005 ς 0.07 

DKK per m3 biogas when the gas is used for engines and 0.03-0.13 DKK per m3 for complete removal, 

depending on the flow and the H2S concentration [2]. 

Research and development 

The Danish biogas R&D activities focus on a number of areas to increase energy production and improve the 

economy of the plants. Among these are the possibilities of reducing storage of animal slurry before 

digestion, reduction of methane leakage from tanks and processing equipment, biological optimisation, 

additional processing time, and use of material with higher dry-matter content e.g. deep litter material and 

straw [5], [6].  

Further development activities are related to optimisation of control systems and logistics, for instance 

transport systems integrated with larger stable systems, and possibilities for higher dry-matter content in 

the animal slurry [6]. 

Examples of market standard technology 

The current market standard in Denmark is relatively large plants, which supplies upgraded gas to the natural 

gas grid. An example is the NGF Nature Energy Holsted plant, which is commissioned in 2016. The plant 

produces 13 million m3 upgraded 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, and biogas technology is in general placed in development category 3; 

Commercial technologies, with moderate deployment. However, there are major differences in the 

technologies from country to country with respect to the feedstock, the sizes of the plants, as well as the use 
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of the gas. In Germany, the focus has been on the use of energy crops in smaller plants, which supply gas for 

heat and power production. Sweden has a larger number of plants based on sewage water and household 

waste and focus is on upgrading the gas to supply the transport sector [6]. In Denmark, the growth in biogas 

production has focused on the use of animal slurry and agricultural residues, which today accounts for some 

75% of the production. There is an expected potential for a considerable further growth [7].  

Older plants producing cleaned but not upgraded biogas for use in gas engines for electricity production is 

well proven in Denmark, but the current development increasingly focusses plants for production of 

upgraded gas (SNG) for use in the natural gas network [5]. 

 

The basis for cost and performance for the years 2015 and 2020, as shown in the data sheets, is the larger 

Danish plants intended for upgraded biogas production. 

Assumptions for the period 2020 to 2050 

It is expected that the investment costs will decrease gradually due to learning curve effects, but not as 

significant as for other technologies, since many elements of a biogas plant is related to general industries, 

e.g. civil construction works and general process equipment, where learning curve effects are limited. As 

described, the technology is expected to be defined by a relatively nationally defined development and 

learning curve effects shall be seen in that context. For the period 2015 ς 2020 the total biogas production 

in Denmark is expected to double from 7 PJ to 15 PJ [10]. It is estimated that such a doubling of installed 

capacity a learning curve progress rate of 0.9 will lead to a 10 % reduction in costs. For the periods 2020 to 

2030 and 2030 to 2050, respectively, the accumulated build production capacity is also expected to double 

[11], considering a combination of installation of new plants and retrofit/replacements of old plants. Thus, 

similar reductions in costs are expected for each of these periods. It is important to notice that the further 

construction of biogas plants after 2020 is dependent on the future political framework conditions. 

Operation costs (excluding costs of feedstock) are expected to decrease with half of the rates expected for 

investments. The O&M costs are measured per ton input, so a higher energy yield will further affect the 

energy price. 

The biogas production is assumed to remain constant with constant input shares of the various feedstock. 

This may not be true if, for instance methods for improved energy yield are developed and implemented. 

Uncertainty 

The general uncertainty when calculating energy generation costs for a biogas plants is high, but the 

investment costs seem to contribute less than the operation costs. Data from existing biogas plants in 

Denmark show that the energy production per ton input as well as other cost determining factors is quite 

different from plant to plant [5]. Key parameters in relation to the 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 a fixed processing time.  
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In relation to the costs, biomass purchase, transportation, auxiliary energy, and labor costs are important but 

may vary widely [5]. 
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Data sheets 

The capacity of biogas plants is commonly stated as tons per year and for most of the input material a calorific 

value is not relevant (e.g. manure). For compatibility with the template the energy of the biogas output is 

assumed to be 100%. Thus, the stated auxiliary energy consumption is stated in percent of the output energy. 

The data sheets consist of a sheet for a basic plant using a mix of available feedstock sources as listed in table 

1 and described in [8] and [9], but excluding straw, energy crops, garden waste and aquatic biomass.  

The supplementary data sheet contains values for input of straw and industrial organic waste. The values 

refer to a part of a total plant processing only the straw or waste. It is thereby possible to model the 

production and costs of a plant with input of straw or waste by adding a Ψbasic ǇƭŀƴǘΩ-ǇŀǊǘ ŀƴŘ ŀ ΨǎǘǊŀǿκǿŀǎǘŜ 

ƛƴǇǳǘΩ ǇŀǊǘΦ 
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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) 365.000 365.000 365.000 365.000 365.000 365.000 365.000 365.000 A B 5/8/9 

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 energy) 8,4 8,9 8,9 8,9 7,2 12,0 7,2 12,0 A 5/8/9 

Aux. process heat (kWh/ton input)) 18,6 18,6 18,6 18,6 16,0 25,0 15,0 25,0   

            

- Outputs           

Biogas (%) 100 100 100 100 96 110 95,8 110 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 investment (mio ú/MW output) 
1,81 1,71 1,54 1,39 1,54 1,90 1,25 1,54 

A H 
C 

8/5 

 - of which equipment - -         

 - of which installation - -         

Total O&M (ú/MW/year) 198.785 194.715 197.702 195.722 154.398 245.575 150.001 252.439   

Total O&M (ú/(ton input/year)) 5,03 4,63 4,70 4,66 3,52 6,43 3,42 6,61 A D I 8/5 

- of which O&M, excl el. and heat (ú/(ton 
input/year)) 

4,11 3,67 3,49 3,31 2,81 5,05 2,54 4,56 A D I 8/5 

- of which electricity (ú/(ton input/year)) 0,52 0,55 0,80 0,93 0,29 0,97 0,47 1,64 K  

- of which heat (ú/(ton input/year)) 0,41 0,41 0,41 0,41 0,41 0,41 0,41 0,41   

            

Technology Specific data           

Methane emission (Nm3 CH4/ton 
input/year) 

0,44 0,42 0,42 0,42 0,17 0,88 0,17 0,88 J 12 

 

Notes: 
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A The production, investment- and operation costs are based on a plant with a yearly input of 365,000 tons and a mix 
of available feedstock sources as described in [9] and [8], but excluding straw, energy crops, garden waste and 
aquatic biomass. The available feedstock composition for 2015 is obtained by interpolation of 2012 and 2020 
potentials. The feedstock composition after 2020 is assumed constant. 
The output of a specific plant will vary depending on the actual feedstock composition. 

B  Values are assumed valid for a range 200,000 - 400,000 tons per year  
    

C  The investment includes a straw fired boiler for process heat.  

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

  Biomass 
Share, 
2015 

Share, 
2020 

tǊƛŎŜ ǇŜǊ ǘƻƴ όϵύΣ 
incl transport        

  Manure (pig and cattle) 79,8% 83,8% 3,36        

  Deep bed material 8,0% 8,5% 6,71        

  Manure, stable 6,1% 0,2% 6,71        

  Straw 0,0% 0,0% 67,4        

  Industrial organic waste 1,0% 1,2% 40,3        
    Household waste 1,6% 1,2% 18,9        
    Energy crops 0,0% 0,0% 34,9        
    Other 3,5% 5,1% 27,9        

             
F  For compatibility with the template the energy of the biogas output is assumed to be 100%. (For most of the input 

material a calorific value is not relevant)  
G  A calorific value of methane of 35.9 MJ/Nm3 is used. The input material composition and the output is assumed 

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

2050: 10% reductions    
I  Learning curve effects have been assumed 2015-2020: 5% reductions, 2020-2030: 5% reductions, 2030-2050: 

5% reductions    

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 ú/MWh: 2015: 
63, 2020: 69, 2030: 101, 2050: 117. These prices include production costs and transport tariffs, but not any 
taxes or subsidies for renewable energy. 
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 Data sheets Biogas plant, additional straw input 
Technology Biogas plant, additional straw input in the feedstock mix 

  2015 2020 2030 2050 Uncertainty 
(2020) 

Uncertainty 
(2050) 

Note Ref 

Energy/technical data 
    Lower Upper Lower Upper   

Biogas from additional straw 
(MW output) 

1,00     A B  

 
       

- Inputs 
          

Straw input (% of additional 
output) 

199% 182% 182% 182%     A B 5/8/9 

Straw input (tons per year) 4.337 3.957 3.957 3.957       

Auxilliary electricity input (% 
of additional output) 

3,12% 2,85% 2,85% 2,85%      5/8/9 

Auxilliary electricity input 
(kWh/ton straw) 

63,00 63,00 63,00 63,00     A  

Additional process heat (% 
of additional output) 

0,92% 0,84% 0,84% 0,84%      5/8/9 

Auxilliary process heat 
(kWh/ton straw input) 

18,60 18,60 18,60 18,60     A  

 
          

- Outputs 
          

Biogas (%) 100,0% 100,0% 100,0% 100,0%     A C  

Biogas (GJ/ton straw input) 7,3 8,0 8,0 8,0     A C 9 

Residual organic material 
        D  

 
          

Forced outage (%) 0 0 0 0       

Planned outage (days per 
year) 

10 10 10 10       

Technical lifetime (years) 20 20 20 20       

Construction time (years) 1 1 1 1       

 
          

Financial data 
          

Investment (ú/MW) 407.676 371.930 371.930 371.930     AEG 8/5 

Investment (ú/ton straw 
input/year) 

94,00 94,00 94,00 94,00     AEG  

Total O&M (ú/MW/year) 47.387 44.727 52.704 56.692     AFG 8/5 

Total O&M (ú/ton straw 
input/year) 

10,9 11,3 13,3 14,3     AFG  

- of which O&M, excl el. and 
heat (ú/(ton input/year)) 

6,55 6,55 6,55 6,55       

- of which electricity (ú/(ton 
input/year)) 

3,97 4,35 6,36 7,37     K  

- of which heat (ú/(ton 
input/year)) 

0,41 0,41 0,41 0,41       

 
          

Technology Specific data 
          

Methane emission (Nm3 
CH4 input/year) 

4,0 4,4 4,4 4,4 1,8 9,2 1,8 9,2 H 12 
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Notes: 

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

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

C  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)   

D The energy content of residual organic material has not been evaluated due to lack of sources. 
 

E 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].  
H 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 ú/MWh: 2015: 63, 

2020: 69, 2030: 101, 2050: 117. These prices include production costs and transport tariffs, but not any taxes or 
subsidies for renewable energy. 
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Data sheet Biogas plant, additional industrial organic waste input 
Technology Biogas plant, additional industrial organic waste in the feedstock mix 

  2015 2020 2030 2050 Uncertainty 
(2020) 

Uncertainty 
(2050) 

Note Ref 

Energy/technical data         Lower Upper Lower Upper     

Biogas from additional ind. organic 
waste (MW output) 

100%     A B  

         

- Inputs           

Ind. organic waste input (% of 
additional output) 

125-
200% 

125-
200% 

125-
200% 

125-
200% 

    L  

Ind. organic waste input (tons per year) 6.529 6.529 6.529 6.529      5 

Aux. electricity (% of additional output) 0,77% 0,77% 0,77% 0,77%      5 

Aux. electricity (kWh/ton waste input) 10,30 10,30 10,30 10,30     A  

Aux. process heat (% of additional 
output) 

1,39% 1,39% 1,39% 1,39%      5 

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%     A C  

Biogas (GJ/ton ind. org. waste  input) 4,8 4,8 4,8 4,8     ACG 5/9 

Residual organic material         D  

            

Forced outage (%) 0 0 0 0       

Planned outage (days per year) 10 10 10 10       

Technical lifetime (years) 20 20 20 20       

Construction time (years) 1 1 1 1       

            

Financial data                                            

Investment (ú/MW output) 276050 276050 276050 276050     AEH 8/5 

Investment (ú/ton waste input / year) 42,28 42,28 42,28 42,28     AEH  

Total O&M (ú/MW/year) 49500 49904 52056 53132     AFH 8/5 

Total O&M (ú/ton waste input/year) 7,6 7,6 8,0 8,1     AFH  

- of which O&M, excl el. and heat 
(ú/(ton input/year)) 

6,5 6,5 6,5 6,5       

- of which electricity (ú/(ton input/year)) 0,65 0,71 1,04 1,21     K  

- of which heat (ú/(ton input/year)) 0,41 0,41 0,41 0,41       

            

Technology Specific data           

Methane emission (Nm3 CH4 
input/year) 

4,0 4,4 4,4 4,4 1,8 9,2 1,8 9,2 H 12 
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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 into the natural gas grid. 

The input for upgrading facilities is raw biogas from an anaerobic digester with a typical methane (CH4) 

content of 50-70% and a content of 30-50% carbon dioxide (CO2) plus a minor content of hydrogen, nitrogen 

(N), oxygen (O), hydrogen sulphide (H2S) and ammonia (NH3). 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 content of CO2, thereby 

ƛƴŎǊŜŀǎƛƴƎ όάǳǇƎǊŀŘƛƴƎέύ ǘƘŜ ƘŜŀǘƛƴƎ ǾŀƭǳŜ ƻŦ ǘƘŜ ƎŀǎΦ 5ŜǇŜƴŘƛƴƎ ƻƴ ǘƘŜ ŎƻƳǇƻǎƛǘƛƻƴ ƻŦ ǘƘŜ Ǌŀǿ ōƛƻƎŀǎΣ ƛǘ ƛǎ 

also necessary to remove water moisture, particles, hydrogen sulphide (H2S), ammonia (NH3) and nitrogen 

(N). As it is rather expensive to remove nitrogen (N), this is rarely done. Hydrogen sulphide needs to be 

removed before further use as it is a corrosive gas. Upgrading can also take place by catalytic conversion of 

the CO2 to methane by adding hydrogen. This technology is described in another chapter. 

Quality requirements for biomethane is described in Gasreglementet section C-12. Bestemmelser om 

gaskvaliteter. (14. december 2012)2. 

Typically, the investment costs for a complete upgrading system connected to a natural gas grid can be 

categorised using the following main components excluding the biogas plant itself,  

¶ The upgrading plant 

¶ Additional equipment to treat the methane slip (where necessary) 

¶ Compressor units (where necessary) 

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

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

The heating value of upgraded biogas is approximately 10% lower than the heating value of natural gas, which 

causes challenges for example in relation to proper billing of costumers. One approach to solving the problem 

is to add propane to the upgraded gas thereby increasing the heating value. Propane addition is however 

associated with considerable costs and the Danish gas distribution companies have therefore decided to 

solve the problem through measurements of the gas quality rather than adding propane. By connecting the 

upgrading plants at MR stations, gas companies are able to keep track of the gas quality in different parts of 

the distribution network and thereby also ensures proper billing of costumers. Therefore, costs related to 

propane addition are not considered in this technology sheet. 

Upgrading 

The main purpose of upgrading is the removal of CO2, and the capacity of the upgrading plant is usually stated 

in Nm3 raw biogas. The grid connection plant encompasses equipment for measuring gas quality, odorisation 

of the gas and the concrete mechanical grid connection. Other options include further measurements of the 

gas quality within distribution grids.  

Today there are 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  

Another technology ς cryolithic separation ς is under development and little data is currently available. Also, 

enzymatic upgrading technology is under development. 

Currently, the most common upgrading technology is water scrubbing, followed by chemical/amine 

scrubbing and PSA. Today, there are no PSA 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 process is purely physical. The biogas is put in contact with water by spray 

or bubbling through to wash out the CO2 but also hydrogen sulphide, since the gases are more soluble in 

water than methane. The pressure in a water scrubber plant is typically higher than the natural gas 

distribution grid pressure at a connection point, in which case no further compression is necessary for grid 

injection of the biomethane. 

Amine scrubbing uses chemical absorption of CO2 in amines, 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 high-temperature excess heat (120-150°C) from other processes and the excess heat from 

the upgrading plant itself can also be used in low-temperature (65°C) applications, for example biogas 

digesters. In addition, electricity is required for compression for grid connection. 
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The PSA separates some gas components from a mixture of gases under high pressure according to the 

molecular characteristics of the components and the affinity for an adsorbent material (often active carbon). 

The process then swings to low pressure to desorb the adsorbent material. 

The membrane separation method utilises membranes, which consist of hollow fibres bundled together. The 

membranes are permeable to ammonia, water and carbon dioxide. Nitrogen and 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 carried out 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 the CO2 is absorbed 

in an organic solvent such as the traded solvents Selexol or Genosob.   

The figure below shows the specific investment costs per raw biogas inlet for the water scrubber, amine 

scrubbing, PSA, membrane separation (Membrane) and organic 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 catalogue 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].  

 

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

The waste gases from an upgrading plant contain methane in a small concentration, but seldom enough to 

maintain a flame without addition of natural gas or biogas. One way of limiting the methane slip is to mix the 

off-gas with air used for combustion for heating the biogas digesters. Alternatively, the methane can be 

oxidized by regenerative thermal or catalytic oxidation. 

The need for off-gas treatment depends on the methane slip from the specific plant. Plants using water 

scrubbing technology or PSA technology would often require tail-end solutions to decrease the methane slip 

[2].  

Grid connection plant 

In conjunction with the gas treatment plant, a grid connection facility should be established. For larger 

upgrading plants the local distribution network will in many cases not be able to take all the produced gas at 

all seasons. In these situations, the gas needs to bes further pressurised from 4-7 bar to 40 bar, to be fed into 

the natural gas transmission network. In addition, measurement regulation and odorisation equipment is 

required. Further to this, but not included in the data sheet costs, is the connection pipeline to the gas grid. 

 

Figure 2: Principle of the water scrubber plant. Source: SGC (2013). 

Input 

¶ Raw biogas from a biogas plant.  

¶ Electricity (or heat depending on the technology) for upgrading process. 

¶ Electricity for compression. 

¶ Smaller amounts of water and various chemicals. 

Output 

¶ Upgraded biogas with 95-99 vol. % methane, carbon dioxide and some nitrogen and oxygen [7]. 

¶ Waste gas containing mostly CO2. 
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Energy balance  

As shown in the figure below, the power consumption of the upgrading processes varies, but it ranges from 

approximately 0.2 to 0.3 kWh/Nm3 raw biogas. As an exception, the amine scrubber has a heat demand of 

around 0.5 kWh/Nm3 raw biogas, but a lower electricity consumption. The heat should be supplied at 120-

150 °C and 80% of the heat can be reused in low-temperature 

(65°C) applications [2]. 

 

Figure 3: Electricity consumption (kWh/Nm3 raw biogas, indicated as box and line) for the upgrading technologies, water 
scrubber, chemical/amine scrubber, PSA, membrane separation and organic physical scrubbing (Genosorb). Heat consumption 

shown as column. Source: SGC (2013). 

In the upgrading process, there is typically a methane slip of up to around 1%, meaning that approximately 

99% of the inlet methane exits as product [2]. Details for each technology are given in the section about 

environmental 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 several suppliers 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 Nm3 raw biogas/h, while the most common in Germany is 

around 700 and 1,400 Nm3 raw biogas/h.  
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Denmark has in 2016 around 18 biogas plants that supply biomethane to the natural gas grid. Typical sizes 

for newer plants in Denmark are in the range of 1.000 ς 2000 m3 biomethane per hour. 

Regulation ability 

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

Advantages/disadvantages 

Upgrading of biogas to biomethane and injection in the natural gas grid makes it possible to decouple 

demand and consumption. Local use of raw biogas for CHP has until now made production dependant on 

local heat demand. Upgrading to biomethane creates a renewable fuel which can be transported and stored 

in the central gas grid and used where and when needed throughout Europe in conventional gas applications. 

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

Compared with another green gas technology, namely Bio SNG based on thermal gasification of biomass, 

upgraded biogas production is easier to decentralize, has less environmental impacts (emissions from 

chimneys), and the residuals has a good value for agriculture. Biomethane is a more mature technology 

where Bio SNG is still at demonstration level. 

The different upgrading technologies each have their advantages and disadvantages respective to each other, 

but this will not be further discussed here. 

Environment 

Besides the energy consumption for operation, biogas-upgrading technologies have two other major 

environmental issues depending on the technology: the consumption of water and chemicals and a methane 

slip/emission. 

Only the water scrubber and the amine scrubber use water ς respectively 0.0004-0.004 m3/Nm3 and 0.00003 

m3/Nm3 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 are lost [2].  

The removal of hydrogen sulphide requires active charcoal for both PSA, physical scrubbing (Genosorb), 

membrane separation and amine scrubbing. The highest reported chemical requirement is 0.00003 kg/Nm3.  

The highest methane slip among the technologies is reported to be the one from PSA with 1.8%-2%, followed 

by the water scrubber with 1%, 0.5% for membrane separation and the lowest slip from amine scrubbing of 

0.1%. In principle, psychical scrubbers have a higher slip than the other technologies but the methane is 

utilized internally. The methane slip can be eliminated if the off-gas from the upgrading plant is treated in a 

regenerative thermal oxidation (RTO) plant. 
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Research and development 

As noted above it is expected that the research and development and the competition between the different 

upgrading technologies will lead to incremental improvements of the technology and, to some extent, a 

reduction of costs. 

Cryogenic upgrading 

Regarding biogas and biomethane there may be a potential in the development of cryogenic treatment for 

upgrading biogas and for the condensation of upgraded biomethane to liquefied biogas. However, today the 

technology deployment is limited by operational problems. 

Compared to other upgrading technologies cryogenic upgrading may have a lower energy demand for 

upgrading, no contact between gas and chemicals, production of pure CO2 as 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) supports new enzymatic 

ǳǇƎǊŀŘƛƴƎ ǘŜŎƘƴƻƭƻƎȅ ƛƴ ǘƘŜ ǇǊƻƧŜŎǘ ά5ŜƳƻƴǎǘǊŀǘƛƻƴ ƻŦ ŀ bƻǾŜƭ .ƛƻƎŀǎ ¦ǇƎǊŀŘƛƴƎ ¢ŜŎƘƴƻƭƻƎȅέΦ !ƴ ŜƴȊȅƳŀǘƛŎ 

upgrading process has been developed and will be demonstrated in a full-scale biogas upgrading plant using 

biogas from waste water treatment. The demonstration plant has been in operation from mid-2015.  

The CO2 is captured in a non-volatile solvent with a biocatalyst in an absorber column. The biocatalyst 

accelerates the CO2 absorption using enzymes.  Afterwards the CO2 is removed from the solvent in a stripper 

column. The technology integrates enzymes to create an industrial biocatalyst that can be readily 

incorporated into conventional chemical absorption processes for CO2 removal. The demonstration includes 

large-scale production of enzymes and biocatalyst. The enzymatic upgrading process is anticipated to be 

more energy-efficient and cost-effective 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 mio Nm3 biomethane per year. 

http://holsted.natureenergy.dk/Anlaegget 

Sønderjysk Biogas Bevtoft, 2016, 21 mio Nm3 biomethane per year. Applies amine upgrading technology. 

http://www.soenderjyskbiogas.dk/biogasanlaegget/  

Bigadan Horsens Bioenergi, 2014, 10 mio Nm3 biogas per year. Water scrubber and amin based upgrading 

plants. http://bigadan.com/c/cases/horsens-bioenergi 

Assumptions and perspectives for further development  

On a global scale, there has been a significant increase in the number of plants ς especially since 2006.  In 

Denmark, the market took of in 2014. 

 

http://holsted.natureenergy.dk/Anlaegget
http://www.soenderjyskbiogas.dk/biogasanlaegget
http://bigadan.com/c/cases/horsens-bioenergi
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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 have played an 

increasingly important role (see figure below). 

 

 

Figure 4 Global development in the number of upgrading plants and year of commissioning for the various technologies. Source: 
SGC (2013). 

Currently, the biomethane production costs for the different mentioned commercially available technologies 

are around the same level. Just a few years back, amine systems were still only used as demonstration plants, 

whereas today the systems are sold and constructed in different standardized sizes. Water scrubbing and 

PSA have been mature technologies for many years, and only incremental technology development is 

expected, while cryogenic upgrading is a technology under development and demonstration. 

An important aspect of biomethane market deployment is technical standards. Therefore, work is ongoing 

to establish a common European standard for injection of biomethane into the natural gas grid systems and 

for use as vehicle fuel within the European Biogas Association (EBA) and CEN project committee CEN/TC 408. 

In Denmark, there is still relatively few upgrading plants but it is assessed that most new biogas plants will 

have upgrading facilities, so that the total production of upgraded biogas will amount to 8 PJ in year 2020 

out of a total biogas production of 14 PJ [6]. 
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Based on the above, the upgrading technology in general is considered to lie in between the two categories 

άо Commercial technologies with moderate deploymentέ ŀƴŘ άп Commercial technologies, with large 

ŘŜǇƭƻȅƳŜƴǘέ. 

It is assumed that the growth will continue so that the Danish production of upgraded biogas will double in 

the period 2015 to 2020 and in the period 2020 to 2030. However, the total growth rate of the industry is 

likely to be smaller, considering less growth potentials in other countries where many plants are already 

operating. Thus, a moderate learning curve rate of 0.90 for investment and O&M costs is here assumed for 

each of the periods 2015-2020, 2020-2030 and 2030-2050. 

Further, it is here assumed that one or more of the newer and currently less developed technologies (e.g 

cryogenic and membrane technologies) will take over from 2030 and that this can lead to lower methane slip 

(close to zero) and 50% reduction of the electricity consumption, which is already achievable today with the 

amine scrubbing technology [2, 7].  

Additional remarks 

Methanation of biogas by addition of hydrogen is an alternative technology, in which the CO2 is converted to 

methane instead of releasing it to the atmosphere.  
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Data sheets 

Data for an upgrading plant with a biogas input of 1.000 Nm3 is presented below. For the projection years 

2015 and 2020, the data sheet is based on a water scrubber plant. By 2030, one or more of the newer and 

currently less developed technologies (e.g. cryogenic and membrane technologies) are expected to take over 

ƭŜŀŘƛƴƎ ǘƻ ŀ ǊŜŘǳŎǘƛƻƴ ƛƴ ǘƘŜ ǇƭŀƴǘΩǎ ŜƭŜŎǘǊƛŎƛǘȅ ŎƻƴǎǳƳǇǘƛƻƴΦ  

  

Technology Biogas upgrading 

  2015 2020 2030 2050 Uncertainty (2020) Uncertainty 
(2050) 

Not
e 

Ref 

Energy/technical data         Lower Upper Lower Upper     

Typical total size (MJ output/s) 5,92 5,92 5,92 5,92         A G   

Typical total size (Nm3 biogas/h) 
1.000 1.000 

1000 1000         A B 1/4 

Capacity (Nm3 biomethane/h) 594 594 594 594 
        A B   

                      

- Inputs                     

Biogas (% of biogas input) 100% 100,0 100,0 100,0             

Auxilliary electricity for upgrading (% 
of biogas input) 

4,3% 4,3% 2,2% 2,2% 3% 4,3% 1,6% 3,2% A D 
J 

1/2/4
/7 

Auxilliary electricity for compression (% 
of biogas input) 

1,0% 1,0% 1,0% 1,0% 

        A F 
2/4 

Heat (% of biogas input) 
0,0% 0,0% 0,0% 0,0% 

          
2/4 

                      

- Outputs                   
  

Biomethane (% of biogas input) 99,0% 99% 100% 100%         I 2 

Waste gas (% of biogas input) 1% 1% 0,1% 0,1%         I   

Waste heat (% of biogas input) 5,3% 5,3% 3,2% 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 
methane reduction (ú/MJ/s input) 

   
335.000  

     
302.00

0  

    
272.000  

    
245.0

00  

     
268.000  

    
318.000  

   
172.000  

    
287.000  

C D 1/2/5
/7 

Specific investment, grid injection at 
40bar  (ú/MJ/s input) 

   
134.000  

     
121.00

0  

    
109.000  

      
98.00

0  

     
107.000  

    
127.000  

     
69.000  

    
115.000  

F 5 

                      

Fixed O&M  (ú/MJ/s input / year)      
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.  
(ú/MJ/s input / year) 

        
8.400  

         
7.600  

         
6.800  

         
6.100  

         
6.700  

        
8.000  

        
4.300  

         
7.200  

  2 
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- of which fixed O&M costs grid 
injection, excl. el.  (ú/MJ/s input / 
year) 

        
3.400  

         
3.000  

         
2.700  

         
2.500  

         
2.700  

        
3.200  

        
1.700  

         
2.900  

H 2 

Variable O&M ((ú/GJ input)           
0,93  

            
1,03  

           
0,88  

           
1,02          H   

- of which electricity (ú/GJ input)           
0,93  

            
1,03  

           
0,88  

           
1,02  

        E 2/4/7 

              
      

  

Technology specific data             

        

Methane slip / emission (%) 1% 1% 0,1% 0,1%         I 2 

Minimum load (% of full load) 50 
                7 

CO2 removal, % 98,5                 1 

 

Notes: 

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

B Values are assumed valid for a range 500-1,500 Nm3 biomethane per hour         
C Values include upgrading, methane reduction and grid injection facilities         
D Based on a water-scrubber technology based plant, alternative technologies have comparable values in terms of 

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

E The cost of auxiliary electricity consumption is calculated using the following electricity prices in ú/MWh: 2015: 63, 
2020: 69, 2030: 101, 2050: 117.  These prices include production costs and transport tariffs, but not any taxes or 
subsidies for renewable energy. 

F Injection in natural gas grid at 40 bar 

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

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

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

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

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

described in 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 biomass with a 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 combustion, and possibly by adding another gasification agent. The product of a gasification 

process is a mixture of mainly hydrogen, carbon monoxide, carbon dioxide, methane, water, and smaller 

ŀƳƻǳƴǘǎ ƻŦ ƘƛƎƘŜǊ ƘȅŘǊƻŎŀǊōƻƴǎΦ .ŜǎƛŘŜǎ ǘƘƛǎ ǘƘŜ Ǌŀǿ ΨǇǊƻŘǳŎŜǊ ƎŀǎΩ ǿƛƭƭ ŀƭǎƻ Ŏƻƴǘŀƛƴ ŎƻƳǇƻƴŜƴǘǎ ŦǊƻƳ ǘhe 

feedstock or gasifying agent such as sulphur, nitrogen or chlorine as well as impurities such as tar and dust, 

depending on the temperature and properties of the process. 

After gasification the gas can be cleaned in various steps that may 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. 

https://ing.dk/artikel/byggeboom-naesten-tredobler-produktionen-af-gron-gas-i-2020-183940
https://ing.dk/artikel/byggeboom-naesten-tredobler-produktionen-af-gron-gas-i-2020-183940
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The raw gas can then be converted and used in different ways. It can be 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 gasification heat is formed in the gasification process itself by partial combustion of the biomass. In 

such processes, flue gasses and product gas will be mixed. In case atmospheric air is used as 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 added. This represents a traditional gasification technology, which is well known 

and used in smaller scales to produce a low-quality combustible gas. Since air is used, the gas contains 

nitrogen. Another principle in direct gasification uses pure oxygen mixed with CO2 or steam. Here nitrogen 

can be avoided in the product gas which makes it more suitable for SNG production. 

In indirect gasification heat is transferred to the gasification process by means of a media such as a gas or a 

movable bed material. But the heat is formed outside 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, will degrade to a 

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/or CO2 are added to the process the 

biomass can be fully converted to gas. As hydrogen from the steam and carbon from CO2 take part in the 

formation of hydrogen and carbon monoxide 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. Further descriptions can be found in e.g. [6]. 

Here it is chosen to distinguish among three 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 for up-scaling and financial properties: 

¶ Biomass gasification, fixed bed, for producer gas 
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o Small scale (1 - 25 MJ/s input) 

o Mainly for heat and power generation (without methanation) 

 

¶ Biomass gasification, for bio-SNG  

o Medium to large scale (20 - 400 MJ/s input) 

o Circulating fluid bed gasifiers (CFB), or similar  

 

¶ Biomass gasification, entrained flow, for production of liquid fuels 

o Large scale (>500 MJ/s input) 

o In this catalogue, focus is on production of bio diesel by the Fischer Tropsch process.  
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83 Biomass gasification, fixed bed, for producer gas 

Contact Information 

¶ Danish Energy Agency: Jacob Hjerrild Zeuthen and Filip Gamborg 

¶ Author: Ea Energy Analyses, Malthe Jacobsen, Morten Tony Hansen 

¶ Reviewer:  

Publication date 

March 2017 

Amendments after publication date 

Date Ref. Description  

- - - 
- - - 

 

Qualitative description 

Brief technology description) 

Fixed bed gasifiers are smaller scale plants (<10 MW output) with direct gasification processes that can be 

either updraft or downdraft, and that can be staged into different process steps. 

The primary use of the gas will be in co-generation of heat and power (CHP), or in heat-only boilers. In this 

catalogue the device for conversion of the producer gas is not included. 

For the fixed bed technologies, it is assumed that atmospheric air is used as gasifying agent in direct 

gasification. Thus, the gas will contain nitrogen. The nitrogen content and the limited possibilities for 

upscaling make the fixed bed technologies less interesting for larger plants with further upgrading to 

synthetic natural gas (SNG) or production of liquid biofuels based on syngas. 

 

The updraft (or counter current) gasifier has been used for the last 75-100 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 opposite flow directions. The biomass is 

converted through several stages. Up to 100C̄ the 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 gasified at 800-1,200°C, while water vapour and/or oxygen (air) is added.  

Biomass  

pre-treatment 

and drying 

Gasification Cleaning 
 Gas engine / 

boiler 
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The gas has low temperature (~75°C) but a large content of tar, 

typically 30-100g/Nm3. Depending on the process, the tar shall either 

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

Producer gas primarily consists of the components N2, H2, CO, CO2, 

CH4, and water. The use of atmospheric air and direct gasification 

limits the calorific values of the gas to about 6 MJ/Nm3 for the dry 

cleaned gas from an updraft gasifier [8].  

For internal combustion engine applications, gas from updraft 

gasifiers needs tar removal and possible effluents from the cleaning 

step need to be handled. 

Biomass

Gas

Air

Ash

Oxidation

Reduction

Pyrolysis

Drying

Updraft gasifier, principle 
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The downdraft (or co-current) gasifier has the same flow direction of the biomass feedstock and the gas. The 

biomass is converted through several stages. Up to 100°C the water is vaporized. By pyrolysis the dry fuel is 

converted to a tarry gas and a char residue. Subsequently, the char residue is gasified at 800-1,200°C, while 

water vapour and/or 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 the 

downdraft type produce gas with the lowest level of tar. 

In staged downdraft gasification, pyrolysis and gasification 

are separated in two reactors, enabling a partial oxidisation 

of tar products between the stages. Thus, staged gasifiers 

are producing a gas with low tar content, which is essential 

for engine operation. The tar content is often below 100 

mg/Nm3 and can be below 10 mg/Nm3. 

The pyrolysis process can be driven by either internal or 

external heating. Internal heating is performed by addition 

of air/oxygen consuming a part of the energy content in the 

fuel, while external heating utilises waste heat from the 

produced gas and from the engine to dry and pyrolyse the 

fuel.  

The data in the table are valid for external heating, as this 

results in higher efficiencies. 

Producer gas primarily consists of the components N2, H2, CO, CO2, CH4, and water. The use of atmospheric 

air and direct gasification limits the calorific values of the gas to 4.5-6 MJ/Nm3 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 

¶ Solid biomass such as wood chips, pellets, chunks and briquettes, industrial wood residues, demolition 

wood and energy crops can be used 

¶ Auxiliary electricity for process machinery. 

Requirements to moisture content and size of the fuel depends on the design of the reactor and the process: 

Updraft gasifiers can take fuels with up to 50% water content, whereas downdraft gasifiers require fuel with 

a maximum of 15-20% water. In practice, artificial drying is often integrated with the gasification plant to 

ensure a feedstock of constant moisture content [8]. Downdraft gasifiers typically need homogeneous sized 

biomass input to avoid packing of bed and subsequent pressure loss across the fuel bed. 

Biomass
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Air

Ash
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Reduction

Pyrolysis

Drying
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Output 

¶ Producer gas suitable for combustion in gas engines, gas turbines or boilers. 

¶ Recoverable heat for domestic heating. 

¶ Ash, slag and 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% 

H2 19 - 31 

CO 18 - 23 

CO2  12 - 15 

CH4  1 - 5 

 

Ranges of composition of producer gas from fixed bed gasifiers. 

 

Energy balance 

Updraft gasifier: 

Based on an energy input of wet biomass (100%), a producer gas energy output of 40-65%, and a heat output 

of 10-20% can be obtained [8]. 

Staged downdraft gasifier: 

Based on an energy input of wet biomass (100%), a producer gas energy output of 75-85%, and a heat output 

of 10-20% can be obtained [8]. 
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Sankey diagram of fixed bed gasifier in 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 the gasifier is standing alone and the system 

output is product gas and heat, an electricity input is needed. 

The heat loss may in many cases be lowered by condensation of the producer gas and circulation of the heat 

to drive the gasification process. 

 

Typical capacities 

Updraft gasifier: 0.08 ς 10 MWe (0.2-25 MJ/s fuel)  

Downdraft/staged downdraft gasifier: 0.04 ς 2 MWe (0.15-5 MJ/s fuel) 

Capacities above these levels are typically increased by parallel installation of units. [8], [2]. 

 

Regulation ability  

Gasifier output can be regulated within few seconds for downdraft gasifiers, and within minutes for updraft 

gasifiers. Start-up time from cold condition depends on plant sizes and design, in any case several hours to 

days. Minimum loads of 10-20% can be obtained for updraft-, and 25-30% for downdraft gasifiers [6]. 

Gasifiers are typically to be kept in continuous operation.  

 

Space requirement 

The main space requirements typically relate to the storage and handling of biomass feedstock, which can 

be assumed to correspond to biomass boilers.  

 

Advantages/disadvantages 

Compared with other gasification technologies, fixed bed gasifiers - and especially the downdraft types - 

provide a simple way of generating a gas clean enough to be used in an internal combustion engine for CHP. 

However, they generally have limited possibilities for upscaling, especially the downdraft types, as 

maintenance of a stable bed becomes increasingly challenging in larger cross sections. This is the reason 

behind parallel installation of units to increase capacity of a site. Furthermore, air as gasification media makes 

the gas unsuitable for methanation. 
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The updraft gasifier has limited requirements to fuel quality, i.e. the contents of moisture and ash. 

Furthermore, the gasifier can ramp up and 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. 

Gasification 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 small-scale biomass-based electricity generation technologies, the gasifier / 

engine plants can reach higher net electrical efficiencies, typically up to 30% in CHP mode [2]. Existing natural 

gas fuelled engines can be converted to run solely on producer gas, or on a combination of producer gas and 

natural gas. When a spark ignition engine is converted to operation on producer gas its energy input capacity 

is derated to about 40-50% due to the lower calorific value of the gas [7]. One disadvantage compared to a 

natural gas-powered engine is the long start-up time of the gasifier (from cold). Also, excessive soot-

formation may occur at start/stop. 

 

Environment 

Emissions from generation of biomass gases are very limited. Emissions from utilisation of gases from 

gasifiers may occur at each process step: 

¶ gaseous emissions (exhaust gas, possible leakages) 

¶ liquid emissions (scrubbing water, scrubbing wastes, condensates, bio-oil) 

¶ solid emissions (ash, dust) 

 

Generally, the environmental aspects of biomass gasification are comparable to those of biomass combustion 

processes; however, as the producer gas from fixed bed gasifiers is filtered thoroughly before it is fed into 

the IC-engine, the standard emissions are CO, NOx and UHC. From a stable operation of a demonstration 

plant utilising a two-stage gasifier at DTU, the below emissions have been measured [10]: 

 

CO (mg/Nm3 at 5% O2) 970.0 

NOx (mg/Nm3 at 5% O2) 1197.0 

UHC (mg/Nm3 at 5% O2) 21.4 
Table 0-1: Example of emissions from a plant with a two stage down draft gasifier. 

This performance does not comply with the current emission regulations in Denmark. A possible commercial 

plant would apply primary or secondary emission reducing measures to comply with regulations. 
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Dependent on technology, trace metals, especially cadmium contained in the biomass, may be entrained 

with the gas or end up in the ash from the biomass gasifier. Further, the ash may contain polycyclic aromatic 

hydrocarbons (PAHs). Therefore, spreading of ash in forests or on agricultural land must be carried out with 

considerable caution. It has been demonstrated that in some cases thermal gasification may as a side effect 

entail the possibility to extract trace metals. In Denmark utilisation of the ash is regulated by a ministerial 

order for biomass ash. 

No emission data is stated in the data sheets below, as the specific utilisation of the producer gas is not 

covered by this technology data sheet. 

 

Research and development perspectives 

Updraft: 

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

R&D is carried out, aiming at solving operational problems such as corrosion, process regulation etc. The 

main issues to be addressed include: 

¶ Ability to handle a wider range of fuel properties, in particular waste wood and other biomass 
residues 

¶ Establishing references of up-draft gasification plants for waste wood and other biomass residues 
to drive the incremental development 

¶ Establishing updraft demonstration plants with oxygen and steam as gasification agent to be able 
to produce bio-SNG. 

 

Other issues that should be addressed to support small-scale biomass gasification: 

¶ Purification of wastewater containing tar; in particular capital cost reduction 

¶ Meeting emissions regulations 

¶ Reactor calculations; kinetic models of significance for design and control 
 

Downdraft: 

There exist a number of suppliers of smaller down draft gasifier plants for CHP, ranging from 10 kWe to 2 

MWe, and as such the technology seems to have reached a level where it enters technological maturity [15] 

Research and development activities seem to focus on incremental operation and design optimisations, 

including better process regulation and automation for unmanned operation, scaling up, and improving gas 

engine operation with gasification gas. 
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Examples of market standard technology 

Updraft: 

At Harboøre Fjernvarme a 3.6 MJ/s updraft counter-current 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 gasifier is fuelled by wet 
forest woodchips. The gasifier is supplied and operated by Babcock & Wilcox Vølund A/S. [2] 

 
Downdraft: 

Biosynergi Proces had installed a 300 kWe and 750 kJ/s heat CHP demonstration plant at Hillerød district 

heating company. The plant came online in 2016. The concept is designed supply a clean gas on basis of wet 

forest wood chips that are dried on site as an integral part of the process. Output heat is used for district 

ƘŜŀǘƛƴƎΦ ¢ƘŜ ǇǊƻŎŜǎǎ ƛǎ ŀƴ άhǇŜƴ /ƻǊŜέ ŘƻǿƴŘǊŀŦǘ ŀƴŘ ƛǎ ŀ ǎǳŎŎŜǎǎƻǊ ŀƴŘ ǳǇǎŎŀƭƛƴƎ ƻŦ ǘƘŜ DǊŋǎǘŜŘ Ǉƛƭƻǘ 

project (450 kJ/s fuel). [2], [5]. The plant has been dismantled by the end of 2017 due to lack of financing to 

solve minor technical start-up problems. 

In Innsbruck, Austria, SynCraft has installed a 260 kWe and 600 kJ/s heat CHP plant at the municipal water 

treatment company, IKW. The plant is a staged downdraft type with an innovative floating fixed bed char 

gasifier vessel and came online in 2017. The plant used wet wood chips that is dried on site. Output heat is 

used for district heating. 

A number of suppliers and projects outside Denmark are mentioned in [2] and in [30]. 
 
 

Prediction of performance and costs 

Small scale gasification plants for CHP production based on biomass are offered by many suppliers worldwide 

on a commercial basis [2]. However, commercial deployment is for larger plants still moderate and the 

technology can be characterized as being in a transition between demonstration and commercial maturity 

(Category 3).  

Further development potentials exist, for example for using new fuels types, technical optimizations, 

upscaling and better control of un-manned installations. Many suppliers tailor their equipment to certain 

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

reductions [2].  

The projection of investment cost assumes that 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 typical learning curve progress rate 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 is associated with considerable level of uncertainty. 

The statistical data on existing plants is very limited, impairing more detailed analyses. O&M costs are 

assumed to follow the same trend as investments costs.  
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Due to the limited possibilities for upscaling it is not expected that applying fixed bed gasifiers to production 

of bio-SNG or other synthetic fuels will be commercially interesting. This would require small to medium scale 

oxygen production and methanation to reach commercial level. In that case, small to medium scale 

gasification combined with biogas production for bio-SNG production could become an attractive solution. 

 

Uncertainty 

Even though several plants have been in successful operation for several years the uncertainty regarding 

price and performance for future developments remains considerable. The data assumes considerable 

learning curve effects. However, there is a widespread number of different principles and variants of the 

technology, of which many are pioneer projects, and it is not clear which improvements can be realized, and 

how far. 

 

Additional remarks 

Today, fixed bed gasifiers are usually integrated with an internal combustion engine gen-set. Besides the 

described fixed bed gasifiers, a number of suppliers offer CHP technologies based on bubbling fluid bed 

gasifiers in the 1-2 MWe range, e.g. the Spanish Eqtec. [2]. 

 

References 

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

The capacity of the plant is stated as the lower calorific value of the input biomass (MWth), 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 
(2020) 

Uncertainty 
(2050) 

Note Ref. 

Energy/technical 
data 

        Lower Upper Lower Upper     

Typical fuel input 
capacity, one unit 
(MWth) 

20 20 20 20         A 1,2,8 

                      

- Input                     

Biomass (% of input 
capacity) 

98 98 98 98             

Electricity (% of input 
capacity) 

2 2 2 2             

                      

- Output                     

Producer gas (% of fuel 
input) 

74 75 77 83 60 80 80 90 C 3,4,5,8,11 

Heat (% of input) 10 10 9 5         B 3,4,5,8,11 

                      

Unplanned outage (%) 5 5 5 5           1,2,8 

Planned outage (weeks 
per year) 

3 3 3 3           1,2,8 

Technical lifetime 
(years) 

20 20 20 20           1,2,8 

Construction time 
(years) 

1.5 1.5 1.5 1.5           1,2,8 

                      

Financial data                                                      

Specific investment 
(Mú/MWth) 

1,4 1,3 1,2 1,1 0,9 1,8 0,7 1,4 
D 1,3,4,5 

 - of which equipment -                   

 - of which installation -                   

Fixed O&M 
(ú/MWth/year) 

21.000  20.000   18.000   16.200   15.000   24.900   12.100   20.200  
D 1,3,4,5 

Variable O&M 
(ú/MWhth) 

2,6 2,5 2,2 2,0 1,7 3,3 1,4 2,7 
D 1,3,4,5 

  
          

Technology 
specific data 

                    

Minimum load (% of full 
load) 

20 20 20 20           8 

 

Notes: 
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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, H2, CO, CO2, CH4, and water. Calorific value 5 - 6 MJ/Nm3. 
For some references ([3], [4]) the electric efficincy has been used to calculate gasifier efficiencies, assuming an 
engine efficiency of 42%. 

D 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 been deducted at 1.33 Mú/Mwe and 42% efficiency. 
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. 

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

F  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).  

G 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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Qualitative description 

Brief technology description 

Biomass can be converted to synthetic natural gas (SNG) by gasification followed by upgrading. 

After gasification, upgrading can be done by gas cleaning, CO2 removal, drying, and methanation of the 

syngas, to reach a methane content of approx. 95-98%, as required 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 gasification and 

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 to heat [21], 

however the raw gas may contain 5-15% 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. 

 

 

Pre-treatment and gasification 

Pre-treatment 

and drying of 

biomass 

Gasification Cleaning 
 CO2 removal and 

drying 

Methanation 

to BioSNG 

mailto:jhz@ens.dk
mailto:fgb@ens.dk
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The gasification can take place by different principles using both indirect and direct gasification but aiming 

at a producer gas without nitrogen and a high proportion of methane which reduces the proportion of gas 

that needs to be methanised. 

Fluidised bed gasification may offer these possibilities as they do not show some of the operational 

limitations seen with fixed bed gasifiers. As such, fluidised beds may be more compact and  

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

low bulk density  

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

- provide easier scaling up possibilities 

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

in such a reactor may consist of more or less inert solid particles (sand) that become fluidised when a gas, 

such as ambient air or another agent is blown through the bed. The particles entrain possible fuel particles 

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

 

fluidisation gas. Due to the fluidisation, the various steps of 

the gasification process (drying, pyrolysis, oxidation, 

reduction) that are quite separated in fixed bed 

gasification, are mixed in a fluidised 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 

comprise a lower carbon conversion ratio (with unburnt 

fuel in the ash). 

Usually, a pre-treatment of the feedstock is necessary 

including drying, for which excess process heat can be used. 

One typical design with indirect gasification uses a dual circulation fluidised bed reactor as shown below, 

where fast circulating bed material (for instance sand, limestone or olivine) 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 pre-dried biomass is fed in and which is typically blown by steam. The combustion is 

primarily fed by the char residues of the biomass feed stock that circulates to the combustor. The gasification 

can take place at relatively low temperatures (around 800°C) which outputs a gas with relatively high 

methane content which is relevant for the subsequent methanation process.  Further, the low temperature 

prevents the ash from melting and form corrosive slag. 

 

CFB biomass gasifier, principle [8] 
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The dual CFB (circulating fluidised bed) process (Güssing type design) [14] 

 

An alternative typical process design 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 air separation (ASU) powered by electricity generated 

from process excess heat. This may account for 4% of output energy [14]. Alternatively, oxygen obtained as 

a by-product of electrolysis in future hydrogen generation plants could be used. 

Both the direct gasification and the oxygen blown gasifier process types are able to use wood as feedstock 

material and can (expected) be upscaled to reach an output in the range 200 MW bio-SNG. There are as well 

other variants of the circulating fluid bed technology intended for, or possibly useful for bio-SNG production.  

A bio-SNG plant may utilise some of the high temperature energy streams to generate electricity [16], [21]. 

However, the electricity production is not significant, and is for future plants assumed to outbalance the 

electricity demand for internal processes.  

Further description of projects, processes, and technologies can be found in [14], [15] and [2]. 

Gas cleaning 

Tar removal is necessary due to the relatively low gasification temperatures. Several options exist, including 

scrubbing with water or oil, catalytic or thermal cracking. 

Biomass

Gas

Steam Air

Ash

Flue gas
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In addition, sour gases (primarily H2S) and CO2 need to be removed by chemical and/or physical absorption, 

and the syngas composition may be adjusted by a partial shift for obtaining the required ratio of H2 to CO as 

suitable for the methanation process. 

Methanation 

There exist several different process-designs for catalytic methanation of syngas, many of which have been 

demonstrated in full scale or as pilot plants. [15] [20]. 

Further, it is possible to convert the excess CO2 gasses to methane by adding hydrogen gas to the process. 

This optional process step is not included in this technology sheet. 

 

Input 

¶ Solid biomass such as wood chips, pellets, and agricultural waste products. ¨ 

¶ 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 CFB gasifier. In addition, many 

demonstration projects have aimed at using waste fractions as a feedstock for gasification [15]. 

 

Output 

¶ The output is bio-SNG 

¶ Further output is low temperature process heat, which is assumed valid for district heating 

¶ The main waste product output is ash. 

 

Energy balance 

The overall efficiency from solid fuel to bio-SNG ranges between 50-60% in present demonstration projects, 

and theoretically could be above 80% [8]. 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 90%. [3], [16], [21]. 

In the GoBiGas 20 MW demonstration project, the following efficiencies were measured and reported, 

though not accounting for an electricity demand of some 3 MW and bio-oil demand of 0.5 MW [21]: 

Fuel to cold gas efficiency (syngas): 76.5% 

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

These numbers refer to the plant fuelled with wood pellets, and the results cannot directly be transferred to 

fuels with higher water content, though. 

 

Sankey diagram of Bio-SNG gasifier plant in 2030. 

 

Typical capacities 

The capacity of current (2016) demonstration plants is in the range 20 MWgas. 

With a further technical development and the necessary investments, it is expected that the commercial 

plant size will be up to 200 MWgas by 2020. 

Regulation ability 

The CFB gasification and associated methanation process plants generally have limited regulation and part 

load capabilities, depending on the process types though. It is assumed that plants are in continuous 

operation for 8,000 hours per year. 

 

Space requirement 

The main space requirements typically relate to the storage, handling, and possibly drying of biomass 

feedstock, which can be assumed to correspond to what is required for biomass power plants. 

 

 

 

 

BioSNG 63

Heat 22

BioSNG plantBiomass 100

Biodiesel 50

Heat 35

Fischer Tropsch biodiesel plantBiomass 100

Producer gas 79

Heat 8

Fixed bed gasification plantBiomass 100

Process heat loss 13

Process heat loss 15

Process heat loss 15
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Advantages/disadvantages 

A major advantage of bio-SNG generation is the possibility to use existing natural gas infra structure for 

transport and storage of biomass-based 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 process plants, which in turn can reach higher efficiencies and are more suitable for 

upscaling. This requires, however, an infrastructure for biomass procurement, handling, and storage. A 

substantial heat demand from e.g. district heating systems is an advantage to reach high overall efficiencies. 

The CFB gasification processes are typically relatively robust with regard to feedstock quality and can use 

much larger particle sizes than e.g. entrained flow gasifiers. 

The relatively low temperatures of CFB gasification makes it possible to recycle the ash to 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 advantage over the indirect due to higher 

throughputs, leading to smaller relative investments, and higher methane rates. 

 

Environment 

Generally, the environmental aspects of biomass gasification are comparable to those of biomass combustion 

processes in general. Depending on the further processes involved in a specific plant, waste products might 

include condensation waste water, ash with used bed material, used catalytic material, and other waste from 

chemical reactors etc. 

In the case of the pilot plant GoBiGas phase I, [22] mentions annual emissions of 15 tonnes of NOx and 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 environmental report from operations 

in 2015 [23] mentions an emission of 2,933 kg NOx, 2,997 kg S as well as 1,516 kg NH3 and 65 kg N2O from 

production of 30,000 MWh of biomethane. This corresponds to an average emission of 0.1 kg NOx, 0.1 kg S, 

0.05 kg NH3 and 0.002 kg N2O per MWh gas produced. 

[23] also mentions a number of waste streams containing harmful components such as ash, water-based 

streams with chemicals, active coal etc.  

 

Research and development perspectives 

Process integration and optimisations, including energy 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, where several proprietary 

technologies seem to compete [15]. Experiences from pilot and demonstration plants are expected to lead 
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to further innovation and development that will allow upscaling. It is also expected that such optimisations 

can eventually lead to improved gas efficiencies compared to present technology [8]. 

The treatment of biomass fuels is another area for further development, as large quantities of wood and 

other material shall be transported, handled, stored and dried. 

 

Examples of market standard technology 

Indirect, dual CFB: 

Valmet is a major supplier of CFB gasification plants in the range 100-200 MW for both combustion in 

power plants, and also for the GoBiGas demonstration bio-SNG plant. 

http://www.valmet.com/products/energy-production/gasification/ 

GoBiGas is a 20 MWgas technical demonstration project in Göteborg, Sweden, aiming at 65% conversion 

efficiency, 90% overall efficiency. The plant is fueled by wood pellets and has experienced campaigns of 

continuous operation since December 2014. [2]. The pilot plant has been retrofitted for wood chips and is 

in summer 2016 being recommissioned on wood chips. An informative film about the concept can be 

viewed at http://goteborgenergi.streamingbolaget.se/video/156153/link 

Direct BFB: 

Another major supplier 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/products-en/group/environmental-solutions/power-generation/gasification 

Direct, oxygen blown CFB: 

Amec Foster Wheeler'ǎ έōƛƻ-SNG proof-of-ŎƻƴŎŜǇǘέ ŦƻǊ ŀ мн a²th oxygen/steam blown pressurized (4 bar) 

CFB plant in Varkaus, Finland [2], [15]. 

 

Prediction of performance and costs  

As of today, the integrated biomass CFB gasification and methanation technologies are in a pioneer phase 

(Category 2), and the uncertainty regarding future performance and price data is high. Data for 2015 and 

2020 are mainly based on demonstration projects. 

Assumptions for the period 2020 to 2050 

It is assumed that the present demonstration scale plants using CFB and methanation in the capacity range 

10-20 MWth will eventually be scaled up and can reach commercial maturity in year 2030 with a capacity in 

the range of 200 MW gas output. Even though the potential scaling and learning curve effects appear to be 
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significant the estimated future values are widely based on scientific studies of process optimizations, and 

on industry expectations, and it is not obvious that such development will take place. 

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 as well as 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 shall be mainly 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 price levels of competing fuels 

(natural gas and when focusing on the transport sector also of oil) as well as possible subsidies and CO2 

emission costs into account. The data for 2020 ς 2050 assumes that such market demand will be present, 

and that investment costs can be reduced by considerable upscaling and learning curve effects. 

 

Uncertainty 

The long-term development of the technology is by nature uncertain, due to the current development stage 

(Pioneering phase) and the fact that positive results of larger scale deployment are 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 gasifiers may be used for a variety of purposes and can be seen in connection with small to 

medium scale CHP plants, larger scale co-firing plants CHP plants, bio-SNG facilities as well as biofuel facilities. 

 

References 

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

 

Data sheets 

The capacity of the plant is stated as the lower calorific value of the input biomass (MJ/s), and the output 

efficiencies refers to the lower calorific value of the bio-SNG and heat. 
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Technology CFB (Circulating fluid bed) gasifiers, biomass, bio-SNG, medium - large scale 

  2015 2020 2030 2050 
Uncertainty 

(2020) 
Uncertainty 

(2050) 
Note Ref 

Energy/technica
l data 

    Lower Upper Lower Upper   

Typical fuel input 
capacity, one unit 
(MWth) 

32 154 400 400      12;13 

           

- Input         B  

Biomass (% of 
input capacity) 

91 100 100 100       

Electricity (% of 
input capacity) 

9 0 0 0     B  

           

- Output         B  

Bio SNG (% of fuel 
input) 

56 60 63 70 58 65 65 75 G 21;19;13/17/19; 

Heat (% of input) 15 20 22 20     H 21;19;13/17/19; 

Unplanned outage 
(%) 

3 3 3 3       

Planned outage 
(weeks per year) 

3 3 3 3       

Technical lifetime 
(years) 

15 20 20 20       

Construction time 
(years) 

2,5 2,5 2,5 2,5       

           

Financial data                                            

Specific investment 
(Mú/MWth) 

4,0 2,5 1,6 1,5 1,8 3,0 1,4 2,6 E 
12+21;12+19+1

3;15/17 

 - of which 
equipment 

-          

 - of which 
installation 

-          

Fixed O&M 
(ú/MWth/year) 

80.450 40.220 26.220 24.130 30.170 50.280 18.100 30.160 F 
12/21;12/21+13

/17/19 

Variable O&M 
(ú/MWhth) 

5,3 2,7 1,7 1,6 1,8 3,5 1,1 2,1 F 
12/21;12/21+13

/17/19 

           

Technology 
specific data 

          

Warm start-up time 
(hours) 

6 6 6 6     C  

Cold start-up time 
(hours) 

12 12 12 12     C  

           

Environment           

NOX (g per GJ fuel)  16 20 20 20     D 23, 29 

CH4 (g per GJ fuel) 0 0 0 0     D 29 

N2O (g per GJ fuel) 0,3 1 1 0     D 23, 29 
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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 N2O origin from [23]. Other values are assumed to be in the same magnitude as a 
biomass fired PF power plant (pellets) 

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

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

G 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. 

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 gas output and vice versa. 
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85 Liquid fuels from biomass gasification and Fischer Tropsch  

Contact Information: 

Danish Energy Agency: Jacob Hjerrild Zeuthen, jhz@ens.dk  and Filip Gamborg, fgb@ens.dk 

!ǳǘƘƻǊΥ 5ƻƴ hΩ/ƻƴƴƻǊ ς (S&T)2 Consultants Inc. 

Publication date 

August 2018 

Amendments after publication date 

Date Ref. Description  

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

12 2018  Datasheet revised 

Qualitative Description 

The production of diesel or jet fuel from biomass is a two-step 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 fossil-based carbonaceous 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 more hydrogen via a water-gas shift reaction.  

The FischerςTropsch process (or FischerςTropsch Synthesis or F-T) is a set of chemical reactions that changes 

a mixture of carbon monoxide gas and hydrogen gas into liquid hydrocarbons. These reactions occur in the 

presence of certain metal catalysts, typically at temperatures of 150ς300 °C and pressures of one to several 

tens of atmospheres. 

Brief Technology Description 

The biomass could be agricultural or forestry residues. There is a wide range in the design of gasifiers used 

for biomass. Different technological solutions can be implemented in order to obtain different plant 

configurations; in particular, the mode of contact of the biomass with the gasification agent may be in 

counter-current, 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). Different gasifier designs are better suited to different feedstocks 

and gas needs. Gasification is further described in Biomass Gasification - general introduction and the 

following chapters. The Fisher Tropsch reactions are practised commercially on syngas produced from coal 

(Sasol) and on natural gas (Shell, Chevron, Sasol, and others). 

The overall process is shown in the following simplified process flow diagram. 

 

mailto:jhz@ens.dk
mailto:fgb@ens.dk
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Figure 1 Biomass to Diesel and Jet Process 

Input 

The primary input for most process is just the biomass. The reactions are exothermic and generate enough 

heat for the process and to produce the power required for the system. 

Output 

The FT synthesis process produces a range of hydrocarbon from light ends to heavy waxes. It is difficult to 

control the selectivity of the process to produce just diesel fuel or jet fuel. In some commercial facilities the 

light ends and the heavy wax materials can be recycled through the process to improve the selectivity but 

usually at the expense of overall efficiency. Some systems will produce excess power for sale from the system. 

Energy Balance 

The energy balance for a system is shown in the folƭƻǿƛƴƎ ŦƛƎǳǊŜ ώмϐΦ Lǘ ƛǎ ōŀǎŜŘ ƻƴ bw9[Ωǎ ǿƻǊƪ ƻƴ ōƛƻƳŀǎǎ 

to liquids. The carbon efficiency of the biomass gasifier to raw syngas is 72% and the carbon efficiency of the 

syngas to fuels is 46% for an overall carbon efficiency of biomass to fuels of 33.2%. The energy out per unit 

of energy in is 39%. 

 

Figure 2 Biomass to Diesel and Jet Energy Balance 

The overall energy efficiency of the process is relatively low. There are two potential means to recover some 

of the waste heat. The 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 
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for other uses. This could have a temperature between 150 C̄ and 185 C̄ 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 techno-

economic studies published. 

Other computer simulations of biomass to FT systems have reported higher efficiencies. Kreutz et al [2] 

reported 49 to 50.5% energy efficiency on a LHV basis. They had similar carbon efficiency of the feedstock to 

the fuels. 

Baliban et al [3] modelled several optimized hardwood to FT liquid process configurations. The energy 

efficiency ranged from 56 to 61% and the carbon conversion efficiency ranges from 54 to 60%.  

Sikarwar [4] identified feedstock characteristics that influence the performance of biomass gasification 

systems. These include moisture content, ash content, chlorine and sulphur, and the cellulose, hemicellulose 

and lignin fractions as the three components degrade at different temperatures during gasification. He 

reports that in general, the higher the cellulose and hemicellulose content, the greater the volume of gaseous 

products formed. Therefore, softwood, hardwood, wheat straw and bagasse with much higher cumulative 

percentages of cellulose and hemicellulose are preferred over sunflower seed hull, coconut shell, almond 

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

Typical Capacities 

There are no commercial scale systems in operation. The NREL techno-economic analysis was based on 

processing 2,000 tonnes of dry wood per day. The plant would produce 175 million litres per year of fuel. 

In a review of the state of the art biomass gasification [5], Molino et al reports on the European biomass 

gasification plants. They identify 22 gasification facilities but only five that has more than 7,000 h/year of 

operation time. The capacities are in the 10 to 40 MW range with one larger facility that co-fires biomass and 

fossil fuels. The facilities are identified in the following table. 

Site Thermal Output, GJ/year Running h/year 

Harboøre (Denmark) 576,000 8,000 

Gussing (Austria) 230,400 7,000ς8,000 

Skive (Denmark) 576,000 7,500 

Lahti (Finland) 1,152,000 7,000 

Buggenum (the Netherlands) 17,280,000 7,500 
Table 1 European Biomass Gasification Plants 

The commercial FT plants using fossil energy as the input are all much larger than the biomass gasification 

plants shown in the table above. The largest fossil plant is the 260,000 bbls/day (500 million GJ/year) Shell 

Ǉƭŀƴǘ ƛƴ vŀǘŀǊΦ {ƘŜƭƭΩǎ ƻǊƛƎƛƴŀƭ D¢[ Ǉƭŀƴǘ ƛƴ aŀƭŀȅǎƛŀ Ƙŀǎ ŀ ŎŀǇŀŎƛǘȅ ƻŦ ƭŜǎǎ ǘƘŀƴ мрΣллл ōōƭǎκŘŀȅ όол Ƴƛƭƭƛƻƴ 

GJ/year). 
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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 gas and produced 200 bbls/day of finished products (375,000 GJ/year). 

Regulation Ability 

Biomass gasifiers can be operated down to about 35% of the rated capacity depending on the configuration, 

feedstock moisture contents and the acceptable efficiency loss [7]. However, the gas composition will change 

over this range and when the 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 ability of 

the overall system.  

Space Requirements 

The biomass gasification district heating plant in Harboøre 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 1,000 m2/MW. This may be reduced if the size of the units are larger. 

Advantages/Disadvantages 

Biofuels that can be produced from non-feed or food feedstocks and can be used in heavy duty transport 

ŀǇǇƭƛŎŀǘƛƻƴǎΣ ǿƘƛŎƘ ŎŀƴΩǘ ōŜ Ŝŀǎƛƭȅ ŜƭŜŎǘǊƛŦƛŜŘΣ ŀǊŜ ŀƴ ŀǘǘǊŀŎǘƛǾŜ ƻǇǘƛƻƴ ŦƻǊ ŘŜŎŀǊōƻƴƛȊƛƴƎ ǘƘŜ ǘǊŀƴǎǇƻǊǘ ǎŜŎǘƻǊΦ 

Drop-in biofuels, such as the FT fuels made by this technology 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 very large scale. Determining the combined size that will work, technically 

and economically, for both technologies is a challenge. The techno-economic analyses that have been done 

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

to 700,000 dry tonnes of wood per year.  

The 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 
Table 2 Woody Biomass Production and Consumption for Energy 

A single woody biomass to diesel and jet fuel plant would require a 15 to 30% increase in the current 

production and consumption of woody biomass in Denmark. 
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Environment 

The sustainability of the feedstock production is a potential issue with all biomass systems. The overall energy 

out per unit of energy in the feedstock is relatively low for this technology. Biomass gasification systems will 

produce some 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 

type 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 Development 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 facilities or semi-commercial plants. However, due to the limited application, the price and 

performance is still attached with high uncertainty, since development and customization 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 clean-up system 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 GoBiGas SNG project in Sweden, and the Senden wood gasifier to 

power facility in Germany. 

In Denmark, B&W Vølund built the wood gasifier at Harboøre but no other references for the technology 

were identified. 

The UK-American company, Velocys is working on small scale FT 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 USDA Phase 2 application for a loan guarantee for a wood to FT liquid project [11]. 

Phase 2 applications ƛƴŎƭǳŘŜ ǘƘŜ ŜƴǾƛǊƻƴƳŜƴǘŀƭ ǊŜǇƻǊǘΣ ǘŜŎƘƴƛŎŀƭ ǊŜǇƻǊǘΣ ŦƛƴŀƴŎƛŀƭ ƳƻŘŜƭΣ ŀƴŘ ǘƘŜ ƭŜƴŘŜǊΩǎ 

credit evaluation. The plant is to be built in Natchez, Mississippi on 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. 
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Velocys plc 

Harwell Innovation Centre 

173 Curie Avenue, Harwell 

OX11 0QG, United Kingdom 

Gasifier design: Entrained flow reactor 

The entrained flow gasifier technology is well suited for large scale gasification. This specific design is 

described in this section. 

In an entrained flow reactor, the high temperatures and pressure produces a clean syngas with very little 

methane and tar [18]. This makes the gas well suited for further chemical processing and production of bio-

fuels.  

The entrained flow reactor has been used for large scale coal gasification for decades but is much less 

developed and demonstrated for biomass. The fine ground feedstock material which, when coal is used, may 

be mixed with water to a slurry, is fed from the reactor top together with steam and oxygen. When biomass 

is used, the input may be pyrolysis oil. Partial combustion and gasification takes place in the pressurised 

reactor at high temperatures (>1,000°C, up to 1,600°C for coal). Slag and ash are removed from the bottom. 

A high capacity is possible due to high reactivity at high temperature and pressure. The high combustion 

temperature results in formation of slag instead of ash as the main residue. 

The high outlet gas temperature usually makes the thermal 

efficiency low, unless the process is integrated with other energy 

consuming processes. One possibility is to pre-treat solid fuel by 

torrefaction at 2-300°C, whereby the fuel is easier to pulverise, and 

the overall efficiency is improved [19]. However, an additional 

energy loss in the torrefaction process must be expected. As for the 

CFB gasifier processes, the oxygen necessary may be produced in a 

process-integrated air separation unit powered by electricity 

internally produced from excess process heat. 

Challenges when moving from coal to solid biomass feedstock 

comprise obtaining a uniform particle size distribution and feeding 

biomass into a highly pressurised vessel. Instead of pulverising the 

fuel, it has been suggested as a pre-treatment to transform it into 

oil/char slurry through a fast pyrolysis. 

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

challenging issues. 

Advantages/disadvantages 

Compared to CFB gasifiers, the entrained flow gasifiers can have considerably higher throughput, which 

together with the high temperatures favours upscaling. Further, the high temperatures produce a clean 

Biomass

Gas

Slag

Oxygen

Principle of the entrained flow gasifier. 
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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 advantage if the available fuel is a liquid that can be spray atomised, like 

for instance the residues of paper pulp manufacturing. However, for solid fuels like fresh wood, the grinding 

will use considerable amounts of energy. Pre-treatment by torrefaction or pyrolysis may reduce these costs 

and reduce feeding challenges into a pressurized system. 

The output gas has a lower content of methane than will be possible 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 end-product is not methane, e.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 environment. This is particularly relevant for fuels with a high 

content of ash and nutrients such as straw. 

The large plant sizes would require an efficient feed stock sourcing strategy and possibly increase the need 

for pre-treatment by torrefaction and/or pelletisation or pyrolysis - possibly decentralized - to optimise 

sourcing. 

Predication of Performance and Cost 

The prediction of performance and cost is based on published techno-economic papers rather than on actual 

plant performance. The NREL paper is based on a plant twice the size of the proposed Velocys project. 

Uncertainty 

There 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 volumes of 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 between C1 and waxes. The actual ranges will vary with process 

type, catalysts, and syngas quality but there is always a range of products. This implies that separation of the 

relevant fractions will be needed downstream the FT process. Tijm [12] reports on the product distribution 

for two different process severities as shown in the following table. Unfortunately the paper does not provide 

the accompanying yield data for the two operating conditions but there is more gasoline produced in the 

kerosene mode than the diesel mode. 

 Gas Oil Mode Kerosene Mode 
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 % wt 

Tops/naphtha 15 25 

Kerosene 25 50 

Gas Oil 50 25 
Table 3 Product Distributions ς 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 two left hand bars represent the gaseous products. The sum of the two liquid products (and 

thus the yield) as well as the ratio of heavy to light liquid products does vary with the pretreatment 

conditions. 

 

Figure 3 Selectivity vs. Yield 

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 composition and complexity with cellulose as one major component. 

C6H12O6 + O2 + H2h Ҧ /h Ҍ /h2 + H2 + CH4 + other species 

Note: The above reaction uses glucose as a surrogate for cellulose.  

Stoichiometry for methanol production of syngas requires the ratio of H2 / CO to equal 2. The product gases 

are then subjected to the water-gas shift reaction to increase the quantity of hydrogen. The equilibrium for 

this reaction is temperature dependent which controls the CO to CO2 ratio. 



85 Liquid fuels from biomass gasification and Fischer Tropsch 

 

 

 

Page 89 | 315 -  Technology Data for Renewable Fuels 
 

 

CO + H2O ҭ  CO2 + H2 

This is then followed by the synthesis reaction as shown below. In this reaction the carbons are added 

sequentially making it difficult to control the chain lengths of the final products. 

(2n + 1) H2 + n /h Ҧ /nH2n+2 + n H2O 

Generally, the FischerςTropsch process is operated in the temperature range of 150ς300 °C. Higher 

temperatures lead to faster 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 favors formation of long-chained alkanes, both of which 

are desirable. Typical pressures are up to 30 bar. 

Typical Plant Size 

The proposed Velocys plant will process 1,000 tpd of wood and produce 79 million litres of product. The NREL 

techno-economic work assumed a 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 input and output for a wood to FT plant is summarized in the following table [1]. There are some 

chemicals and catalysts required but 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 
Table 4 Inputs and Outputs 

Forced and Planned Outage 

The plants are expected to operate for 350 days per year. Wood gasifiers are capable of operating at these 

rates as shown earlier and fossil FT plants are also capable of operating at these rates. Forced outages are 

expected to be minimal.  

Technical Lifetime 

Due to the maturity of the technology, plant lifetime is estimated to be 20 years for plants build before 2025. 

Hereafter, it is expected to grow to 25 years. 

Construction Time 

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

The financial data is only available from the literature. There is a preliminary cost estimate of $300 million 

for the 72 million litre Velocys plant in Mississippi (80 MW) [14]. This would be ϵ4.25/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 million Euro, or ϵ4.0/litre of 

product. 

Irena [15] report current capital costs for this pathway as $3,000 to $5,000/kW (ϵ2.8 to ϵ4.6/litre). The EU 

Sub Group on Advanced Biofuels [16] report the capital costs as ϵ3,000/kW (ϵ3.35/litre). 

Considering the capital growth factor 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 it to ϵ5.00/litre, which may still 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 costs in the analysis. 

Parameter Euro/litre 

Variable operating costs, ex feedstock 0.01 

Fixed costs 0.12 
Table 5 Operating and Maintenance Costs 

Start-up Costs 

The start-up costs are included in the costs shown above. 

Technology Specific Data 

The typical properties of FT diesel are compared to petroleum diesel in the following table. The fuel has a 

higher cetane than petroleum diesel but a lower volumetric energy content. Due to the low content of 

aromatics the gasoline produced from FT naphtha will have a low octane number.  

 

 Petroleum Diesel FT Diesel 

Density, kg/litre 0.84 0.77 

Energy content, MJ/litre 36.0 33.9 

Energy content, MJ/kg 42.8 44.0 

Cetane 48 ~70 
Table 6 Typical Fuel Properties 
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Data sheet 

The quantitative data for the biomass to diesel and jet process are summarized in the following table. 

Technology Gasifier, biomass, Fischer Tropsch liquid fuels, large scale 

  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 FT Liquids/year 50 50 100 125 150 100% 150% 50% 150% A, B 1, 6 

Typical total plant size, MW 75 75 150 190 225 100% 150% 50% 150% A, A1, B 1, 6 

 Inputs                       

Feedstock Consumption, MWh/MWh Total 
Input 1 1 1 1 1 80% 100% 80% 100% C 1 

Outputs                       

Naphtha Output, 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 (%) 4 4 0 0 0             

Planned outage (weeks per year) 2 2 2 2 2             

Technical lifetime (years) 20 25 25 25 25             

Construction time (years) 2 2 2 2 2             

Financial data                                                        

{ǇŜŎƛŦƛŎ ƛƴǾŜǎǘƳŜƴǘ όaϵ κa² [ƛǉǳƛŘǎκȅŜŀǊύ 4.33 4.33 3.90 3.62 3.46 75% 120% 75% 120% E, L 1, 6, 7, 8, 9 

 - equipment (%) 75 75 75 75 75             

 -installation (%) 25 25 25 25 25             

CƛȄŜŘ hϧa όaϵ κa² κȅŜŀǊ C¢ [ƛǉǳƛŘǎκȅŜŀǊύ 0.104 0.104 0.104 0.103 0.104 75% 120% 75% 120% L 1 

±ŀǊƛŀōƭŜ hϧa όϵ κa²Ƙ C¢ [ƛǉǳƛŘǎκȅŜŀǊύ 1.063 1.063 1.063 1.064 1.063 75% 120% 75% 120% L 1 

{ǘŀǊǘ ǳǇ όaϵ /1,000 t FT Liquids/year) 0 0 0 0 0         F   

Technology specific data                                                        

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

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

{ǇŜŎƛŦƛŎ ƛƴǾŜǎǘƳŜƴǘ όaϵ κмΣллл ǘ C¢ 
Liquids/year) 6.49 6.49 5.84 5.50 5.19 75% 120% 75% 120% E, L 1, 6, 7, 8, 9 

 - equipment (%) 75 75 75 75 75             

 -installation (%) 25 25 25 25 25             

CƛȄŜŘ hϧa όaϵ /1,000 t FT Liquids/year) 0.156 0.156 0.156 0.156 0.156 75% 120% 75% 120% L 1 

±ŀǊƛŀōƭŜ hϧa όaϵ κмΣллл ǘ C¢ [ƛǉǳƛŘǎκȅŜŀǊύ 0.013 0.013 0.013 0.013 0.013 75% 120% 75% 120% L 1 

{ǘŀǊǘ ǳǇ όaϵ κмΣллл ǘ C¢ [ƛǉǳƛŘǎκȅŜŀǊύ 0 0 0 0 0         F   
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Notes: 

A. The plant size is assumed based on the proposed Velocys plant and the NREL nth plant.  

A1. 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. 

C. The feedstock requirements could vary with efforts to improve the desired product selectivity. 

D. Over time the power available for export may increase due to improve thermal management in the plant. 

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 ú/k tonne is million euro per 1,000 tonnes 
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Qualitative description 

In this chapter, three technologies are discussed namely: alkaline, polymer electrolyte membrane and solid 

oxide electrolysis, which are already available commercially. The aim of this chapter is to facilitate the reader 

to make an informed decision considering the technical as well as economical aspects of small and large-

scale electrolysis systems. Although the data should not be used for specific investment decisions. Financial 

data is assumed to be at 2020 price level which deviates from the 2015 price level specified in the guideline.  

Brief technology description 

Alkaline electrolysis cells (AECs), polymer electrolyte membrane electrolysis cells (PEMECs) or simply polymer 

electrolyte membrane (PEM) for short, and solid oxide electrolysis cells (SOECs) will be described and 

compared. The operating principle for the electrolysis technologies relies on water splitting by electricity 

(electrolysis) according to the following reaction: 

ςὌὕᴼ ςὌ  ὕ  

 

Figure 1: Operating principle of AEC, PEMEC and SOEC [1]. 
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AECs are the most common electrolysers available commercially. The cell operates at 65-90 °C and can work 

at either atmospheric pressure or pressurized at up to 35 bars. Experimental AECs are under investigation, 

which operates at up to 100 bars. The electrodes are typically made up of steel, nickel, or nickel-plated steel. 

Furthermore, a separation of the electrode compartments by a micro-porous diaphragm (a porous plate or 

cylinder responding to pressure difference) is performed to avoid blending of gases. The electrolyte is an 

aqueous solution of potassium hydroxide (KOH). In Figure 1, operation of AEC is presented. Water is fed to 

the cathode wherein during electrolysis operation, OH- ions are transported across the membrane to form 

hydrogen and oxygen [2]. 

Reaction at cathode: 
ςὌὕ ςὩ  O  Ὄ ςὕὌ 

 
Reaction at anode: 

ςὕὌ O  
ρ

ς
ὕ Ὄὕ ςὩ  

 
For PEM electrolysis, two electrodes are in contact with a proton exchange polymer electrolyte membrane, 

typically perfluorosulfonic acid (PFSA), forming a membrane electrode assembly (MEA). Typically, the 

membranes are catalyst coated and contacted by either expanded metal meshes or carbon or metallic felts. 

State-of-the-art (SoA) catalysts used commercially have a platinum cathode and an iridium oxide (IrO2) 

anode. The reaction takes place by the transport of H+ ions across the membrane as presented in Figure 1. 

Water is fed at the anode and hydrogen is formed at the cathode [2]. 

Reaction at anode: 

Ὄὕ O  
ρ

ς
ὕ ςὩ ςὌ  

 
Reaction at cathode: 

ςὌ ςὩ  O  Ὄ  
 
In the case of SOEC, the electrolyte is an oxide ion conducting solid phase component, commonly yttria 

stabilized zirconia (YSZ). The cathode is made up of nickel combined with YSZ to facilitate hydrogen 

generation. The anode comprises of mixed ionic-electronic conductors such as lanthanum strontium 

manganate (LSM) with YSZ. In Figure 1, operation of SOEC is displayed wherein O2- is transported across the 

solid electrolyte. An advantage of SOEC lies in the ability to convert steam and CO2 simultaneously to form 

syngas (co-electrolysis) [3]. 

Reaction at cathode: 
Ὄὕ ςὩ  O  Ὄ ὕ  

 
Reaction at anode: 

ςὕ ᴼ ὕ  τὩ  
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Apart from the three main electrolysis technologies, developments in the field of anion-exchange membrane 

electrolysis cells (AEMECs) is being researched on a lab scale. The electrolyte is alkaline in nature and the 

diaphragm comprises of an anion-exchange membrane. Similar to alkaline electrolysis, OH- ions are 

transported across the diaphragm. The major advantage of AEMEC lies with the use of non-precious metal 

catalysts as well as use of low concentration of KOH or distilled water as electrolyte. The operating 

temperature is less than 100 °C. Research is being carried out to increase durability of cells. 

Input 

For all three electrolysis technologies, the input is electricity and water. For SOEC, PEMEC and AEC a high-

water purity is desired. The water quality can be determined by the conductivity of the water used, the 

conductivity should be in the order of 1 ˃ {κŎƳ, лΦн ˃{κŎƳ ŀƴŘ р ˃{κŎƳΣ ǊŜǎǇŜŎǘƛǾŜƭȅΦ SOEC uses steam rather 

than water and is thus a consumer of heat, rather than a producer of heat. If the hydrogen produced was to 

be used for synthetic fuel, then the waste heat of these synthesis processes (e.g. Fischer-Tropsch synthesis, 

Haber-Bosch process) could be used to produce steam for further SOEC electrolysis. 

Output 

For all three electrolysis technologies, the output is hydrogen, oxygen and excess heat from the process [3]. 

For SOEC, the recoverable excess heat will be used to produce steam that can then be used as input for 

further SOEC electrolysis. Oxygen is a by-product, which can be used in various industries, such as paper and 

pulp production, glass manufacturing, water oxygenation, fish farming, steel and metal industry, medical care 

industry, food, manufacturing, oxy fuel Carbon Capture and Storage (CCS), thermal gasification, and many 

more. The excess heat may be used for district heating in case of PEMEC and AEC. AEC and PEMEC systems 

are found in the literature to generally have operating temperatures of 50-80 °C and 60-80 °C [4]. Current 

systems (2020) can deliver heat at 50 °C possibly for district heating, according to the manufacturer, this is 

expected to increase to 70 °C by 2024.  

Energy balance 

An energy balance for each of the three electrolysis technologies, AEC, PEMEC and SOEC is investigated in 

this section and presented as Figure 2, 3 and 4. For AEC and PEMEC, the input is 100% electricity while for 

SOEC (in 2020) electricity is 79.5% of the input energy, while the remaining 20.5% is supplied by heating 

requirements. This differentiation is done since SOECs operate at higher temperature wherein, the water 

needs to be converted to steam and the operation occurs at temperatures over 600 °C.  

Once water or steam is supplied to the electrolysis cells, formation of H2 and O2 takes place along with heat 

dissipation. Since the heat needs to be at a certain temperature to be fed into the district heating grid, only 

a percentage of the heat generated can be directly utilized. An important aspect related to the analysis 

performed herewith does not consider the latent heat of vaporization of steam in the product. This is 

performed in order to get an accurate analysis of the usable energy producing by electrolysis. The 

characteristics of input and output streams are presented in Figure 5, Figure 6 and Table 1.  

An important aspect which has not been investigated in this chapter relates to the conversion of hydrogen 

to chemicals such as ammonia and methanol. These could be the two main energy carriers for Power-to-X 
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transition. In this context, SOEC is better suited than both AEC and PEMEC with regard to the heat integration 

aspects as well as co-electrolysis (conversion of CO2 and steam simultaneously) [5]. 

In this section, energy flow diagrams with the efficiency of conversion to hydrogen and usable heat has been 

displayed. The hydrogen conversion efficiencies are based on IEA [23], see Table 5. For AEC and PEMEC, 5% 

of the energy is estimated to be unrecoverable heat loss [6]. According to Green Hydrogen Systems, the 

recoverable energy is available at 50 °C (2020) (expected to increase to 70 °C by 2024).  

In Figure 2, the energy balance for AEC (2020) is shown, where 66.5% of the output is hydrogen (calculated 

on LHV basis), and 16.4% is recoverable heat which can potentially be used for district heating. Similarly, in 

Figure 3, the energy balance for PEMEC (2020) is shown, where 58% of the output is hydrogen (calculated on 

LHV basis), and 26.4% is recoverable heat which can potentially be used for district heating. Moreover, in 

Figure 4 the energy balance for SOEC (2020) is shown, where 77.5% of the output is hydrogen (calculated on 

LHV basis). 

 
 Figure 2: Energy balance (2020) for a 1 MW alkaline electrolysis cell compared on LHV basis. 

 

Figure 3: Energy balance (2020) for a 1 MW polymer electrolyte membrane electrolysis cell compared on LHV basis. 

 

Figure 4: Energy balance (2020) for a 1 MW solid oxide electrolysis cell compared on LHV basis. 
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System description 

 
Figure 5: A sketch of an electrolysis system for AEC and PEM.

 

Figure 6: A sketch of an electrolysis system for SOEC. 

Figure 5 describes the input required, the components in the system, and the output produced for an AEC or 

PEM system. Figure 6 describes the same for an SOEC system. The box on the left shows the required input 

and two components that are not included in the CAPEX, but which may be required depending on the local 

water quality and grid level. The box in the middle describes the system that have been analysed. All 

components in the central box are included in the CAPEX. The box on the right gives the output streams and 

components that are not included in CAPEX, but which may be required to upgrade the output streams. 

In case of AEC, water is fed to the purifier from where it is sent to the AEC module. Herein, the water is 

compressed using a pump prior to entering the electrolyser stack. Once the electrolysis products are formed, 

they pass through a heat exchanger, followed by drying of the products prior to being sent for storage. The 

specifications based on commercially available systems are stated in Table 1 below. 

Table 1: Specifications of the standard system (2020) used for analysis. 

Technology AEC PEMEC SOEC 

Input temperature and pressure 25 °C, 1 bar 25 °C, 1 bar 150 °C, 3 bar 

Input electricity 400 VAC 400 VAC 400 VAC 

Water for electrolysis purity (input) р ˃{κŎƳ лΦн ˃{κŎƳ 1 ˃ {κŎƳ 

H2 purity (output) 99.99 99.99 99.99 
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H2 output pressure (range) 35 bar (1-35 bar) 35 bar (1-50 bar) 35 bar (1-40 bar) 

Waste heat temperature (output) 50 °C 50 °C --- 

Typical capacities 

Alkaline electrolysis plants on MW scale have been commissioned in Denmark and up to 1 GW of installed 

capacity is projected to be operational by 2030 [7]. NEL has projects in place for up to 20 MW [8]. In the 

context of PEMEC systems, Hydrogenics system has a 1.5 MW operational system in Germany [9] and NEL is 

expected to operate multiple fuelling stations with Nikola with upwards of 1000 MW installed capacity [8]. 

Siemens has the largest operational PEMEC installation of 3.75 MW consisting of three 1.25 MW electrolysers 

in Energiepark Mainz [10]. SOEC systems can be found on sub-MW scale and mostly applied for Power-to-X 

scenarios [11]. Furthermore, EUDP projects both completed and ongoing for biogas upgrading [12] and 

ammonia synthesis [13] have been commissioned. Sunfire has their largest installation worth 750 kW in 

SalzgiǘǘŜǊ ŀƴŘ Ǉƭŀƴǎ ǘƻ ŜǎǘŀōƭƛǎƘ ŀ нΦр a² ƛƴǎǘŀƭƭŀǘƛƻƴ ŀǘ bŜǎǘŜΩǎ ǊŜŦƛƴŜǊȅ ƛƴ wƻǘǘŜǊŘŀƳΦ !ŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ 

commercially available systems, for AEC and PEMEC, analysis for cost potential is performed on both small- 

and large-scale systems while for SOEC, only small-scale system is considered. Large scale SOEC systems are 

technical feasible. Yet, the data available on large scale SOEC plants are sparse, hence, no datasheet have 

been prepared. 

Regulation ability 
Table 2: Regulation ability [14]. 

 AEC PEM SOEC 

Cold start-up time 
(from 0 to 100%) 

[minutes] 
<120 10 (5-10) 720 (680-880) 

Warm start-up time 
(from 0 to 100%) 

[seconds] 
240 (60-300) <10 900 

 Power response signal 
[seconds] 

<1 (<1-5) <1 (<1-5) <1 (<1-5) 

In general, electrolysis systems can be operated very dynamically, limited mainly by the heat management, 

the maximum voltage of the rectifier, and the time coefficients of external components [14]. The cold start-

up time, warm start-up time, and the power signal response for the three systems are displayed in Table 2.  

A cold start is defined as start-up from ambient temperature after a long shut-down. A warm start is defined 

as start-up from heated stand-by or idle mode, which means that the system is held at operating temperature 

and pressure if necessary. Power response signal is the time it takes for the system to adjust to a change in 

the power input and is measured in seconds. This rapid reaction may allow the system to stabilise power 

grids when the system is running at operating temperatures. 

For 1 MW plants, the electrolysis would be connected to medium voltage grid connection in agreement with 

a DSO. For 100 MW plants, high voltage connection needs to be established with TSOs. DSOs and TSOs would 

specify the tariffs and the grid connection fee. Tarif structure could be designed to support flexible consumers 

by reducing the tariff on flexible consumption. The exact design may vary from case to case.  
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Space requirements 

Space requirements have been determined based on the commercially available modules. Included in the 

estimation of space required are the components in the central boxes of Figure 5 and 6, excluded are the 

components in the input boxes on the left and output boxes on the right. Significant increases in the system 

sizes, compared to the present estimations, are expected if a transformer station or a compressor for 

delivering high pressure hydrogen (>50 bar) are required, on top of the base system. For alkaline electrolysis, 

Green Hydrogen systems was used as a reference which led to an estimation of 10-15 m2/MW in terms of 

input electric energy or 0.02-0.03 m2/ (kgH2/day) in terms of maximal daily hydrogen output (2020). For PEM 

electrolysis, NEL hydrogen systems were investigated leading to approximately 20 m2/MW in terms of input 

electric energy or 0.05 m2/ (kgH2/day) in terms of maximal daily hydrogen output (2020). For SOEC, SunfireΩǎ 

modular systems were studied which resulted in approximately 35 m2/MW in terms of input electric energy 

or 0.06 m2/ (kgH2/day) in terms of maximal daily hydrogen output (2020). 

Advantages/disadvantages 

In this section, a summary of advantages and disadvantages of AEC, PEMEC and SOEC are displayed in Table 

3. This table highlights the suitability of an electrolysis technology with respect to an application. The data is 

collected from literature [15][13].  

Table 3: A summary of advantages and disadvantages of the electrolysis technologies investigated. 

Technology Advantages Disadvantages 

AEC ¶ The technology is very mature and can be 
adapted to both centralized and decentralized 
plants. 

¶ AEC has a low operating temperature, with a 
quick start up for response in grid services 
making it suitable for use as a flexible 
technology. 

¶ Long stack lifetime of more than 100000h 
currently. 

¶ MW scale systems are already being deployed. 

¶ Less flexibility under atmospheric operation. 

¶ The use of highly caustic electrolyte in AEC. 

¶ Leakage of KOH. 

¶ High membrane resistance. 

¶ Low maximum operational current density, nominally 
operated around 0.6 A/cm2 [16]. 

PEMEC ¶ PEMEC has a low operating temperature, low 

noise, high power density. 

¶ Quick response times 

¶ Pressurized hydrogen can be produced for direct 
storage without compression; however, it is 
challenging. 

¶ Current densities >1.0 A/cm2 can be used for 
operational systems leading to compact system 
sizes. 

¶ MW scale systems are already being deployed. 

¶ Very sensitive to impurities, with a prerequisite of 
very pure water as input. 

¶ Lifetime of the SoA system is still uncertain. 

¶ Catalyst used in electrode layers are expensive and 
scarce. 

¶ PEMEC modules are expensive due to catalysts and 
bipolar plates (oxide resistant stack elements). 

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

SOEC ¶ SOEC has high efficiency, high production rates. 

¶ SOECs can be operated at high current densities 
at or above 0.8 A/cm2. 

¶ SOECs can be used to make synthesis gas from 
co-electrolysis of steam and CO2. CO-electrolysis 
plants have been commercialized. 

¶ SOECs can cope with transient variations due to 
quick response times. 

¶ SOEC can be used reverse mode as a fuel cell for 
grid balancing. 

¶ SOECs are still in demonstration phase for large scale 
applications for hydrogen production and are not 
readily commercially available.  

¶ The stack components are susceptible to corrosion. 

¶ Current SoA lifetime is short compared to AEC and 
PEMEC. 
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Environment 

For all the electrolysis technologies producing hydrogen, the only products are hydrogen, oxygen, and excess 

heat. Electrolysis can be used to balance fluctuations in the power supply and hence increase the value of 

electrolysis (clean energy carrier) by further conversion into chemicals. For AEC, the anode, the cathode, as 

well as the catalyst layer are usually nickel-based which is not a scarce resource. For PEMEC, the membranes 

consisting of fluoropolymer need to be disposed or recycled after use. In addition, the catalyst layer 

consisting of platinum and its alloys for the cathode, and iridium, ruthenium and their alloys for anode are 

scare in nature leading to a possible hurdle in long-term operation of SoA PEMECs [17]. For SOEC, the 

lanthanum strontium manganate (LSM) anode is both hazardous and scarce in nature. These might obstruct 

the commercialization of large scale SOEC systems. 

Research and development perspectives 

For AECs, the main challenge is related to the resistance and temperature stability of the diaphragm. 

Currently the diaphragm is also limiting the operation temperature of the alkaline electrolysers, therefore, 

research is being carried out to improve the temperature stability of the diaphragm by experimenting with 

various polymer substitutes. Additionally, extensive research is being conducted into improving the AEC 

catalyst as there is a significant room for improvement with respect to catalyst performance. Solid 

membranes have also been researched. Solid membranes are called AEMECs, as described earlier [18]. 

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

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

is considered while finding alternative materials for substitution. Both PEMECs and AECs are expected to aid 

with the H2 fuelling market as envisioned by Denmark and Europe.  

One of the key aspects to enable commercialization of electrolyser stacks deals with the durability of cells. 

According to Green Hydrogen Systems AEC stacks have a very long lifetime of over 100,000 hours (2020), 

PEMECs stacks can be operational for a reasonable operational lifetime of over 25,000 hours (2020) and the 

lifetime of PEMEC cells are expected to increase to 50,000 hours within a few years. SOECs, however, have 

high degradation rates leading to a short lifetime of about 20,000 hours (2020). This leads to a replacement 

of the stack each three and a third years, assuming 6000 operation hours per year. SOECs can be operated 

at high current densities i.e., higher conversion into hydrogen, but suffer from fast degradation, structural 

damage and weakening of electrode/electrolyte interfaces. Furthermore, loss in Ni percolation leading to 

less conductivity and more resistance to the flow of ions has also been reported [19]. For the Ni electrode, 

research on particle size distribution is being carried out while for the oxygen electrode, use of various mixed-

ionic electronic conductors is being investigated. Furthermore, operation at thermoneutral voltage wherein, 

hydrogen and oxygen are produced with 100% thermal efficiency (i.e., no waste heat produced from the 

reaction)  is desired for system optimization [3]. An advantage of SOEC lies in the possibility of reversible 

operation which has led to reduced degradation or even activation of the cell under certain operating 

parameters [20]. 

Combination of electrolysis technologies has also been suggested for research. However, given the difference 

in lifetime of technologies as well as sensitivity to impurities, AEC tends to be a superior choice when 
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combined with pressurized setup and district heating applications. However, this is solely dependent on 

application and each technology has its advantages when operated under certain set of conditions. 

The market for electrolysers has for years been dominated by a few legacy providers of ς primarily ς large 

(footprint and capacity) atmospheric electrolysers delivered to a relatively limited and stable market for 

industrial hydrogen applications. 

All of abovementioned efforts are aimed at making the technologies scalable both as decentralised and 

centralised systems to have sufficient hydrogen available for various applications. Electrolyser plants are now 

being subjected to MW scale for AECs and PEMECs, while SOECs so far only have found usage in kW scale. 

Reduction in price, availability of material, regulation ability as well as efficiency enhancement are being 

addressed to facilitate large-scale implementation of electrolysers for hydrogen production [21]. 

Examples of market standard technology 

In this section, analysis of different electrolysis systems deployed either commercially or in demonstration 

phase are summarized. The electrolysers at different locations are deployed for various applications and their 

specifications are also summarized in Table 4. 

Table 4: Examples of market technology for hydrogen production via electrolysis. 

Image Location Type Application Year 
Specification

s 
Technology 

Provider 
Referenc

e 

 

Aalborg, 
Denmark 

AEC H2 fuelling  202
0 

130 kg/day 
H2; 35, 350, 
450 bar 

Green 
Hydrogen 
Systems 

[22] 

 

Arizona, 
USA 

AEC H2 fuelling  201
9 

2000 kg/day 
H2; 700 bar  

NEL 
Hydrogen 

[8] 

 

Herning, 
Denmark 

AEC H2 fuelling 201
8 

8000 kg/day 
H2; 700 bar 

NEL 
Hydrogen 

[23] 



86 Hydrogen production via electrolysis 

 

 

 

Page 103 | 315 -  Technology Data for Renewable Fuels 
 

 

 

Avedøre, 
Denmark 

AEC Power-to-Gas 201
6 

100 Nm3/hr 
H2; 10-27 bar 

Hydrogenic
s 

[9] 

 

Wesseling, 
Germany 

PEME
C 

Green H2 
production; 
decarbonisatio
n 

202
0 

1300 
tons/year H2; 
10MW 

ITM Power [9] 
 

 

Energiepar
k Mainz, 
Germany 

PEME
C 

Wind to H2 201
5 

100-2000 
kg/hr; 3.75 
MW; 35 bars 

Siemens [10] 

 

Hamburg, 
Germany 

PEME
C 

Power-to-Gas 201
5 

285 Nm3/hr 
H2; 1.5 MW 

Hydrogenic
s 

[9] 

 

Karlsruhe, 
Germany 

SOEC Power-to-X 201
9 

4 Nm3/hr 
synthesis gas; 
10 kW 

Sunfire [11] 

Prediction of performance and costs  

The foundation of the predictions of performance and costs are built on reports from IEA [24], HyEurope 

[21], IRENA [25] and input from the industry (AEC: Everfuel, Green Hydrogen Systems and NEL. PEM: Green 

Hydrogen Systems and Siemens). For AEC and PEM, O&M is observed to be between 2-5% of CAPEX pr. year, 

smaller systems have larger O&M and vice versa, 1.5% seems to be the ultimate lower limit as it relates to 

materials (no advantage of scale) [26]. A U.S. Department of Energy report indicates that the lifetime of the 

plants is expected increase in the future [27]. The electrolyser stack is responsible for about 30% of the total 

investment cost for AEC and PEMEC (Green Hydrogen Systems).  
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Table 5: Expected efficiency and CAPEX for AEC, PEMEC and SOEC [24]. 

  

!ǎ ŀƴ ŜȄŀƳǇƭŜ ƻŦ ƻƴŜ ƻŦ ǘƘŜ ǎƻǳǊŎŜǎΣ L9!Ωǎ ŜȄǇŜŎǘŜŘ ŜŦŦƛŎƛŜƴŎȅ ŀƴŘ /!t9· ŦƻǊ ǘƘŜ ǘƘǊŜŜ ǘŜŎƘƴƻƭƻƎƛŜǎ !9/Σ 

PEMEC and SOEC is presented in Table 5 [24]. 

In Figure 7, current and future CAPEX is estimated based predictions from reports and manufacturers. The 

CAPEX is assumed to include all components required for converting 400 VAC electricity and purified water 

into H2 gas at 35 bar and a waste heat stream at 50 °C (2020). CAPEX does not include transformer, water 

purifier, heat pumps for increasing the temperature of waste heat stream or compressors for increasing the 

pressure of H2 further than 35 bar. In Figure 5 and 6, the components included are presented in the central 

box, while the input box on the left and the output box on the right includes optional components which are 

not part of CAPEX. 

  

Figure 7: CAPEX values from industry interviews and three reports IEA [24], HyEurope [21] and IRENA [25]. The values in the 
ŘŀǘŀǎƘŜŜǘ ŎƻǊǊŜǎǇƻƴŘ ǘƻ ǘƘŜ ŦƛǘǘŜŘ ŎǳǊǾŜΦ CƻǊ L9!Υ άǘƻŘŀȅέ ƛǎ ǘŀƪŜƴ ǘƻ ōŜ нлнлΣ ά[ƻƴƎ-ǘŜǊƳέ ƛǎ ǘŀƪŜƴ ǘƻ ōŜ нлрл ŀƴŘ ǾŀƭǳŜǎ ŀǊŜ 

the middle of the range given. An exchange rate of 0.85 Euro per USD was used.  
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The learning rate for AEC have been found to be 18% [1], 18% [28] and 9% [29]. While the learning rate of 

PEMEC fuel cells to be 19.1-21.4% [30], 18% [1], 16% [31] and 13% [29]. Assuming a 16% learning rate would 

imply that the total amount of units produced would have to double four times (16-fold increase) for the 

price per unit to drop by 50%. From the fitted curves in Figure 7, a 50% decrease of the 2020 unit price is 

expected to occur by 2040 for both AEC and PEMEC, indicating that the total amount of units produced 2040 

will have doubled four times compared to the total amount of units produced by 2020. The total amount of 

AEC ever produced by 2014 was found to be 20 GW, much of it being deployed in the period from 1956 to 

2005 [32] (See Supplementary Figure 2 in [32]). According to Wood Mackenzie the cumulative installed electrolyser 

capacity in the period from 2000 to 2019 is 253 MW [33]. Assuming 20 GW is produced until 2020, then 

doubling the cumulated capacity four times would lead to 320 GW having been produced by 2040. Under the 

Sustainable Development Scenario IEA predicts that the active global electrolyser capacity will be about 500 

GW by 2040, a huge increase from about 170 MW active in 2019 [34]. A 50% decrease in price thus seems 

likely, if governments take the major actions required to fulfil the Sustainable Development Scenario. 

As small and large electrolyser systems are built from the same building blocks the difference in CAPEX is 

expected to be small. Decreases in CAPEX is therefore expected to come from an increase in the amount of 

units produced, rather than an increase in the size of the systems deployed. 

Most sourceǎ ƎƛǾŜ ǘƘŜ ǇǊƛŎŜǎ ōŀǎŜŘ ƻƴ ǇƻǿŜǊ ƛƴǇǳǘΥ ϵκƪ²Φ {ƻƳŜ ǎƻǳǊŎŜǎ ŀƭǎƻ ƎƛǾŜ ǘƘŜ ǇǊƛŎŜ ōŀǎŜŘ ƻƴ ƻǳǘǇǳǘ 

ϵκόƪƎκŘύΣ ǘŀƪƛƴƎ ǘƘŜ ŎƻƴǾŜǊǎƛƻƴ ŜŦŦƛŎƛŜƴŎȅ ƛƴǘƻ ŀŎŎƻǳƴǘΦ tŀǊǘƛŎǳƭŀǊƭȅ ǿƘŜƴ ŎƻƳǇŀǊƛƴƎ ŜƭŜŎǘǊƻƭȅǎƛǎ 

technologies, it is better to use the output-based price and especially when comparing to SOEC, as a high 

conversion efficiency is its main advantage. 

The main price decrease of the total system is expected to come from the electrolyser as this is the part of 

the system that is not produced at a large scale at present. Some innovations can also be envisioned for the 

electrolyser. For example, an increase in the area per cell, will reduce the material cost, as the active area 

becomes a larger part of the stack. 

For SOEC, 100 MW scale plants have not been considered in the data sheets. However, literature studies 

have suggested the range of 380-500 ϵ/kW for 100 MW scale plants under optimum operating conditions 

[35]. 

Uncertainty 

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

the price projection is associated with a high level of uncertainty based on the previous lessons from the 

technology learning curves. Policies for hydrogen infrastructure are decisive commercialization of large-scale 

electrolysis systems. Furthermore, cost of scarce materials as well as economies of scale are also associated 

with a significant level of uncertainty. 
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Data sheets 

Technology Hydrogen production via alkaline electrolysis (AEC) for 1MW plant 

  2020 2030 2040 2050 
Uncertainty 

(2020) 
Uncertainty 

(2050) 
Note Ref 

          Lower Upper Lower Upper     

Energy/technical data                     

Typical total plant size (MW inpute) 1 1 1 1 1 1 1 1     

Typical total plant size (kgH2 / day of max 
output) 

479 490 515 540 454 504 504 576 L, E   

           

- Inputs                     

Electricity (% total input (MWh / MWh)) 100 100 100 100 100 100 100 100     

                      

Water for electrolysis (kg / MWh inpute) 180 184 193 203 170 189 189 216     

           

- Outputs                     

Hydrogen (% total inpute (MWh / MWh)) 66.5 68.0 71.5 75.0 63.0 70.0 70.0 80.0 B [24] 

ȹE from HHV to LHV (% total inpute  
(MWh / MWh)) 

12.1 12.4 13.0 13.7 11.5 12.7 12.7 14.6 N   

Heat loss (% total inpute (MWh / MWh)) 21.4 19.6 15.5 11.3 25.5 17.3 17.3 5.4     

 - hereof unrecoverable heat loss (%-points of 
heat loss) 

5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 A   

 - hereof recoverable for district heating (%-
points of heat loss) 

16.4 14.6 10.5 6.3 20.5 12.3 12.3 0.4 K   

                      

Hydrogen (kg / MWh inpute) 20.0 20.4 21.5 22.5 18.9 21.0 21.0 24.0 B [24] 

                      

Forced outage (%) 2 2 2 2 2 2 2 2 C   

Planned outage (days per year) 2 2 2 2 2 2 2 2 C   

Technical lifetime (years) 25 30 32 35 25 25 30 35 C, J [27] 

Construction time (years) 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 C, O   

                      

Financial data (2020 price level)                                  

Specific investment (ú / kW of total inpute) 750 570 450 350 500 1400 200 700 D, I   

Specific investment (ú / kgH2 / day of max 
output) 

1566 1164 874 648 1102 2778 397 1215 E, I, L   

 - hereof equipment (%) 95 95 95 95 95 95 95 95 F   

 - hereof installation (%) 5 5 5 5 5 5 5 5 F   

Fixed O&M (% of specific investment / year)  5 5 5 5 5 5 5 5 G, I, J [26] 

Variable O&M (ú / kWh of total inpute) - - - -        M   

Startup cost (ú / kW of total inpute per startup) - - - -            

                      

Technology specific data                                  

Current Density (A / cm2) 0.6 1 1.2 1.5 0.4 0.6 1.2 1.5 H [21] 

Footprint (m2 / MW inpute) 12.5 10 8 7.5 10 15 5 10 H [21] 
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Notes (Datasheet for 1MW AEC): 

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

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

mid of the range given. 

C According to the Green Hydrogen Systems (GHS). 

D The price estimates are from Green Hydrogen Systems. 

E For the unit regarding "day" a 100% load factor is assumed here (Where the system is operated at nominal capacity all 24 hours of 

the day). In operation the daily full load hours may vary and should therefore be adjusted for. 

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

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

H The values are predicted until 2050 with a high margin of uncertainty. For 2030, the values are quite reasonable according to GHS. 

I The CAPEX includes all components required for converting 400VAC electricity and purified water into H2 gas at 35 bar and a 

waste heat stream at 50 °C. CAPEX does not include transformer, water purifier, heat pumps for increasing the temperature of 

waste heat stream or compressors for increasing the pressure of H2 further than 35 bar. The tariffs, capacity payments and 

network connection fees to DSO / TSO are not contained in CAPEX nor in O&M. 

J The lifetime of current AEC stacks is more than 100 000 hours according to Green Hydrogen Systems. Assuming that the facility is 

run for 4000h pr year, the stacks do not need replacement in the technical lifetime. If the full load hours exceed the 100 000h 

lifetime, then the stack replacement cost will be 30% of the CAPEX cost of a new system in the year of replacement. Everfuel gives 

a stack replacement of 30% of CAPEX and GHS informs that 30% of current CAPEX is stack cost. The cost of replacing the stack 

is not included in fixed O&M. 

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

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

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

N The HHV electorlyser efficiency can be calculated as the sum of the rows: "ȹE from HHV to LHV" and "Hydrogen". 

O From the time of purchase to finished construction. 
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Technology Hydrogen production via alkaline electrolysis (AEC) for 100MW plant 

  2020 2030 2040 2050 
Uncertainty 

(2020) 
Uncertainty 

(2050) 
Note Ref 

          Lower Upper Lower Upper     

Energy/technical data                     

Typical total plant size (MW inpute) 100 100 100 100 100 100 100 100     

Typical total plant size (kgH2 / day of max 
output) 

47880 48960 51480 54000 45360 50400 50400 57600 L, E   

                     

- Inputs                     

Electricity (% total input (MWh / MWh)) 100 100 100 100 100 100 100 100     

                      

Water for electrolysis (kg / MWh inpute) 180 184 193 203 170 189 189 216     

           

- Outputs                     

Hydrogen (% total inpute (MWh / MWh)) 66.5 68.0 71.5 75.0 63.0 70.0 70.0 80.0 B [24] 

ȹE from HHV to LHV (% total inpute  
(MWh / MWh)) 

12.1 12.4 13.0 13.7 11.5 12.7 12.7 14.6 N   

Heat loss (% total inpute (MWh / MWh)) 21.4 19.6 15.5 11.3 25.5 17.3 17.3 5.4     

 - hereof unrecoverable heat loss (%-
points of heat loss) 

3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 A   

 - hereof recoverable for district heating 
(%-points of heat loss) 

18.4 16.6 12.5 8.3 22.5 14.3 14.3 2.4 K   

                      

Hydrogen (kg / MWh inpute) 20.0 20.4 21.5 22.5 18.9 21.0 21.0 24.0 B [24] 

                      

Forced outage (%) 2 2 2 2 2 2 2 2 C   

Planned outage (days per year) 2 2 2 2 2 2 2 2 C   

Technical lifetime (years) 25 30 32 35 25 25 30 35 C, J [27] 

Construction time (years) 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 C, O   

                      

Financial data (2020 price level)                                  

Specific investment (ú / kW of total inpute) 650 450 300 250 400 800 150 400 D, I   

Specific investment (ú / kgH2 / day of max 
output) 

1358 919 583 463 882 1587 298 694 E, I, L   

 - hereof equipment (%) 90 90 90 90 90 90 90 90 F   

 - hereof installation (%) 10 10 10 10 10 10 10 10 F   

Fixed O&M (% of specific investment / 
year)  

2 2 2 2 2 2 2 2 G, I, J [26] 

Variable O&M (ú / kWh of total inpute) - - - -         M   

Startup cost (ú / kW of total inpute per 
startup) 

- - - -             

                      

Technology specific data                                  

Current Density (A / cm2) 0.6 1 1.2 1.5 0.4 0.6 1.2 1.5 H [21] 

Footprint (m2 / MW inpute) 12.5 10 8 7.5 10 15 5 10 H [21] 
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Notes (Datasheet for 100MW AEC): 

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

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

mid of the range given. 

C According to the Green Hydrogen Systems (GHS). 

D CAPEX values from interviews with GHS, Everfuel and NEL and reports from IEA [24], HyEurope [21] and IRENA [24]. The values 

in the datasheet correspond to a fitted curve see figure 6 in the catalogue. For IEA today is taken to be 2020, Long term is taken to 

be 2050 and values is the middle of the range given. 

E For the unit regarding "day" a 100% load factor is assumed here (Where the system is operated at nominal capacity all 24 hours of 

the day). In operation the daily full load hours may vary and should therefore be adjusted for. 

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

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

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

I The CAPEX includes all components required for converting 400VAC electricity and purified water into H2 gas at 35 bar and a 

waste heat stream at 50 °C. CAPEX does not include transformer, water purifier, heat pumps for increasing the temperature of 

waste heat stream or compressors for increasing the pressure of H2 further than 35 bar. The tariffs, capacity payments and 

network connection fees to DSO / TSO are not contained in CAPEX nor in O&M. 

J The lifetime of current AEC stacks is more than 100 000 hours according to Green Hydrogen Systems. Assuming that the facility is 

run for 4000h pr year, the stacks do not need replacement in the technical lifetime. If the full load hours exceed the 100 000h 

lifetime, then the stack replacement cost will be 30% of the CAPEX cost of a new system in the year of replacement. Everfuel gives 

a stack replacement of 30% of CAPEX and GHS informs that 30% of current CAPEX is stack cost. The cost of replacing the stack 

is not included in fixed O&M. 

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

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

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

N The HHV electorlyser efficiency can be calculated as the sum of the rows: "ȹE from HHV to LHV" and "Hydrogen". 

O From the time of purchase to finished construction.    
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Technology Hydrogen production via PEM electrolysis for 1MW plant 

  2020 2030 2040 2050 
Uncertainty 

(2020) 
Uncertainty 

(2050) 
Note Ref 

          Lower Upper Lower Upper     

Energy/technical data                     

Typical total plant size (MW inpute) 1 1 1 1 1 1 1 1     

Typical total plant size (kgH2 / day of max 
output) 

418 472 490 508 432 461 490 504 L, E   

           

- Inputs                     

Electricity (% total input (MWh / MWh)) 100 100 100 100 100 100 100 100     

                      

Water for electrolysis (kg / MWh inpute) 157 177 184 190 162 173 184 189     

           

- Outputs                     

Hydrogen (% total inpute (MWh / MWh)) 58.0 65.5 68.0 70.5 60.0 64.0 68.0 70.0 B [24] 

ȹE from HHV to LHV (% total inpute  
(MWh / MWh)) 

10.6 11.9 12.4 12.8 10.9 11.7 12.4 12.7 N   

Heat loss (% total inpute (MWh / MWh)) 31.4 22.6 19.6 16.7 29.1 24.3 19.6 17.3     

 - hereof unrecoverable heat loss (%-points of 
heat loss) 

5.0 5.0 5.0 5.0 5.0 5.0 5.0 5.0 A   

 - hereof recoverable for district heating (%-
points of heat loss) 

26.4 17.6 14.6 11.7 24.1 19.3 14.6 12.3 K   

                      

Hydrogen (kg / MWh inpute) 17.4 19.7 20.4 21.2 18.0 19.2 20.4 21.0 B [24] 

                      

Forced outage (%) 2 2 2 2 2 2 2 2 C   

Planned outage (days per year) 2 2 2 2 2 2 2 2 C   

Technical lifetime (years) 20 25 28 30 20 20 25 30 C, J [27] 

Construction time (years) 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 C, O   

                      

Financial data (2020 price level)                                  

Specific investment (ú / kW of total inpute) 925 650 450 400 700 1250 300 500 D, I   

Specific investment (ú / kgH2 / day of max 
output) 

2215 1378 919 788 1620 2712 613 992 E, I, L   

 - hereof equipment (%) 95 95 95 95 95 95 95 95 F   

 - hereof installation (%) 5 5 5 5 5 5 5 5 F   

Fixed O&M (% of specific investment / year)  7 7 7 7 7 7 7 7 G, I, J   

Variable O&M (ú / kWh of total inpute) - - - -         M   

Startup cost (ú / kW of total inpute per startup) - - - -             

                      

Technology specific data                                  

Current Density (A / cm2) 2.2 3.5 3.8 4 2.2 2.2 3.2 4   [21] 

Footprint (m2 / MW inpute) 20 20 20 20 20 20 20 20 H   

 



86 Hydrogen production via electrolysis 

 

 

 

Page 112 | 315 -  Technology Data for Renewable Fuels 
 

 

Notes (Datasheet for 1MW PEMEC): 

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

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

mid of the range given. 

C According to the Green Hydrogen Systems (GHS). 

D CAPEX values from interviews with GHS and Siemens and reports from IEA [24], HyEurope [21] and IRENA [24]. The values in the 

datasheet correspond to a fitted curve see figure 6 in the catalogue. For IEA today is taken to be 2020, Long term is taken to be 

2050 and values is the middle of the range given. 

E For the unit regarding "day" a 100% load factor is assumed here (Where the system is operated at nominal capacity all 24 hours of 

the day). In operation the daily full load hours may vary and should therefore be adjusted for. 

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

G O&M is estimated as 7% of CAPEX. 5%-point is for small systems, according to the 2-5% given for large to small scale systems 

from [26]. 2%-points is the estimated stack replacement cost. Everfuel and GHS reports that the 30% of CAPEX is stack cost. At 

about 4000 full load hours per year, stacks are likely to be replaced twice during the technical lifetime. 

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

I The CAPEX includes all components required for converting 400VAC electricity and purified water into H2 gas at 35 bar and a 

waste heat stream at 50 °C. CAPEX does not include transformer, water purifier, heat pumps for increasing the temperature of 

waste heat stream or compressors for increasing the pressure of H2 further than 35 bar. The tariffs, capacity payments and 

network connection fees to DSO / TSO are not contained in CAPEX nor in O&M. 

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

Green Hydrogen Systems. 

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

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

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

N The HHV electorlyser efficiency can be calculated as the sum of the rows: "ȹE from HHV to LHV" and "Hydrogen". 

O From the time of purchase to finished construction .    
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Technology Hydrogen production via PEM electrolysis for 100MW plant 

  2020 2030 2040 2050 
Uncertainty 

(2020) 
Uncertainty 

(2050) 
Note Ref 

          Lower Upper Lower Upper     

Energy/technical data                     

Typical total plant size (MW inpute) 100 100 100 100 100 100 100 100     

Typical total plant size (kgH2 / day of max 
output) 

41760 47160 48960 50760 43200 46080 48960 50400 L, E   

           

- Inputs                     

Electricity (% total input (MWh / MWh)) 100 100 100 100 100 100 100 100     

                      

Water for electrolysis (kg / MWh inpute) 157 177 184 190 162 173 184 189     

           

- Outputs                     

Hydrogen (% total inpute (MWh / MWh)) 58.0 65.5 68.0 70.5 60.0 64.0 68.0 70.0 B [24] 

ȹE from HHV to LHV (% total inpute  
(MWh / MWh)) 

10.6 11.9 12.4 12.8 10.9 11.7 12.4 12.7 H   

Heat loss (% total inpute (MWh / MWh)) 31.4 22.6 19.6 16.7 29.1 24.3 19.6 17.3     

 - hereof unrecoverable heat loss (%-
points of heat loss) 

3.0 3.0 3.0 3.0 3.0 3.0 3.0 3.0 A   

 - hereof recoverable for district heating 
(%-points of heat loss) 

28.4 19.6 16.6 13.7 26.1 21.3 16.6 14.3 K   

                      

Hydrogen (kg / MWh inpute) 17.4 19.7 20.4 21.2 18.0 19.2 20.4 21.0   [24] 

                      

Forced outage (%) 2 2 2 2 2 2 2 2 C   

Planned outage (days per year) 2 2 2 2 2 2 2 2 C   

Technical lifetime (years) 20 25 28 30 20 20 25 30 C, J [27] 

Construction time (years) 0.33 0.33 0.33 0.33 0.33 0.33 0.33 0.33 C, O   

                      

Financial data (2020 price level)                                  

Specific investment (ú / kW of total inpute) 925 650 450 400 700 1250 300 500 D, I   

Specific investment (ú / kgH2 / day of max 
output) 

2215 1378 919 788 1620 2712 613 992 E, I, L   

 - hereof equipment (%) 90 90 90 90 90 90 90 90 F   

 - hereof installation (%) 10 10 10 10 10 10 10 10 F   

Fixed O&M (% of specific investment / 
year)  

4 4 4 4 4 4 4 4 G, I, J   

Variable O&M (ú / kWh of total inpute) - - - -        M   

Startup cost (ú / kW of total inpute per 
startup) 

- - - -            

                      

Technology specific data                                  

Current Density (A / cm2) 2.2 3.5 3.8 4 2.2 2.2 3.2 4   [21] 

Footprint (m2 / MW inpute) 20 20 20 20 20 20 20 20 H   
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Notes (Datasheet for 100MW PEMEC): 

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

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

mid of the range given. 

C According to the Green Hydrogen Systems (GHS). 

D CAPEX values from intervies with GHS and Siemens and reports from IEA [24], HyEurope [21] and IRENA [24]. The values in the 

datasheet correspond to a fitted curve see figure 6 in the catalogue. For IEA today is taken to be 2020, Long term is taken to be 

2050 and values is the middle of the range given. 

E For the unit regarding "day" a 100% load factor is assummed here (Where the system is operated at nominal capacity all 24 hours 

of the day). In operation the daily fullload hours may vary and should therefor be adjusted for. 

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

G O&M is estimated as 4% of CAPEX. 2%-point is for small systems, according to the 2-5% given for large to small scale systems 

from [26]. 2%-points is the estimated stack replacement cost. Everfuel and GHS reports that the 30% of CAPEX is stack cost. At 

about 4000 full load hours per year, stacks are likely to be replaced twice during the technical lifetime. 

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

I The CAPEX includes all components required for converting 400VAC electricity and purified water into H2 gas at 35 bar and a 

waste heat stream at 50 °C. CAPEX does not include transformer, water purifier, heat pumps for increasing the temperature of 

waste heat stream or compressors for increasing the pressure of H2 further than 35 bar. The tariffs, capacity payments and network 

connection fees to DSO / TSO are not contained in CAPEX nor in O&M 

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

Green Hydrogen Systems. 

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

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

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

N The HHV electorlyser efficiency can be calculated as the sum of the rows: "ȹE from HHV to LHV" and "Hydrogen". 

O From the time of purchase to finished construction  
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Technology Hydrogen production via solid oxide electrolysis (SOEC) for 1MW plant 

  2020 2030 2040 2050 
Uncertainty 

(2020) 
Uncertainty 

(2050) 
Note Ref 

          Lower Upper Lower Upper     

Energy/technical data                     

Typical total plant size (MW input) 1 1 1 1 1 1 1 1 A   

Typical total plant size (kgH2 / day of max 
output) 

558 580 590 601 533 583 554 609 E   

           

- Inputs                     

Electricity (% total input (MWh / MWh)) 79.5 80.5 81.4 81.4 79.0 82.0 81.0 83.0 A   

Heat (% total input (MWh / MWh)) 20.5 19.5 18.6 18.6 21.0 18.0 19.0 17.0     

                     

Water for electrolysis (kg / MWh input) 209 217 221 225 200 219 208 228     

           

- Outputs                     

Hydrogen (% total input (MWh / MWh)) 77.5 80.5 82 83.5 74.0 81.0 77.0 84.6 B, D [24] 

ȹE from HHV to LHV (% total input 
(MWh / MWh)) 

14.1 14.7 14.9 15.2 13.5 14.8 14.0 15.4 H   

Heat loss (% total input (MWh / MWh)) 8.4 4.8 3.1 1.3 12.5 4.2 9.0 0.0     

           

Hydrogen (kg / MWh input) 23.3 24.2 24.6 25.1 22.2 24.3 23.1 25.4   

           

                      

Forced outage (%) 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 A   

Planned outage (days per year) 5 5 5 5 5 5 5 5 A   

Technical lifetime (years) 10 20 20 20 10 10 15 20 A   

Construction time (months) 4.0 0.5 0.5 0.5 4.0 4.0 0.5 1.0 A   

                      

Financial data (2020 price level)                                  

Specific investment (ú / kW of total input) 4491 1901 1342 783 3013 5805 525 1024 D, G [24] 

Specific investment (ú / kgH2 / day of max 
output) 

8047 3279 2273 1303 5654 9952 946 1681 D, G, E [24] 

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

 - hereof installation (%) 20 20 20 20 20 20 20 20 A   

Fixed O&M (% of specific investment / year)  12 12 12 12 12 12 12 12 E, G, I [21] 

Variable O&M (ú / kWh of total input) - - - -         F   

Startup cost (ú / kW of total input per startup) - - - -             

                      

Technology specific data                                  

Current Density (A / cm2) 0.65 1 1.5 1.5 0.5 0.65 1.5 1.8   [21] 

Footprint (m2 / MW input) 35.0 20.0 15.0 10.0 35.0 35.0 10.0 20.0   [21] 
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Notes (Datasheet for 1MW SOEC): 

A Input from Haldor Topsoe 

B The efficiencies are assumed to be system efficiencies. IEA gives the values as electric efficiencies, however the references of IEA 

gives both system efficiencies and electric efficiencies. See for instance Buttler and Spliethoff (2018), "Current status of water 

electrolysis for energy storage, grid balancing and sector coupling via power-to-gas and power-to-liquids: A review". This 

assumption adds significant uncertainty to these values. However no good alternative was found. 

C For the unit regarding "day" a 100% load factor is assumed here (Where the system is operated at nominal capacity all 24 hours of 

the day). In operation the daily full load hours may vary and should therefore be adjusted for. 

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

mid of the range given. For conversion a conversion of 0.85ú/$ was used. 

E O&M is estimated as 12% of CAPEX. 5%-point is for small systems, according to the 2-5% given for large to small scale systems 

from [26]. 7%-points is the estimated stack replacement cost. Ceres Power gives a stack replacement cost of 20% of CAPEX. At 

about 6000 full load hours per year, stacks are likely to be replaced every three and a third years. 

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

G The CAPEX includes all components required for converting 400VAC electricity and purified water into H2 gas at 35 bar. CAPEX 

does not include transformer, water purifier or compressors for increasing the pressure of H2 further than 35 bar. The tariffs, 

capacity payments and network connection fees to DSO / TSO are not contained in CAPEX nor in O&M. 

H The HHV electorlyser efficiency can be calculated as the sum of the rows: "ȹE from HHV to LHV" and "Hydrogen". 

I The lifetime of current SOEC stacks is about 20000 hours and is expected to increase in the future [24], and is expected to 

increase in the future. 
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!ǳǘƘƻǊΥ 5ƻƴ hΩ/ƻƴƴƻǊ ς (S&T)2 Consultants Inc. 

Publication date 

August 2018 

Amendments after publication date 

Date Ref. Description  

12 2018  Datasheet revised 

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 animal fats. This section discusses the 

production from vegetable oils and the next section discusses the production from used cooking oil and 

animal fats as the feedstock free fatty acid (FFA) content has some impact on capital and operating costs. 

.ƛƻŘƛŜǎŜƭ ǇǊƻŘǳŎǘƛƻƴ ŀƴŘ ǳǎŜ ōŜƎŀƴ ƛƴ 9ǳǊƻǇŜ ƛƴ ǘƘŜ ŜŀǊƭȅ мффлΩǎ ŀƴŘ ǘƘŀǘ ǊŜƎƛƻƴ ƛǎ ǎǘƛƭƭ ǘƘŜ ƭŜŀŘƛƴƎ ōƛƻŘƛŜǎŜƭ 

marketer and producer. Biodiesel production has since expanded to all regions of the world and there is some 

international trade in both biodiesel feedstocks and biodiesel. 

The European Biodiesel Board reported that the FAME production capacity in Denmark in 2016 was 250,000 

tonnes.  

Brief Technology Description 

The production of biodiesel, or methyl esters, is a well-known 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 catalysts (acid and/or base) are used to speed the reaction. Almost all biodiesel 

produced from virgin vegetable oils uses the base-catalyzed technique as it is the most economical process 

for treating virgin vegetable oils, requiring only low temperatures and pressures and producing over 98% 

conversion yield (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 separation and purification steps to recover the excess methanol for 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 following figure. 

mailto:jhz@ens.dk
mailto:fgb@ens.dk
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Figure 1 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 supercritical process. This catalyst-

free method for transesterification uses supercritical methanol 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 

spontaneously and rapidly. The 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 pressures are required, but energy costs of production are similar or less 

than catalytic production routes. These alternative processes are not yet widely practiced. 

Input 

The primary inputs to the production process are the vegetable oil, methanol, electricity, some thermal 

energy, the catalyst, and some acids and bases to treat the feedstocks and finished products. 

Output 

The plants produce FAME, glycerine (of various qualities), and in some cases potassium salts that can be sold 

as fertilizer. 

Energy Balance 

The energy balance is shown graphically in the following figure. The external energy inputs, in the form of 

heat and power, are relatively small and the process is quite efficient. The sum of the inputs totals 100 MJ. 
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Figure 2 Vegetable Oil FAME Energy Balance 

A small portion, about 5%, of the energy losses has the potential to be recovered as low level district heat 

[1]. 

Typical Capacities 

Production capacities for individual plants can range from less than 10,000 tonnes per year to almost 600,000 

tonnes per year (10 to 750 MW). 

It was reported that in 2010, 46 FAME plants in Germany had a production capacity of almost 5 million tonnes 

per year [2]. The average plant size was 100,000 tonnes but more than 50% of the plant production capacity 

was found in 9 plants with more than 200,000 tonnes of capacity each. 

Regulation Ability 

FAME plants can be either batch or continuous processes. The time between batches regulates the total 

production from batch plants. Larger plants are generally continuous processes. The throughput can be 

regulated to a degree but process start-up 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 located on a site of less than 5 ha. This is equivalent to 0.04 ha/million 

litres of fuel, or 400 m2/MW. Factors that impact the required area include storage capacity of inputs and 

outputs and whether or not rail access is included at the facility. 

Advantages/Disadvantages 

FAME biodiesel is a relatively simple process that is well proven commercially. The capital costs are relatively 

low and the non-feedstock operating costs are also reasonable. 
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The feedstock costs are high compared to crude oil. The finished fuel has less desirable cold weather 

properties than fossil diesel fuel limiting its potential inclusion rates in diesel fuel in cold weather. 

Environment 

With low energy use the GHG emissions from the biodiesel 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 Development Perspective 

Vegetable oil FAME is a Category 4 technology, a commercial technology with large scale deployment. The 

potential for significant improvements in capital and operating costs is limited. The price and performance 

of the technology today is well known and 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 provide biodiesel 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 capacity in excess 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 

approaches the 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 litres as shown in the following figure [4]. 
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Figure 3 World Biodiesel Production 

At current production rates the cumulative production since 2000 will double in six years. Berghout 

investigated the Progress ratio for the German Biodiesel industry 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 potential for 

improvement. The cost reduction would also not apply to feedstock so the impact on production economics 

will be marginal. 

Uncertainty 

Given the mature status of the technology there are low levels of uncertainty associated with the data that 

is collected, but there 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]. The FAME could 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 of glycerine and 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, and R3 indicate the fatty acid chains associated with an individual fat. 
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Figure 4 Basic Biodiesel Reactions 

Typical Plant Size 

While there has been a wide range of plants built in the past, large scale plants can enjoy some economies 

of scale. 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 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 

[7]. The data is from 12 plants with production capacities ranging from 40,000 to 330,000 tonnes per year. 

The plants operated at an average of 74% of capacity. 

 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 MJ (LHV)  
Table 1 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 continuously 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 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 temperatures for most 
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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 

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 operating at less 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 greenfield factor is applied as shown 

below 

ὟὛ ὧὥὴὭὸὥὰ ὧέίὸϽὫὶὩὩὲὪὭὩὰὨ ὪὥὧὸέὶϽὧόὶὶὩὲὧώ ὪὥὧὸέὶϽὰέὧὥὸὭέὲ Ὢὥὧὸέὶ 

ΑωπȟπππȟπππϽρȢςϽπȢψυϽρȢςρ Όρρρ άὭὰὰὭέὲ 

Lǘ ƛǎ ŜǎǘƛƳŀǘŜŘ ǘƘŀǘ ŀ мллΣллл ǘƻƴƴŜ ǇŜǊ ȅŜŀǊ Ǉƭŀƴǘ ǿƻǳƭŘ ƘŀǾŜ ŀ ŎŀǇƛǘŀƭ Ŏƻǎǘ ƻŦ ϵсп million. This is $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 learning-by-upscaling to be the primary and learning-by 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 demand situation. 

Iowa 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 1.4. The capital cost has been adjusted to 64 million Euro to match the value above. 

The results for 2016 are shown in the following table. 
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Parameter Costs (Eur/litre) 

Natural gas 0.01 

Methanol 0.02 

Other Variable Costs 0.06 

Fixed Costs 0.02 

Depreciation and Interest 0.06 

Total Costs ex feedstock 0.17 
Table 2 Production Costs Vegetable oil FAME 

The other variable costs include chemicals, power, water, repairs and maintenance, water, transportation 

and other costs. The fixed costs include depreciation, interest costs, labour and management, property taxes, 

insurance, and marketing and procurement costs. 

Berghout found a very low Progress Ratio (97.4%) and a low R2 value (0.65) for the FAME processing costs, 

suggesting little potential for reductions in O&M costs over time. 

The impact on production costs as the future industry moves towards the best practices of the existing plants 

is limited as gains in yield will impact the feedstock costs which are not included here; the natural gas, power 

and methanol costs which are a small portion of the operating costs. 

Start-up Costs 

The O&M costs stated in this catalogue includes start-up costs and takes into account a typical number of 

start-ups and shut-downs. Therefore, the start-up costs should not be specifically included in more general 

analyses.  

Technology Specific Data 

Some of the key fuel properties of biodiesel are shown in the following table. 

Property Value 

Density, kg/m3 885 

LHV, MJ/kg 37.2 

LHV, MJ/litre 32.7 

Oxygen content 11% 

Cetane number ~55 

Cloud point, C ~-3 
Table 3 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 operating data for vegetable oil feedstock plants and the operating costs estimated 

from the Iowa State model. The best biodiesel plants operate a close to theoretical yields and methanol 

consumption rates, and with low energy consumption values. The 2015 data is based on the 2015 NBB data, 

it has been assumed that by 2050 the industry moves to have an average performance the same as the best 

plant in 2015. The 2020 and 2030 values are estimated from the transition from the 2015 to 2050 values. 
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Technology Vegetable Oil FAME 

  2015 2020 2030 2040 2050 Uncertainty (2020) Uncertainty (2050) Note Ref 

            Lower Upper Lower Upper     

Energy/technical data             

Typical total plant size  
1,000 t 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% A1   

Inputs                       

Veg Oil Consumption, 
MWh/MWh Total Input 0.925 0.926 0.929 0.931 0.933 99% 101% 99% 101% E,I 4 

Methanol Consumption, 
MWh/MWh Total Input 0.046 0.046 0.046 0.046 0.046 93% 107% 93% 107% B,E,I 4 

Electricity Consumption, 
MWh/MWh Total Input 0.004 0.004 0.003 0.003 0.002 50% 150% 75% 125% E,I 4 

Natural Gas Consumption, 
MWh/MWh Total Input 0.025 0.024 0.022 0.02 0.018 50% 150% 75% 125% E,I 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) 1.5 1.5 1.5 1.5 1.5             

Financial data                                                        

Specific investment  
(M ú /MW) 0.51 0.50 0.50 0.49 0.48 90% 110% 90% 110% C, J, L   

- equipment (%) 75 75 75 75 75         G   

- installation (%) 25 25 25 25 25         G   

Fixed O&M (M ú /MW/year) 0.018 0.018 0.018 0.018 0.018 90% 110% 90% 110% D, K, L   

Variable O&M (ú /MWh) 6.77 6.77 6.77 6.77 6.77 90% 110% 90% 110% D, K, L   

Start-up (M ú /MW) 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 ú /1,000 t biodiesel/year) 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 ú /1,000 t biodiesel) 0.022 0.022 0.022 0.022 0.022 90% 110% 90% 110% D, K, L   

Variable O&M  
(M ú /1,000 t biodiesel) 0.070 0.070 0.070 0.070 0.070 90% 110% 90% 110% D, K, L   
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Notes: 

A. The plant size is assumed based on the plants sizes of existing vegetable oil based bio-diesel plants in EU.  

A1. 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, 
contractorôs fee, contingency and 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 Iowa 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 ú/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 

discusses FAME production using these two feedstocks. The primary technical differentiation factor for these 

two feedstocks is the free fatty acid (FFA) content of the feedstocks. Free fatty acids can be produced when 

ǘƘŜ ƭƛǇƛŘǎ ŀǊŜ ƘŜŀǘŜŘΣ ŀǎ ǘƘŜȅ ŀǊŜ ǿƘŜƴ ǘƘŜ ŎƻƻƪƛƴƎ ƻƛƭǎ ŀǊŜ ǳǎŜŘ ƻǊ ǿƘŜƴ ǘƘŜ ŀƴƛƳŀƭ ŎŀǊŎŀǎǎΩ ŀǊŜ ǊŜƴŘŜǊŜŘΦ 

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 intensity score and the volume is 

double counted in some systems. These attributes make it an attractive feedstock, more than outweighing 

some processing challenges described below.  

Brief Technology Description 

The base catalyzed transesterification process that produces FAME or biodiesel from vegetable oils is only 

effective with triglycerides. FFAs require an acid catalyzed esterification reaction for commercial production. 

This reaction is slower and involves an extra processing step. Some UCO and animal fat biodiesel producers 

accept the lower yield that results from not converting the FFAs to biodiesel and some use the two step 

process that converts both triglycerides and FFAs to biodiesel. 

The two step process is shown below, the basic difference between this and the process used for vegetable 

oils is the initial esterification steps. 

http://www.extension.iastate.edu/agdm/energy/xls/d1-15biodieselprofitability.xlsx
mailto:jhz@ens.dk
mailto:fgb@ens.dk
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Figure 1 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. 

Energy Balance 

The average energy balance for the year 2015 from 15 US biodiesel plants processing mixed feedstocks is 

shown in the following figure [1]. Most of these plants do not do the two step process and accept the lower 

yield due to the higher FFA content of the feedstock. 
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Figure 2 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 Capacities 

The size of UCO and animal fat plants is slightly smaller than the size of vegetable oil plants. Production 

capacities of up to 150,000 tonnes per year (185 MW) have been built in Europe. 

The Daka ecoMotion plant in Denmark has a capacity of 50,000 tonnes per year (60 MW). This plant uses the 

two step process of esterification followed by transesterification. The plant was designed by BDI in 2008. 

Regulation Ability 

FAME plants can be either batch or continuous processes. The time between batches regulates the total 

production from batch plants. Larger plants are generally continuous processes. The throughput can be 

regulated to a degree but process start-up 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 or 340 m2/MW 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 and processing equipment coves less than 50% of the site. 
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Figure 3 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 diesel fuel. 

When UCO and animal fat FAME is compared to vegetable oil FAME the feedstock costs are usually lower but 

capital and operating costs are slightly higher. The cold weather properties of UCO and animal fat FAME are 

usually slightly less attractive than the vegetable oil FAME. 

Environment 

With low energy use the emissions from the biodiesel plants are relatively minor. Methanol and the process 

chemicals used have safety hazards associated with their use but these are well known and there are 

establishes procedure to accommodate their safe use. 

The energy content of the UCO and animal fat biodiesel is about 20 times the power and natural gas energy 

consumed by the plant. 

Research and Development Perspective 

Used Cooking Oil (UCO) and animal fat FAME is a Category 4 technology, a commercial technology with large 

scale deployment. The price and performance of the technology today is well known and normally only 

incremental improvements would be expected. Therefore, the future price and performance may also be 

projected with a relatively high level of certainty. 

The potential for significant improvements in capital and operating costs is limited. There is work being 

undertaken on making the use of lower quality feedstocks commercially attractive. These materials (e.g. 

brown grease) can have very high FFA levels and contain other contaminants such as sulphur and chlorine. 

Examples of Market Standard Technology 

One of the leaders with the multi-feedstock biodiesel process is the Austrian company, BDI Bioenergy 

International. 
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BDI - BioEnergy International AG 

Parkring 18, 8074  

Raaba-Grambach, 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 is relatively 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 Progress Ratio for the German Biodiesel industry between 1991 and 2004 and 

found that the limited data suggested a value of 0.97. This is a very low value and may be due to the fact that 

while the industry is new, the processing steps are based on mature chemical processes with limited potential 

for improvement. The cost reduction would also not apply to feedstock so the impact on production 

economics will be marginal.  

Uncertainty 

Given the mature status of the technology there are relatively low levels of uncertainty associated with the 

data that is collected. One area of potential uncertainty is the proportion of plants that practice esterification 

in the United States (where the plant data comes from) vs the EU. 

Additional Remarks 

This technology is commercially practiced at the Daka plant in Denmark. Europe is an importer of used 

cooking oil as demand for the product exceeds the quantity supplied in Europe [2]. It is also reported that 

that there are limited opportunities to increase the collection rate of UCO in Europe [3], resulting in about 

60% of the UCO consumed in Europe is imported into the EU. 

Quantitative Description 

Additional quantitative information on the production of UCO or animal fat FAME is presented in the 

following sections. 

The esterification reaction that is practiced with some technologies prior to the transesterification process is 

shown below. In this reaction there is no glycerine produced but there is some water produced. 

 

Figure 4 Esterification Reaction 
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Typical Plant Size 

The plants can range in size from 5,000 to over 100,000 tonnes per year of capacity. Older plants generally 

have lower production rates as market access for the production would have been an issue when they were 

built. 

A plant of 50,000 tonne/year is used for the data sheet. This is in the middle of the range of plants built and 

is the same size as the existing Danish plant. 

Input and 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 of 73% of capacity. The primary feedstocks for these plants were animal fats, 

ŘƛǎǘƛƭƭŜǊǎΩ ŎƻǊƴ ƻƛƭ όŜȄǘǊŀŎǘŜŘ ŦǊƻƳ ǘƘŜ ǎǘƛƭƭŀƎŜ ƻŦ ŎƻǊƴ ŜǘƘŀƴƻƭ ǇƭŀƴǘǎύΣ ŀnd used cooking oil. About 10% of the 

feed for these mixed feedstock plants was vegetable oils. 

 Inputs Outputs 

Vegetable oil 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)  
Table 4 Mass and Energy Flows 

The FAME yield is lower, indicating that many of the plants do not practice the esterification step and the 

energy use is about double that of the vegetable oil plants. The energy use 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 of feedstock or a lack of markets for the product. 

Technical Lifetime 

The first European plants were built in the 1990s and many of those are still operating more than 20 years 

later. Processing conditions are relatively mild with moderate pressures and temperatures for most 

processes. The corrosive nature of some of the reagents (methanol, acids and bases) are well understood 

and manageable. 

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. 
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Financial Data 

Information on capital and operating costs are presented below. 

Investment Costs 

Argent Energy built a 75,000 tonne per year multi-feedstock facility near Chester, UK in 2015-2016. The 

reported cost was £75 million (ϵ100 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. Given the extra processing required for the plants 

processing higher FFA feedstocks some increase in price is expected but this ϵ1.17/litre, almost double the 

soy oil cost. 

The future capital costs have been reduced by about 25% by 2050. The rationale for the larger percent cost 

reduction than a vegetable oil FAME plant is that a greater yield improvement is expected as the industry 

moves towards the best in class performance, due to the higher capital costs there should be more room for 

ƛƳǇǊƻǾŜƳŜƴǘΣ ŀƴŘ ǘƘŜǊŜ ƛǎ ƎǊŜŀǘŜǊ ŜƳǇƘŀǎƛǎ ōŜƛƴƎ ǇƭŀŎŜ ƻƴ ǘƘŜ ǳǎŜ ƻŦ άǿŀǎǘŜέ ŦŜŜŘǎǘƻŎƪǎ ōȅ Ƴŀƴȅ 

governments. 

Operating and Maintenance Costs 

There is no public source of economic data for UCO or animal fat biodiesel plants like the Iowa State 

information on soybean biodiesel plants. 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 some financial information 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 

information that can be developed from the annual report is shown in the following table. 

Category Euro /litre 

Services 0.05 

Labour 0.05 

Operating Costs 0.04 

Marketing Costs 0.03 

Admin Costs 0.01 

Legal Costs 0.01 

Other Expenses 0.01 

Interest 0.01 

Total 21 
Table 1 UCO Biodiesel Operating Costs 

The fixed costs (labour, marketing, admin, legal, other, interest) total ϵ0.13/litre. There is no breakdown of 

feedstock costs from other supplies in the published information. The vegetable oil plant has variable 

operating costs of ϵ0.05/litre, the chemical costs will be higher for the UCO facility, it is estimated that the 

variable operating costs of ϵ0.07/litre. 
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As with the vegetable oil FAME plants only limited improvements in the fixed and variable production costs 

are forecast due to the low Progress ratio found by Berghout. 

Start-up Costs 

The O&M costs stated in this catalogue includes start-up costs and takes into account a typical number of 

start-ups and shut-downs. Therefore, the start-up costs should not be specifically included in more general 

analyses.  

 

 

 

Technology Specific Data 

Property Value 

Density, kg/m3 885 

LHV, MJ/kg 37.2 

LHV, MJ/litre 32.7 

Oxygen content 11% 

Cetane number 50-60 

Cloud Point, C 0-10 C 
Table 2 UCO and Animal Fat Biodiesel Properties 

Data sheet 

The quantitative information collected for a UCO biodiesel facility is shown in the following table. This 

information is determined from the NBB operating data for mixed feedstock plants and the operating costs 

estimated from the Petrotec annual report. The best biodiesel plants operate a close to theoretical yields 

and methanol consumption rates, and with low energy consumption values. The 2015 data is based on the 

2015 NBB data; it has been assumed that by 2050 the industry moves to have an average performance the 

same as the best plant in 2015. The 2020 and 2030 values are estimated from the transition from the 2015 

to 2050 values. 
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Technology UCO and Animal Fat FAME 

  2015 2020 2030 2040 2050 Uncertainty (2020) Uncertainty (2050) Note Ref 

            Lower Upper Lower Upper     

Energy/technical data                       

Typical total plant size  
1,000 t biodiesel/year 50 50 50 50 50 50% 200% 50% 200% A 1 

Typical total plant size  
MW biodiesel/year 60 60 60 60 60 50% 200% 50% 200% A1   

 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,I 1 

Electricity Consumption, 
MWh/MWh Total Input 0.007 0.006 0.005 0.005 0.004 50% 150% 50% 150% E,I 1 

Natural Gas Consumption, 
MWh/MWh Total Input 0.044 0.04 0.036 0.034 0.032 50% 50% 50% 50% E,I 1 

Outputs                       

Biodiesel Output,  
MWH/MWh Total Input  0.84 0.85 0.86 0.86 0.87 99% 101% 99% 101% F 1 

Glycerine  Output,  
MWH/MWh Total Input 0.04 0.04 0.04 0.04 0.04 99% 101% 99% 101% F 1 

                        

Forced outage (%) 0 0 0 0 0         H   

Planned outage  
(weeks per year) 2 2 2 2 2             

Technical lifetime (years) 25 25 25 25 25             

Construction time (years) 1.5 1.5 1.5 1.5 1.5             

Financial data                                                        

{ǇŜŎƛŦƛŎ ƛƴǾŜǎǘƳŜƴǘ όa ϵ κa²ύ 1.08 1.02 0.93 0.89 0.84 80% 120% 90% 110% C, J, L 3 

- equipment (%) 75 75 75 75 75         G   

- installation (%) 25 25 25 25 25         G   

CƛȄŜŘ hϧa όa ϵ κa²κȅŜŀǊύ 0.122 0.122 0.122 0.122 0.122 90% 110% 90% 110% D, K, L 4 

±ŀǊƛŀōƭŜ hϧa όϵ κa²Ƙύ 7.65 7.65 7.65 7.65 7.65 90% 110% 90% 110% D, K, L 4 

Start-ǳǇ όa ϵ κa²ύ 0.00 0.00 0.00 0.00 0.00             

Technology specific data                                                        

Specific energy content 
(GJ/ton) biodiesel) 37.2 37.2 37.2 37.2 37.2             

Specific density   
(kg/l) or (ton/m3) 0.885 0.885 0.885 0.885 0.885             

Specific investment 
όa ϵ κмΣллл ǘ ōƛƻŘƛŜǎŜƭκȅŜŀǊύ 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  
όa ϵ κмΣллл ǘ biodiesel) 0.15 0.15 0.15 0.15 0.15 90% 110% 90% 110% D, K, L   

Variable O&M  
όa ϵ κмΣллл ǘ ōƛƻŘƛŜǎŜƭύ 0.08 0.08 0.08 0.08 0.08 90% 110% 90% 110% D, K, L   



90 UCO and Animal Fat FAME 

 

 

 

Page 138 | 315 -  Technology Data for Renewable Fuels 
 

 

 

Notes: 

The plant size is assumed based on the plants sizes of existing UCO based bio-diesel plants in EU.  

A1 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, 
contractorôs fee, contingency and working capital.  

D. O&M costs only, costs for main raw materials are not included  

E. 2050 values are based on industry best plant in 2015. 2020 and 2030 values interpolated between 2015 and 2050 values. 

F. Total output excludes the heat loss. 

G. Estimated from Iowa 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 ú/k tonne is million euro per 1,000 tonnes. 
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91 Hydrogenated Vegetable Oil / Renewable Diesel 

Contact Information: 

Danish Energy Agency: Jacob Hjerrild Zeuthen, jhz@ens.dk  and Filip Gamborg, fgb@ens.dk 

!ǳǘƘƻǊΥ 5ƻƴ hΩ/ƻƴƴƻǊ ς (S&T)2 Consultants Inc. 

Publication date 

August 2018 

Amendments after publication date 

Date Ref. Description  

12 2018  Datasheet revised 

Qualitative Description 

Hydrogenated vegetable oil (HVO) is also known as renewable diesel. HVO plants use the same feedstocks 

that are used for FAME plants including used cooking oils and animal fats, however rather than reacting the 

feedstock with methanol the feedstock is reacted with hydrogen in the presence of a catalyst. The operating 

temperatures and pressures are higher than in FAME plants. 

There are small differences in hydrogen demand between the different feedstocks that are used but the 

variation is generally less than what is seen between process developers and between plants so only one 

data sheet is presented. 

The resulting product is oxygen free and has better fossil diesel blending properties. The product is generally 

isomerized to improve the cold weather properties of the fuel. 

Brief Technology Description 

HVO is a mixture of straight chain and branched paraffins ς the simplest type of hydrocarbon molecules from 

the point of view of clean and complete combustion. Typical carbon numbers are C15 to C18. Paraffins exist 

also in fossil diesel fuels which additionally contain significant amounts of aromatics and naphthenics. 

Aromatics 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 are shown in the following figure. 

mailto:jhz@ens.dk
mailto:fgb@ens.dk
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Figure 1 HVO Production Process 

Almost all operating HVO plants have some degree of integration with nearby facilities to provide energy or 

hydrogen or to process co-product streams. This integration can reduce capital and operating costs and risks 

for new technologies. 

Input 

The primary inputs to the production process are the fats and oils and hydrogen, along with some electricity, 

thermal energy, and chemicals. 

Output 

The outputs from the process are the HVO, some fuel gas (a mixture of hydrogen and light hydrocarbons), 

propane, and a light liquid stream that can be used as fuel or as a renewable gasoline blending component. 

Energy Balance 

High quality public information on the energy balance of the HVO process is very limited. The following figure 

shows the typical energy balance based on a composite of information in the public domain [1] [2] [3]. The 

sum of the inputs totals 100 MJ. 
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Figure 2 HVO Energy Balance 

There is the potential to recover about 15% of the heat loss as high temperature heat for district heating 

applications. 

Typical Capacities 

Stand-alone HVO plants range in size from 150 million litres/year (AltAir, USA) to move than 1,000 million 

litres per year (Neste Singapore and Rotterdam) (170 to 1,125 MW). 

Regulation Ability 

Very little information is available on the turn down ratios of the process. It is a process with a high operating 

temperature and pressure and thus will likely have limited capacity to regulate throughputs. The existing 

HVO plants are generally running at capacity. 

Space Requirements 

The Neste plants in Singapore and Rotterdam and the Diamond Green Diesel and REG plants in Louisiana are 

greenfield plants that have some integration with nearby utility suppliers. The space required for the plants 

are in the 0.02 to 0.025 ha/million litres of production range (220 m2/MW). 

Advantages/Disadvantages 

HVO has a number of advantages over biodiesel as a fuel and as a production process. The process is not 

restricted by the free fatty acid content of the feedstock and most plants process a wide range of feedstocks 

from vegetable oils to UCO and animal fats. 

HVO can be blended with petroleum diesel fuel without any limit or labelling requirements because it is a 

hydrocarbon. HVO has a higher cetane value than biodiesel and can be produced with better cold weather 

properties as a result of the secondary isomerization step in the process. Isomerization is also known as 

dewaxing. This step is often, but not always, included in HVO process designs.  
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The fuel is sulphur free and has very low aromatics content (although this can cause issues with some engine 

seals). 

The market price of HVO is higher than that of biodiesel and of petroleum diesel. 

Environment 

The process has a low ratio of energy consumed to fuel produced (~0.02) excluding the hydrogen but drops 

to about 0.15 when the hydrogen energy is considered. 

The hydrotreating catalysts have a long life and can be re-generated. There is limited waste generated as part 

of the process, although this can depend on the feedstock and the need to pre-treat the 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 FAME facilities, 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 price and 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. Algonquin Road (Bldg A) 

P.O. Box 5017 

Des Plaines, IL 60017-5017 

Toll Free: +1 (800) 877-6184 

Phone: +1 (847) 391-2000 

They have a European office at 

Noorderlaan 147 

B-2030 Antwerp, Belgium 

Phone: +32-3-540-9911 

Haldor Topsøe offers their HydroFlexϰ technology. Topsøe has been researching and developing innovative 

solǳǘƛƻƴǎ ŦƻǊ ǊŜƴŜǿŀōƭŜ ŦǳŜƭ ǇǊƻŘǳŎǘƛƻƴ ǎƛƴŎŜ нллпΦ ¢ƘŜȅ ŎƭŀƛƳ ǘƘŀǘ Ƴŀƴȅ ƭƛŎŜƴǎŜŘ IȅŘǊƻCƭŜȄϰ ǳƴƛǘǎ ŀǊŜ ƛƴ 

full operation today. 

Haldor Topsøe A/S  

Haldor Topsøes Allé 1 

DK-2800 
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Kgs. Lyngby 

Denmark 

Neste and 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 considered confidential 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 

assumptions 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 nth 

plant. 

Uncertainty 

There are relatively low levels of uncertainty with respect to this pathway as it is a commercially available 

process. However, only a limited number of companies throughout the world offer this technology. With 

exception of Neste, these companies provide little information on their operations. 

Additional Remarks 

As noted above Neste does provide some information on the performance of their renewable products 

division as part of their quarterly financial reporting [5]. The reported HVO revenue is their world-wide 

average value. The following figure is developed from those reports and benchmark price data on diesel fuel 

and biodiesel reported by the US Energy Information Administration [6] and Iowa State University [7]. 
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Figure 3 HVO Selling Prices vs Biodiesel and Fossil Diesel 

RD, biodiesel and ULSD represents selling prices for HVO, FAME biodiesel and ultra low sulphur diesel, 

respectively.  

Quantitative Description 

The quantitative data is presented below for the technology. The HVO chemistry is shown in the following 

figure [8]. 

 

Figure 4 HVO Chemistry 

The oxygen from the triglyceride feedstock is removed as CO, CO2 and some as H2O. Unlike an ethanol plant 

the CO2 is not available as a concentrated co-product stream. Some of the feedstock is also converted to 

propane and because there is some cracking of the chains a portion of the liquid product is in the jet fuel or 

gasoline pool boiling range. 
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Typical Plant Size 

There is almost an order of magnitude difference between the output of the smallest plant and the largest 

plants. It is assumed that the typical plant size will be in the middle of the range at 500,000 tonne per year 

of primary product (640 million litres per year). 

Input and Output 

The input and output data shown in the following table is the same information used for the energy balance 

shown in Figure 2. It is typical data and not representative of any specific plant. The 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 
Table 1 Mass and Energy Flows HVO 

 

Forced and Planned Outage 

Neste report their quarterly sale rates. Since the last quarter of 2011, the plants in Finland, Singapore, and 

Rotterdam have been operational with an original nameplate capacity of 500,000 tonne per quarter. Neste 

now claims a quarterly production capacity of 650,000 tonnes. The sales performance is shown in the 

following figure and it is assumed that the production rates closely follow the sales rates. Since 2013 the 

plants have operated above the original nameplate capacity indicating minimal unplanned outages. 
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Figure 5 Quarterly Performance ς 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. 

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 temperatures with 

an expectation of longer fabrication periods. 

Financial Data 

Financial data from public data sources is presented below. Where primary public data is not available two 

peer reviewed techno-economic analyses have been used [9] [10]. 

Investment Costs 

Diamond Green Diesel is undergoing a 330,000 tonne/year expansion in Louisiana. The reported cost is $190 

million (US) [10]. They reported that this was about 50% of the cost of a greenfield plant. 

Converting this cost to Europe, the location factor, exchange rate, and greenfield factor is applied as shown 

below. 

ὟὛ ὧὥὴὭὸὥὰ ὧέίὸϽὫὶὩὩὲὪὭὩὰὨ ὪὥὧὸέὶϽὧόὶὶὩὲὧώ ὪὥὧὸέὶϽὰέὧὥὸὭέὲ Ὢὥὧὸέὶ 

ΑρωπȟπππȟπππϽςȢπϽπȢψυϽρȢςρ Όσωπ ÍÉÌÌÉÏÎ 
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Lǘ ƛǎ ŜǎǘƛƳŀǘŜŘ ǘƘŀǘ ŀ рллΣллл ǘƻƴƴŜ ǇŜǊ ȅŜŀǊ Ǉƭŀƴǘ ǿƻǳƭŘ ƘŀǾŜ ŀ ŎŀǇƛǘŀƭ Ŏƻǎǘ ƻŦ ϵррл Ƴƛƭƭƛƻƴ ǳǎƛƴƎ ŀ ǎŎŀƭƛƴƎ 

factor of 0.8. This corresponds to ϵ0.86/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 be at the upper end of the 

range.  

A one million tonne per year plant is expected to cost 20.6 times (1.5) that of the 500,000 tonne per year plant 

or 0.65 ϵ/litre. This value is used for the 2050 capital cost. The same approach is used for the 750,000 tonne 

plant in 2030. 

Operating and Maintenance Costs 

Neste publishes some information on their production costs in their quarterly financial reports. The available 

information for 2016 is shown in the following table. 

Item Value 

 ϵ/tonne ϵ/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 
Table 2 HVO Operating Costs 

Operating costs are not expected to change over time due to the high efficiency level of the current 

technology. The variable operating costs are reduced by 0.01 ϵ/litre to account for the energy costs that 

would be included in the reported variable costs. 

Start-up Costs 

The start-up costs are included in the Neste financial information.  

Technology Specific Data 

The physical properties of HVO are shown in the following table [13]. 

Property Value 

Density, kg/m3 770 

LHV, MJ/kg 44.1 

LHV, MJ/litre 34.4 

Oxygen content 0 

Cetane number >70 

Cloud point, C As low as -40 °C3 
Table 3 HVO Properties 

 
3 Lower cloud points sacrifice some product yield. 
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Data sheet 

The available data is summarized in the following table. 

Technology HVO 

  2015 2020 2030 2040 2050 Uncertainty (2020) Uncertainty (2050) Note Ref 

            Lower Upper Lower Upper     

Energy/technical data                     

Typical total plant size  
1,000 t HVO/year 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, A1, 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   

Naphtha 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 0 0 0         I   

Planned outage (weeks per year) 2 2 2 2 2           7 

Technical lifetime (years) 25 25 25 25 25             

Construction time (years) 2 2 2 2 2             

Financial data                                                      

{ǇŜŎƛŦƛŎ ƛƴǾŜǎǘƳŜƴǘ όa ϵ κa²ύ 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             

CƛȄŜŘ hϧa όa ϵ κa²κȅŜŀǊύ 0.036 0.036 0.035 0.035 0.036 90% 110% 90% 110% F, K, L 7 

±ŀǊƛŀōƭŜ hϧa όϵ κa²Ƙύ 8.48 8.48 8.48 8.48 8.48 90% 110% 90% 110% F, K, L 7 

{ǘŀǊǘǳǇ όa ϵ κa²ύ 0 0 0 0 0             

Technology specific data                                                  

Specific energy content (GJ/ton)  44.1 44.1 44.1 44.1 44.1             

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

Specific investment  
όa ϵ κмΣллл ǘ I±hύ 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             

CƛȄŜŘ hϧa όa ϵ κмΣллл ǘ I±hύ 0.052 0.052 0.052 0.052 0.052 90% 110% 90% 110% F, K, L 7 
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±ŀǊƛŀōƭŜ hϧa όa ϵ κмΣллл ǘ I±hύ 0.104 0.104 0.104 0.104 0.104 90% 110% 90% 110% F, K, L 7 

{ǘŀǊǘǳǇ όa ϵ κмΣллл ǘ I±hύ 0 0 0 0 0             

Notes: 

A. The plant size is assumed based on the plants sizes of existing HVO plants.  

A1. This value is the hourly rating and has been calculated as if the unit produces at capacity and was in operations 8,000 h/year. 

B. The plant size uncertainty represents the current range in the market.  

C. Performance is typical based on public data and confidential data reviewed by (S&T)2 Consultants Inc. 

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

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

F. O&M costs, costs for main raw materials are not included. 

G. There is limited potential for process improvements. 

H. Total output excludes the heat loss. 

I. Best plants operate at greater than 95% of capacity. 

J. Range of capital cost is +/- 25% of mean. 

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

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

This technology is very similar to the HVO renewable diesel process with one exception, in addition to the 

isomerization step there is a hydro-cracking step to produce products in the jet fuel boiling range rather than 

the diesel fuel range. This can be seen in the following figure which is a comparison of the UOP process 

diagrams for both technologies. 

 

Figure 1 HVO Diesel vs Jet Process 

There is one dedicated HVO jet facility in the world. It is the 130,000 tonne per year AltAir plant in Los Angeles, 

California. It employs the UOP process shown above. Detailed information on the AltAir operations is not 
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publicly available and thus there is more reliance on secondary information in the description than there was 

for the previous section that considered the production of renewable diesel fuel. 

This technology would be classified as being between the Pioneering and the Early Commercial phase. 

Brief Technology Description 

To meet the jet fuel specification, the produced bio-jet fuel has to have not only a high flash point, but also 

good cold flow properties. Therefore, it is required to hydro-isomerize and hydrocrack the normal paraffins 

produced from deoxygenation to a product with carbon chains ranging from C9
 
to C15. 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 Renewable F-76 (a marine distillate fuel) and JP-5 (a military jet fuel) for the US 

military and Renewable Jet, Diesel, and Gasoline [1]. The company has not provided information on what 

percentage of each fuel is produced. The facility is using animal fats and used cooking oil as feedstocks. The 

technology should work for any of the same oils and fats used for renewable diesel fuels. 

Compared to the HVO for diesel fuel described in the previous section, the yield of jet and diesel fuel is 

expected to be lower and the hydrogen demand higher when jet fuel is produced as a result of the additional 

hydrocracking step. 

Like most of the operating HVO plants, the AltAir facility takes advantage of existing equipment and services 

to reduce costs and risks.  

Input 

The primary inputs to the production process are the fats and oils and hydrogen, along with some electricity, 

thermal energy, and chemicals. 

Output 

The outputs from the process are the 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] [5]. 

The energy balance using the GREET information is shown in the following figure. 
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Figure 2 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 temperature stream that could be used for district heating. 

The product yields for two feedstocks in the Tao paper [4], which are derived from Aspen modelling, are very 

different than the GREET product yields as shown in the following figure. Different product yields will impact 

the energy balance for the process. 

 

Figure 3 Comparison of Product Yields 
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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 theoretical analysis of the process. The energy balance from this work is shown 

in the following figure. 

 

Figure 4 Alternative HVO Jet Energy Balance 

Typical Capacities 

Demand for biojet fuel is potentially much larger than the capacity of the single plant supplying the product. 

The one existing plant is also small compared to the HVO plants producing diesel fuel. There is no reason why 

ǘƘŜ ǘȅǇƛŎŀƭ Ǉƭŀƴǘ ŎŀǇŀŎƛǘƛŜǎ ǿƻƴΩǘ ōŜ ǎƛƳƛƭŀǊ ǘƻ ǘƘŜ I±h ŦƻǊ ŘƛŜǎŜƭ ǇƭŀƴǘǎΣ мрл ǘƻ мΣллл Ƴƛƭƭƛƻƴ ƭƛǘǊŜǎ ǇŜǊ ȅŜŀǊΦ 

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 re-purposed 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 

are greenfield plants that have some integration with nearby utility suppliers. The space required for the 

plants are in the 0.02 to 0.025 ha/million litres of production range (220 m2/MW). This is likely to be the same 

space requirements of a HVO jet plant. 

Advantages/Disadvantages 

HVO Jet Fuel is the only commercial process for the production of renewable jet fuel. It is fully approved up 

to 50% blend level with fossil jet fuel. Most of the commercial biojet flights operating in the world today use 

fuel from this process. 
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Due to lower yields and higher energy and hydrogen consumption the production costs of HVO Jet will be 

higher than HVO diesel fuel, which are already higher than the fossil fuel prices. 

Environment 

Based on the information in the peer reviewed literature the jet fuel production is more energy intensive 

than the production of HVO diesel fuel. 

The hydrotreating catalysts have a long life and can be re-generated. There is limited waste generated as part 

of the process, although this can depend on the feedstock and the need to pre-treat 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 potential. 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 possibly feedstock 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. 

Examples of Market Standard Technology 

The leading commercial supplier of the technology is Honeywell UOP. Their corporate office is: 

UOP World Corporate Offices 

25 E. Algonquin Road (Bldg A) 

P.O. Box 5017 

Des Plaines, IL 60017-5017 

Toll Free: +1 (800) 877-6184 

Phone: +1 (847) 391-2000 

They have a European office at 

Noorderlaan 147 

B-2030 Antwerp, Belgium 

Phone: +32-3-540-9911 

Predication of Performance and Cost 

The production of jet fuel from fats and oils is being practised commercially in one facility, however very little 

information on the actual performance is available in the public domain. Therefore it is uncertain where the 

technology sits on the development curve.  
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Uncertainty 

There are relatively high levels of uncertainty with the performance parameters for this technology as the 

data in the public domain is not based on the performance of the one operating plant. That information is 

confidential. The information that is in the public domain from peer reviewed studies is sometimes 

contradictory especially with respect to product yields and energy consumption. 

Additional Remarks 

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

portion of the HVO that can be recovered by distillation that will meet the fuel specifications of the jet fuel. 

¢Ƙƛǎ ƛǎ ǘƘŜ άƭƛƎƘǘέ ŜƴŘ ƻŦ ǘƘŜ ŘƛŜǎŜƭ I±h ŀƴŘ ǊŜƳƻǾƛƴƎ ƛǘ ƳŀƪŜǎ ǘƘŜ ǊŜƳŀƛƴƛƴƎ ǇǊƻŘǳŎǘ ƘŜŀǾƛŜǊΦ Iƻwever, if 

there is a demand for diesel and jet fuel it is one way to produce HVO Jet without a loss of yield and large 

amounts of LPG or naphtha materials being produced. The distillation curves for three commercial renewable 

diesel fuels are compared to the typical upper and lower limit for jet fuel in the following figure. It can be 

seen that 10 to 20% of the HVO diesel fuel is within the jet fuel range. There is no quantitative public 

information on the flexibility of the operations to alter the diesel/jet fuel ratios. 

 

 

Figure 5 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. 
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Typical Plant Size 

The output of the primary product will be 20 to 40% lower in a jet HVO plant compared to one that produced 

diesel fuel. The co-product output however will be higher. It is assumed that the typical plant size will be 

400,000 tonnes, 80% of the typical diesel HVO plant reflecting the lower primary product yield. 

Input and Output 

The estimated input and output is shown in the following table. This is based on the GREET model parameters 

which were used for Figure 2. The output is one litre of HVO jet fuel. 

 Inputs Outputs 

Feedstock 1.07 kg  

Hydrogen 0.035 kg  

Natural gas 6.06 MJ  

Electricity 0.048 kWh  

LPG  0.142 kg 

Naphtha  0.097 kg 

HVO Jet (one litre)  0.77 kg 
Table 1 Mass and Energy Flows HVO Jet 

It has been assumed that no changes to the inputs and outputs are achieved over the present technology. 

The data in the table represents a very good mass balance with limited opportunity for improvement. 

Forced and Planned Outage 

HVO jet fuel plants should operate in a similar manner to HVO diesel fuel plants. Forced shutdowns should 

be minimal and longer turnaround should happen every four years with an annual rate of 15 days per year. 

Technical Lifetime 

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

Construction Time 

Construction time of 24 to 30 months should be expected. This is longer than a FAME plant but the HVO 

plants are generally larger and have process vessels that operate at higher pressures and temperatures 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 

Investment costs are 25% higher than the HVO plant due to the lower yield of the primary product. It is 

ŜǎǘƛƳŀǘŜŘ ǘƘŀǘ ŀ пллΣллл ǘƻƴƴŜ ǇŜǊ ȅŜŀǊ Ǉƭŀƴǘ ǿƻǳƭŘ ƘŀǾŜ ŀ ŎŀǇƛǘŀƭ Ŏƻǎǘ ƻŦ ϵррл ƳƛƭƭƛƻƴΦ ¢Ƙƛǎ ƛǎ ǘƘŜ ǎŀƳŜ Ŏƻǎǘ 

but lower throughput than used for the HVO plant. This is ϵ1.06/litre. 
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5Ŝ WƻƴƎ ώтϐ ǊŜǇƻǊǘŜŘ ŀ ǊŀƴƎŜ ƻŦ ŎŀǇƛǘŀƭ Ŏƻǎǘǎ ƻŦ ϵнлл ǘƻ спп Ƴƛƭƭƛƻƴ ŦƻǊ ŀ орлΣллл ǘǇȅ I±h WŜǘ ǇƭŀƴǘΦ ¢Ƙƛǎ ƛǎ 

ϵлΦрт ǘƻ ϵмΦуп ǇŜǊ ƭƛǘǊŜΦ 

The future investment cost is lower due to the increased scale of the plants, the same approach is used as 

was used for the HVO plants, a scaling factor of 0.6 is applied to the ratio of the plant size in the future to the 

current plant size. 

Operating and Maintenance Costs 

The operating and maintenance costs will be allocated across the jet fuel and the co-products. It is assumed 

that they will be the same per litre as were determined for the HVO plant. 

The fixed O&M costs are ϵ0.04 per litre and the variable O&M costs are ϵ0.08 per litre. These costs are held 

constant for the future years. 

Start-up Costs 

The start-up costs are included in the operating costs. 

Technology Specific Data 

The physical properties of HVO Jet are shown in the following table. 

Property Value 

Density, kg/m3 770 

LHV, MJ/kg 44.0 

LHV, MJ/litre 34.4 

Oxygen content 0 

Freezing point, C -63 °C 
Table 2 HVO Jet Properties 
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Data sheet 

The quantitative data for HVO jet fuel is summarized in the following table.  

Technology HVO Jet Fuel 

  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 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, A1, 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 2,3 

Electricity Consumption, MWh/MWh Total 
Inputs 0.003 0.003 0.003 0.003 0.003 90% 110% 90% 110% C, G 2,3 

Natural Gas Consumption, MWh/MWh Total 
Inputs 0.119 0.119 0.119 0.119 0.119 90% 110% 90% 110% C, G 2,3 

Outputs                       

HVO Jet Output, GJ/GJ Total Input 0.66 0.66 0.66 0.66 0.66 90% 110% 90% 110% C, H   

Naphtha Output, MWh/MWh Total Input 0.065 0.065 0.065 0.065 0.065 90% 110% 90% 110% C, H   

LPG Output, MWh/MWh Total Input 0.092 0.092 0.092 0.092 0.092 90% 110% 90% 110% C, H   

Fuel Gas Output, MWh/MWh Total Input 0.100 0.100 0.100 0.100 0.100 90% 110% 90% 110% C, H   

District Heating Output, MWh/MWh Total input 0.027 0.027 0.027 0.027 0.027 90% 110% 90% 110% C, H   

                        

Forced outage (%) 0 0 0 0 0         I   

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                                                        

{ǇŜŎƛŦƛŎ ƛƴǾŜǎǘƳŜƴǘ όa ϵ κa² I±h WŜǘύ 0.96 0.96 0.81 0.75 0.71 50% 150% 50% 150% A, E, J, L   

 - equipment (%) 75 75 75 75 75             

 -installation (%) 25 25 25 25 25             

CƛȄŜŘ hϧa όa ϵ κa²κȅŜŀǊύ 0.036 0.036 0.036 0.036 0.036 90% 110% 90% 110% F, K, L   

±ŀǊƛŀōƭŜ hϧa όϵ κa²Ƙύ 8.501 8.501 8.501 8.501 8.501 90% 110% 90% 110% F, K, L   

Start-ǳǇ όa ϵ κмΣллл ǘ I±h WŜǘύ 0 0 0   0             

Technology specific data                                                    

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

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

{ǇŜŎƛŦƛŎ ƛƴǾŜǎǘƳŜƴǘ όa ϵ κмллл ǘ I±h Jet) 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             

CƛȄŜŘ hϧa όa ϵ κмΣллл ǘ I±hύ 0.052 0.052 0.052 0.052 0.052 90% 110% 90% 110% F, K, L   

±ŀǊƛŀōƭŜ hϧa όa ϵ κмΣллл ǘ I±hύ 0.104 0.104 0.104 0.104 0.104 90% 110% 90% 110% F, K, L   

{ǘŀǊǘǳǇ όa ϵ κмΣллл ǘ I±hύ 0 0 0 0 0             
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Notes: 

A. The plant size is assumed based on the plants sizes of existing HVO plants. Jet production is 80% of HVO diesel production 
with the other 20% representing increased co-products. 

A1. This value is the hourly rating and has been calculated as if the unit produces at capacity and was in operations 8,000 h/year. 

B. The plant size uncertainty represents the current range in the market.  

C. Performance is typical based similar performance to HVO diesel but with less primary product and more co-products. 

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

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

F. O&M costs, costs for main raw materials are not included. 

G. There is limited potential for process improvements. 

H. Total output excludes the heat loss. 

I. Best plants operate at greater than 95% of capacity. 

J. Range of capital cost is +/- 25% of mean. 

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

L. M ú/k tonne is million euro per 1,000 tonnes. 
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Figure 1 1st Generation Ethanol Production Process 

Brief Technology Description 

Cereal crops, with corn and wheat being the most common, are milled to reduce the particle size. The milled 

grain is mixed with water and a liquefying enzyme and heated to 90 to 100 °C to liquefy the starch in the 

grain. The slurry is cooled to 30 to 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 

άōŜŜǊέ ƛǎ ǎŜƴǘ ǘƻ Řƛǎǘƛƭƭŀǘƛƻƴ ŎƻƭǳƳƴǎ ǘƻ ǎŜǇŀǊŀǘŜ ǘƘŜ ŜǘƘŀƴƻƭ ŀƴŘ ǎƻƳŜ ƻŦ ǘƘŜ ǿŀǘŜǊ ŦǊƻƳ ǘƘŜ ǊŜƳŀƛƴƛƴƎ 

solids. The ethanol stream has the remaining water removed in a molecular sieve or an anhydrous distillation 

mailto:jhz@ens.dk
mailto:fgb@ens.dk
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column. The ethanol is suitable for fuel blending at this stage. The distillation bottom columns are centrifuge 

to separate some of the solids from the liquid. The solids can be sold or sent to a dryer. The liquid can have 

corn oil removed and is then concentrated through a vacuum evaporation system to produce a syrup which 

Ŏŀƴ ŀƭǎƻ ōŜ ǎƻƭŘ ƻǊ ǎŜƴǘ ǘƻ ǘƘŜ ŘǊȅŜǊΦ ¢ƘŜ ŘƛǎǘƛƭƭŜǊǎΩ ƎǊŀƛƴǎ ŀǊŜ ǳǎŜŘ ŀǎ ŀ ƘƛƎƘ ǇǊƻǘŜƛƴ ŀƴƛƳŀƭ ŦŜŜŘΦ 

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 

¢ƘŜ ǇǊƛƳŀǊȅ ƻǳǘǇǳǘǎ ŀǊŜ ŜǘƘŀƴƻƭ ŀƴŘ ŘƛǎǘƛƭƭŜǊǎΩ ƎǊŀƛƴǎΦ ¢ƘŜ ŘƛǎǘƛƭƭŜǊǎΩ ƎǊŀƛƴǎ Ŏŀƴ ōŜ ǎƻƭŘ ǿŜǘ ƻǊ ŘǊȅΣ ŀƴŘ ŜƛǘƘŜǊ 

combined (where the solids and syrup are combined) or separately (where the solids and syrup streams are 

sold as individual products. Corn plants can also separate a small volume of corn oil which can be used for 

animal feed or as a FAME feedstock. The corn oil can have a much higher value when sold separately instead 

ƻŦ ŀǎ ǇŀǊǘ ƻŦ ǘƘŜ ŘƛǎǘƛƭƭŜǊǎΩ ƎǊŀƛƴǎΦ ¢ƘŜ ƻƛƭ ŎƻƴǘŜƴǘ ƻŦ ǿƘŜŀǘ ƛǎ ǘƻƻ ƭƻǿ ƳŀƪŜ ǘƘŜ ŜȄǘǊŀŎǘƛƻƴ ǇǊŀŎǘƛŎŀƭΦ 

Energy Balance 

The energy balance of a 1st generation 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 of the 

grain and the plant conversion efficiencies, the typical range is 405 to 430 l/tonne [1]. The ratio of the energy 

ƻŦ ŜǘƘŀƴƻƭ ǘƻ 5ƛǎǘƛƭƭŜǊǎΩ 5ǊƛŜŘ DǊŀƛƴǎ 55G will vary with the starch content of the feedstock. Wheat generally 

has a slightly lower ethanol output but higher DDG output. The natural gas and power requirements are 

ǘȅǇƛŎŀƭ ǾŀƭǳŜǎ ŦƻǊ ŀ ŎƻǊƴ ŜǘƘŀƴƻƭ Ǉƭŀƴǘ ǘƘŀǘ ŘǊƛŜǎ ŀƭƭ ƻŦ ǘƘŜ ŘƛǎǘƛƭƭŜǊǎΩ ƎǊŀƛƴǎΦ Wheat plants will use more energy 

than corn plants as more DDG is produced that must be dried and the evaporation systems are generally not 

as efficient as the viscosity of the syrup is higher for a given solids content.  

 

Figure 2 1st Generation Ethanol Energy Balance 
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Most of the unit operations in the process are undertaken at relatively low temperatures so the heat losses 

are low quality. Most of the heat is lost either through a cooling tower or in the exhaust stack of the distilƭŜǊǎΩ 

grain dryer. A few plants have started to recover some of the latent heat of vapourization in the dryer exhaust 

and use the energy to reduce the purchased natural gas. The practice is not yet widespread. 

Typical Capacities 

In North America, the most recent new plants were built with 400 million litres of ethanol production capacity 

per year (320,000 tonnes ethanol per year, 280 MW). These plants generally had two production trains of 

200 million litres per year each (160,000 tonnes ethanol per year). 

Twenty-five years ago plants were typically 60 million litres per year. Over time capacities grew to take 

advantage of economies of scale.  

Regulation Ability 

Plants generally operate continuously with one or two shutdowns per year for maintenance. The process is 

biological and it is important to minimize the possibility of infections that can reduce yield and negatively 

impact the performance of equipment. This limits the potential for operations below about 80% of nameplate 

capacity. Lower production rates can only be achieved with more frequent start-up and shutdown cycles 

which increase the operating costs. 

Space Requirements 

Pannonia Ethanol in Hungary is a 430 million litre per year corn ethanol facility designed and built by the 

American company Fagen. It covers 22 ha on the banks of the Danube River. It was a greenfield plant. 

The Vivergo Fuels 420 million litre per year wheat ethanol plant in the UK occupies 10 ha in an existing 

industrial complex. The site was chosen due to its existing infrastructure and utilities. 

Space requirements will range from 0.024 to 0.052 ha/million litres (350 to 775 m2/M. 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 

1st generation ethanol is a well proven technology. It is the largest volume renewable fuel produced in the 

world today. Ethanol is a high octane fuel that can be used to increase the octane of the gasoline that it is 

blended with. This has the potential to reduce the GHG emissions of the petroleum refinery and increase the 

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

Ethanol does contain about 35% oxygen which limits the quantity that can be blended with gasoline. In 

Denmark, ethanol is blended at the 5% by volume level [2]. Europe, ethanol blended at the 10% by volume 

level is a relatively recent development. E10 is currently available in Belgium, Finland, France and Germany 

[3]. 
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Environment 

The lifecycle GHG emissions of 1st generation ethanol are 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 generation 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 expected. Therefore, 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 1st generation ethanol technology. More than 50% of the US production capacity 

was designed by ICM Inc. They have also designed plants in Europe, Brazil, Argentina, and Africa. 

ICM, Inc.  

P.O. Box 397 

310 N. First Street 

Colwich, KS 67030-0397 

The German company GEA is one of the largest suppliers of process technology for the food industry and a 

wide range of other industries, including fuel ethanol. They also have expertise with respect to wheat starch 

production. 

GEA Group Aktiengesellschaft 

Peter-Müller-Str. 12 

40468 Düsseldorf 

Germany 

Predication of Performance and Cost 

The corn ethanol industry has been studied from the perspective of the experience curve [5] [6]. There have 

been significant improvements in the performance of the technology over time and the improvements are 

in line with the expectations based on the production growth of the industry. 

Uncertainty 

Given the level of maturity of the industry there is a low level of uncertainty associated with information 

collected on the technology. 

Additional Remarks 

The world starch ethanol production is shown in the following figure [6]. The United States is the dominant 

producer and that is almost all produced from corn. Production in Canada and Europe is a mixture of wheat 

and corn plants. 
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Figure 3 World Starch Ethanol Production 

Production levels in the post 2010 period have not increased as rapidly as they did in the previous decade, 

as a result the rate of change in the technology has slowed down on a year over year basis since it takes 

longer to double the production in this decade than it did in the last decade. 

Quantitative Description 

There is a significant amount of quantitative information available for this technology since it is the largest 

renewable pathway in the world. 

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

(C6H10O5)n + nH2O Ҧ nC6H12O6 

Starch        Water      Glucose 

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

C6H12O6        Ҧ     2C2H5OH    +      2CO2 
Glucose     Ethanol     Carbon Dioxide 

Typical Plant Size 

Plant sizes can range up to 400 million litres per year (300 MW), although plants of this size often have two 

production trains. The dryers for the plants are often the limiting size of the production train, although the 

size of individual fermenters can also be a limiting factor. Most plants operate with four fermenters and a 48 

to 60 hour fermentation cycle so fermenters can be quite large. The average plant size in Europe is smaller 

than this.  
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In their 2014 report on the industry, ePure [8] reported the production capacity of beverage and fuel ethanol 

plants and the number of plants by country. The fuel ethanol production capacity was reported to be 7 billion 

litres. The fuel ethanol industry apparently operated at 65% of capacity in 2014. That information along with 

the fuel ethanol production reported by Eurostat for 2014 is shown in the following table. Not all of these 

plants are currently operating. 

Country Production 
Capacity 

No. Plants Avg Size 2014 Fuel 
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 
Table 1 European Ethanol Plants 

ePure reported that 31% of the feedstock in 2016 was corn, 32% was wheat and the remainder was sugar 

based and other cereals [9]. Ethanol production from corn in 2016 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 the CO2 from the fermentation vessels for 

use in the industrial gas market. The inputs and outputs are shown in the following table. 

Parameters Input Output 

Feedstock 2.4 kg  

Power 0.20 kWh  
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Natural gas 7 MJ  

Ethanol  1 litre 

DDG  0.72 kg 

CO2 (if captured)  0.75 kg 

Corn Oil  0.03 kg 
Table 2 Corn Ethanol Inputs and Outputs 

The inputs and outputs for a wheat plant are slightly different since wheat usually has a lower starch content 

than corn. Feedstock consumed may be 2.6 kg/litre of ethanol and the DDG production may be 0.94 kg/litre. 

The energy consumption may be 9 to 10 MJ of natural gas per litre of ethanol. There can be variations in the 

feedstock starch contents from year to year and since wheat is a winter crop and corn is planted in the spring 

for a fall harvest, the ratio of the starch contents of corn and wheat can vary from year to year. 

Future improvements can be expected in ethanol yield and energy use. In the US the ethanol yield has been 

increasing at about 0.2% per year. This is expected to continue. Natural gas energy use has been declining by 

1.8% per year. This rate is 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 past decade, 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 designed to operate 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 storage tanks at 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 are available. 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 ethanol industries have 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 is more 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. 
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As with the FAME industry, Iowa State University maintains a financial model and monthly operating data for 

a 380 million litre corn ethanol plant located in Iowa [10]. 

Investment Costs 

There have been relatively few 1st generation ethanol plants built since 2010. So the capital cost data is not 

as current as it used to be. 

The Iowa 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 produce 300 million litres 

and has a reported cost of $150 million [12]. This included $10 million in working capital. The other has a 

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

 Iowa State Ringneck Energy Elite Octane 

Capacity, million lpy 380 300 450 

Capital cost, $ Million 181 140 190 

$/annual litre 0.48 0.47 0.42 
Table 3 Capital Costs 

The three cost estimates are quite close. Converting this data to a European value using the methodology 

provided in the Introduction, the capital cost for this large plant is estimated as follows; 

ΑπȢυπȾÌÉÔÒÅ Ͻ πȢψυ ΌȾΑ Ͻ ρȢςρ %ÕÒÏÐÅ ÆÁÃÔÏÒ  πȢυρ ΌȾÌÉÔÒÅ  

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. 

Operating and Maintenance Costs 

The operating and maintenance costs in the Iowa State model are used as the basis for the data table. The 

2016 data has been used and the power and natural gas costs have been adjusted to the Danish values 

reported in section 1.4. The capital cost has 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 feedstock 152 
Table 4 Production Costs 1st Generation Ethanol 

Fixed operating costs are not expected to change over time but the variable costs decrease as the energy use 

improves. 

Start-up Costs 

Start-up costs are included in the previous table. 
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Technology Specific Data 

The properties of ethanol are shown in the following table. The ethanol molecule contains about 35% oxygen 

which reduces the volumetric energy density of the fuel. 

Property Value 

Density, kg/m3 790 

LHV, MJ/kg 26.9 

LHV, MJ/litre 21.3 

Oxygen content 35% 

Blending Octane number ~115 

Flash point, C 13 
Table 5 Ethanol Properties  
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Data sheet 

The quantitative data for the 1st generation ethanol process are summarized in the following table. 

Technology 1st Generation Ethanol 

  2015 2020 2030 2040 2050 
Uncertainty 

(2020) 
Uncertainty 

(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 
όaϵ κa² 9ǘƘŀƴƻƭύ 0.74 0.72 0.69 0.66 0.66 95% 125% 95% 125% I, J 10 

 - equipment (%) 75 75 75 75 75             

 -installation (%) 25 25 25 25 25             

CƛȄŜŘ hϧa όaϵ κa²κȅŜŀǊύ 0.061 0.061 0.061 0.061 0.061 95% 125% 95% 125% J 8 

±ŀǊƛŀōƭŜ hϧa όϵ κa²Ƙύ 8.301 8.301 8.301 8.301 8.301 90% 110% 90% 110% G, B, J 8 

Start-ǳǇ όaϵ κмΣллл ǘ 9ǘƘŀƴƻƭύ 0 0 0 0 0         H   

Technology specific data                                                        

Specific energy content 
(GJ/ton)  26.9 26.9 26.9 26.9 26.9             

Specific density   
(kg/l) or (ton/m3) 0.79 0.79 0.79 0.79 0.79             

Specific investment 
όaϵ κмΣллл ǘ 9ǘƘŀƴƻƭύ 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             

CƛȄŜŘ hϧa όaϵ κмΣллл ǘ 
Ethanol) 0.061 0.061 0.061 0.061 0.061 0.95 125% 95% 125% J 8 

±ŀǊƛŀōƭŜ hϧa όaϵ κмΣллл ǘ 
Ethanol) 0.062 0.062 0.062 0.062 0.062 90% 110% 90% 110% G, B, J 8 

Start-ǳǇ όaϵ κмΣллл ǘ 9ǘƘŀƴƻƭύ 0 0 0 0 0         H   
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Notes: 

A. The plant size is assumed based on the plants sizes of existing ethanol plants.  

A1. 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. 

D. The upper and lower values are representative of the range between individual plants. 

E. Output excludes the low quality waste heat. 

F. Change over time is a function of increased ethanol yield, which also results in lower DDG yield as the mass must be conserved. 

G. 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 ú/k tonne is million euro per 1,000 tonnes 
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Qualitative Description 

Pyrolysis is the thermal decomposition of biomass occurring in the absence of oxygen. It is the fundamental 

chemical reaction that is the precursor of both the combustion and gasification processes. The products of 

biomass pyrolysis include biochar, bio-oil and gases including methane, hydrogen, carbon monoxide, and 

carbon dioxide. 

A wide range 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%. 

Pyrolysis processes can be categorized as slow pyrolysis or fast pyrolysis. Fast 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% bio-oil and 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 an easily stored and transported liquid, which can be successfully used 

for the production of heat, power and chemicals. 

This section considers fast pyrolysis systems. 

Brief Technology Description 

Fast pyrolysis is a high temperature process in which biomass is rapidly heated in the absence of oxygen. As 

a result it decomposes to generate mostly vapours and aerosols and some charcoal. Liquid production 

requires very low vapour residence time to minimise secondary reactions of typically 1 s, although acceptable 

yields can be obtained at residence times of up to 5 s if the vapour 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 oil. The basic process flow is shown in the following figure. 

mailto:jhz@ens.dk
mailto:fgb@ens.dk
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Figure 1 Fast Pyrolysis Process Flow 

Input 

The process inputs are dry biomass, some electricity is required to operate the process. The produced gas 

can be used to dry the feedstock or it could be used for power generation when dry feedstock is available. 

Output 

The primary output from the system is the bio-oil, and potentially some char and produced gas depending 

on the design of the system, operating conditions and the feedstocks used. 

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 produced to drive the reactions, producing just bio oil, steam and possibly electric power. 
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Figure 2 Fast Pyrolysis Oil Energy Balance 

Typical Capacities 

BTG Bioliquids operates a 5 T per hour (tph) fast pyrolysis system in Hengelo, The Netherlands [2]. The plant 

produces 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. The largest 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 following figure. 
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Figure 3 Typical product Yields vs. Temperature 

The regulation capacity of the systems is therefore limited. Operating outside of the optimal temperature 

zone will result in a loss of oil yield. 

Space Requirements 

Ensyn operates a 10 million litre per year 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 for feedstock 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 high water content 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 characteristics of the oil can be improved by removing the oxygen either through hydrotreating 

(hydrodeoxygenation and/or decarboxylation) or feeding the product into a fluid catalytic cracker or a 

hydrocracker at a petroleum refinery (hydrotreating + hydrocracking). 

Hydrodeoxygenation requires high hydrogen pressure and consumes hydrogen but results in a high yield. 

Single stage hydrotreating can be difficult to achieve due to excess coking. Two stage hydrotreating and the 

use a co-solvent are options. Hydrogen consumption can be on the order of 15% by weight of the 

hydrotreated product. 
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Decarboxylation can be obtained at lower applied hydrogen pressure and does not consume the hydrogen 

but results in a lower liquid yield. 

Environment 

The GHG emission performance of the pyrolysis oil should be very good as most of the energy to drive the 

process comes from the biomass feedstock. The GHG emissions of the hydrotreated pyrolysis oil will be less 

attractive due to the hydrogen requirement but it will depend on the how the hydrogen is produced. 

Research and Development Perspective 

Fast pyrolysis of biomass to produce a bio-oil is a category 2 technology, a technology in the pioneer stage 

with limited applications at scale. There is significant uncertainty with respect to the performance and costs 

of the technology. 

There is potential to improve yields and reduce costs as more experience with the technology is gained from 

the existing semi-commercial 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 technologies. One of 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 called Envergent 

Technologies. 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 equipment is subcontracted to Honeywell UOP. 

Honeywell UOP has also partnered with Ensyn in the commercial development of Refinery Co-processing 

opportunities.  Honeywell UOP is assisting Ensyn in interfacing with refiners and offers refineries delivery 

ǎȅǎǘŜƳǎ ǿƘƛŎƘ ŀƭƭƻǿ ǘƘŜ ǊŜŦƛƴŜǊ ǘƻ ƛƴǘŜƎǊŀǘŜ 9ƴǎȅƴΩǎ ōƛƻŎǊǳŘŜ ƛƴǘƻ ǘƘeir refineries. 

Ensyn Technologies Inc. 
Corporate Offices and Engineering 
2 Gurdwara Road, Suite 210 
Ottawa, Ontario K2E 1A2 
Canada  
http://www.ensyn.com/   

https://www.btg-btl.com/en
http://www.ensyn.com/


94 Pyrolysis Oils 

 

 

 

Page 177 | 315 -  Technology Data for Renewable Fuels 
 

 

Predication 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 related to scaling 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 to be co-

processed in a petroleum refinery to produce gasoline and diesel blending components without oxygen is 

attractive to refiners who are mandated to lower the carbon intensity of the products used for transportation 

applications.  

Quantitative Description 

Biomass is a mixture of hemicellulose, cellulose, lignin and minor amounts of other organics which each 

pyrolyse or degrade at different rates and by different mechanisms and pathways. Lignin decomposes over 

a wider temperature range compared to 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) of the gas/vapour products depends on the time-

temperature history to which they are subjected before collection, which includes the influence of the 

reactor configuration.  

The essential features of a fast pyrolysis process are: 

¶ Very high heat transfer rates which usually requires finely ground biomass. 

¶ Reaction temperatures of about 500 C and short vapour residence times of less than 2 seconds 

¶ Rapid cooling of the vapours to produce the bio-oil product. 

Typical Plant Size 

Ensyn plant sizes have been increasing as additional projects are developed. Their existing commercial plant 

in Ontario produces 10 million litres per year. The BTG plant has a capacity of about 20 million litres per year. 

The Ensyn Quebec project that is nearing completion will have a capacity of 40 million litres per year and 

projects in Brazil and the United States have capacities of 75 million litres per year. These different plant sizes 

are shown in the following table with different approximate equivalent metrics. 
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Volume Based, Million litres 
per year 

Input Mass Based, tpy Energy Output Based, GJ/day 

10 20,000 650 

20 40,000 1,300 

40 80,000 2,600 

75 150,000 5,200 
Table 1 Typical Plant Size 

Input and Output 

The input and output for a 150,000 tpy plant is shown in the following table. 

 Input Output 

Wood, tonnes/year 150,000  

Bio-oil, litres/year  75,000,000 
Table 2 Typical Input and Output 

Forced and Planned Outage 

The plants operate continuously. BTG have stated that they have almost reached the design value of 1900 

hours/quarter of operating time [5]. 

Technical Lifetime 

Plants of this type would normally be designed for at least a 20 year lifetime. 

Construction Time 

The Ensyn Quebec project started construction in June 2016 and is in the commission phase in the first 

quarter of 2018. Construction times of 18 to 24 months can be expected. 

Financial Data 

In addition to the public information on the capital costs for the recent BTG and Ensyn facilities there are 

several sources of detailed information [6] [7] [8] on capital costs and operating costs are in the public 

domain. These have been generated by independent third parties and not by the leading process developers.  

Investment Costs 

The BTG Hengelo facility had a project cost of ϵ19 million [9]. The capital cost is essentially ϵ1.0 per annual 

litre of production. The Ensyn Quebec Project had an announced capital cost of $103 million Canadian (ϵ70 

million) [10]. This is a cost of ϵ1.75 per annual litre of production. 

In 2010 Wright et al [6] developed 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 bio-oil per 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 2000 tpd facility and 

slightly higher product yields of 1.1 million litres/day. A number of the participants on this paper also 

contributed to the earlier work by Wright et al. Shemfe [8] looked at a 72 tpd plant with hydrotreating. The 
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capital cost was estimated to be £6.6 million (~ϵ5.5 million) for the pyrolysis portion and £10 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 costs of ϵ1.0 per annual litre of production and 

that the nth plants will be able to reduce that to ϵ0.30 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 

per 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.   

Start-up Costs 

The start-up costs are included in the operating cost estimates. 

Technology Specific Data 

The properties of fast pyrolysis oil are shown in the following table [11] and compared to typical values for 

heavy fuel oil [12]. The bio-oil has some oxygen which reduces the energy content and increases the density. 

Parameter Fast Pyrolysis Oil Heavy Fuel Oil 

Energy Content, MJ/kg (LHV) 16 39 

Water Content, wt. % 25 0.1 

Density, kg/m3 1.20 0.98 

Oxygen Content, wt. % 47 0 

Pour Point, C -36 15 

Flash Point, C 50 100 

Kinematic viscosity at 40 °C, mm2/s 13  

Kinematic viscosity at 50 °C, mm2/s  200-600 
Table 3 Fast Pyrolysis Bio-Oil Properties 
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Data sheet 

The information on pyrolysis oil production is summarized in the following table.  

Technology Fast Pyrolysis Bio Oil 

  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 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, A1, B 1, 6 

 Inputs                       

Feedstock Consumption, MWh/MWh Total Input 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% E 4 

Steam, Output, MWh/MWh Total Input 0.232 0.232 0.232 0.232 0.232 90% 110% 90% 110% E 4 

Power, Output, MWh/MWh Total Input 0.016 0.016 0.016 0.016 0.016 90% 110% 90% 110% E 4 

                        

Forced outage (%) n.a. 4 0 0 0             

Planned outage (weeks per year) 4 4 4 4 4         C 8 

Technical lifetime (years) 25 25 25 25 25             

Construction time (years) 2 2 2 2 2             

Financial data                                                        

{ǇŜŎƛŦƛŎ ƛƴǾŜǎǘƳŜƴǘ όaϵ κa² .ƛƻ hƛƭύ 2.4 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             

CƛȄŜŘ hϧa όaϵ κa²κȅŜŀǊ .ƛƻ hƛƭύ 0.072 0.072 0.069 0.068 0.069 75% 125% 75% 125% F, G 6 

±ŀǊƛŀōƭŜ hϧa όϵ κa²Ƙ .ƛƻ hƛƭύ 2.70 2.70 2.70 2.70 2.70 75% 125% 75% 125% F, G 6 

{ǘŀǊǘ ǳǇ  όaϵ κмΣллл ǘ .ƛƻ hƛƭύ n.a. 0 0 0 0             

Technology specific data                                                        

Specific energy content (GJ/ton) bio-oil) 16 16 16 16 16             

Specific density  (kg/l) or (ton/m3) 1.2 1.2 1.2 1.2 1.2             

{ǇŜŎƛŦƛŎ ƛƴǾŜǎǘƳŜƴǘ όaϵ κмΣллл ǘ .ƛƻ hƛƭύ 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             

CƛȄŜŘ hϧa όaϵ κмΣллл ǘ .ƛƻ hƛƭύ 0.036 0.036 0.036 0.036 0.036 75% 125% 75% 125% F, G 6 

±ŀǊƛŀōƭŜ hϧa όaϵ κмΣллл ǘ .ƛƻ hƛƭύ 0.012 0.012 0.012 0.012 0.012 75% 125% 75% 125% F, G 6 

{ǘŀǊǘ ǳǇ  όaϵ κмΣллл ǘ .ƛƻ hƛƭύ n.a. 0 0 0 0             
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Notes: 

A. The plant size range is likely limited by the feedstock availability. 

A1. 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. 

C. This is twice the time normally found in process operations. 

D. Capital costs for nth plant are used for 2050 and earlier costs are estimates. 

E. These are based on the commercial demonstration plant results. 

F. Nth plant estimates. 

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

Cellulose is an important structural component of the primary cell wall of green plants. It is an organic 

compound with the formula (C6H10O5)n, a polysaccharide consisting of a linear chain of several hundred to 

many thousands of ̡όмҦпύ ƭƛƴƪŜŘ 5-glucose units. The basic chemical formula is the same as for starch with 

the ŘƛŦŦŜǊŜƴŎŜ ōŜƛƴƎ ǘƘŀǘ ǘƘŜ άƴέ ƛǎ ƳǳŎƘ ƭŀǊƎŜǊ ŦƻǊ ŎŜƭƭǳƭƻǎŜΦ 

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 the 1st generation starch ethanol process.  

Brief Technology Description 

The cellulosic feedstock, which could be straw, corn stover, bagasse, or wood residue is generally subjected 

to a pretreatment stage to separate the cellulosic portion of the material from the lignin and make the 

feedstock 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 reaction. Hydrolysis 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 

άōŜŜǊέ ƛǎ ǘƘŜƴ ŘƛǎǘƛƭƭŜŘ ǘƻ ǊŜƳƻǾŜ ŜǘƘŀƴƻƭ ŀƴŘ ǿŀǘŜǊ ŦǊƻƳ the unfermented solids. A second 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 and process 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. 

 

mailto:jhz@ens.dk
mailto:fgb@ens.dk
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Figure 1 Cellulosic Ethanol Process 

Input 

The primary input is the cellulosic feedstock, along with water and the chemicals or enzymes used in the 

process. The quantity and type of feedstock vary between process developers. 

Output 

The output from the system is ethanol and in most cases some electricity. With most developers the lignin 

and unfermented solids are burned and/or anaerobically digested to produce energy for the process. Some 

integrated biorefinery designs would use vinasse (stillage) from the ethanol production for biogas 

production, which can be used directly for (on-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 developers try to sell the stillage (unfermented solids) as a fertilizer for field application. 

This will return the nitrogen, phosphorus and phosphates in the straw to the fields and replace the synthetic 

fertilizers that would be used to replace these nutrients. 



95 Cellulosic Ethanol 

 

 

 

Page 184 | 315 -  Technology Data for Renewable Fuels 
 

 

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 to the public. The most detailed techno-economic information available is from 

ǘƘŜ ¦{ bŀǘƛƻƴŀƭ wŜƴŜǿŀōƭŜ 9ƴŜǊƎȅ [ŀōƻǊŀǘƻǊȅ ώмϐΦ ¢Ƙƛǎ ƛƴŦƻǊƳŀǘƛƻƴ ƛǎ ƴƻǿ ŘŀǘŜŘ ŀƴŘ ƭƛƪŜƭȅ ŘƻŜǎƴΩǘ ǊŜǇǊŜǎŜƴǘ 

the current state of the art but it is still the most complete analysis available. A Sankey diagram based on 

published data from the US National Renewable Energy Laboratory is shown in the following figure. 

 

Figure 2 Cellulosic Ethanol Energy Balance 

This process also consumes a significant quantity of chemicals to assist with the process and waste treatment. 

The Sankey diagram when these chemicals are included is shown in the following figure. The chemical energy 

is the energy required to produce and transport the chemicals. 

 

Figure 3 Cellulosic Ethanol Energy Balance with Chemicals 

The process generates its own energy for use in the process. This is reflected in the high internal energy 

consumption shown in the figure. The process also consumes significantly more energy than the 1st 

generation ethanol processes. 
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For comparison the Sankey diagram for the Inbicon technology is shown in the following figure [2]. 

 

 

Figure 4 Inbicon Cellulosic Ethanol Energy Balance 

This technology has much lower ethanol production but also produced animal feed and lignin for energy 

applications after some of the lignin was used to supply the heat and power for the facilities. The Inbicon 

plants were designed to be integrated with power plants, which also allows the diversion of the lignin and 

animal feeds streams to power generation depending on the location specific opportunities.  

Typical Capacities 

There have been about a half dozen commercial demonstration plants built in Europe, Brazil and the United 

States over the past five years. The plants have been sized in the 60 to 115 million litre per year range (45 to 

80 MW), however few of the plants have been able to operate at capacity for significant periods of time but 

several plants are making progress towards operating at design capacity. The plants consume 50,000 to 

100,000 tonnes of feedstock per year when operated at capacity. 

Regulation Ability 

Since most of the plants have not been able to operate continuously for extended periods of time it has been 

difficult to assess their regulation capabilities. In theory, the regulation capabilities should be similar to those 

of the 1st generation plants but the added complexity of the process and the fact that the process supplies 

the fuel for the process may 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 Iowa has an area of 18.5 ha, excluding the 

storage area. The storage area appears to be twice the size of the plant. The 80 million litre per year POET 

DSM covers an area of 120 ha including feedstock storage. 
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The space requirements for the plant do vary significantly, some of which is due to the need to store a year 

or more of feedstock on the site. Space requirements of 0.5 ha/million litres (7000 m2/MW) 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 underutilized in most 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 and capital costs will be higher than for 1st 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 solve the pre-treatment 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 now for 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 that the companies 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 on-site enzyme production facility. Presumably this is a commercial decision; on-site 

production would not need to concentrate the enzyme to reduce transportation costs, saving capital and 

operating costs. 

±ŀƴ ŘŜǊ aŜƛƧ ώрϐ ǊŜŎŜƴǘƭȅ ǇǊŜǎŜƴǘŜŘ ŀ ǾŜƴǘǳǊŜ ŎŀǇƛǘŀƭƛǎǘΩǎ ǾƛŜǿ ƻŦ ǘƘŜ ǘŜŎƘƴƻƭƻƎȅ ŀƴŘ ǎǘŀǘŜŘ ǘƘŀǘ ƘŜ ŎƻǳƭŘ 

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 technology risk present. 

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 erosion potential 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 

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 and performance is still attached with 

high uncertainty, since development and customization is still needed. The technology still has a significant 

development potential. 
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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 scale many of the 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 that three years after start-up 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 activities that 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 Italian 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 Nevada Iowa 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 sized plant 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 some reported 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 significantly once the existing plants achieve 

consistent operations and new plants are built based on the learnings from operating the first commercial 

plants. 
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Uncertainty 

There remains significant uncertainty with respect to the commercialization of the technology. The plants 

built 3 to 5 years ago have experienced 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 table [11]. 

Name Annual Capacity Feedstock Comment 

Abengoa Bioenergy 
Biomass of Kansas 

90 million litres corn stover, wheat straw, 
switch grass 

Idle 

Beta Renewables 50 million litres wheat straw, rice straw, 
arundo donax, poplar 

Idle 

DuPont 110 million litres Corn Stover Idle 

GranBio 80 million litres Sugarcane bagasse and 
straw  

Operational 

POET-DSM 80 million litres Corn Stover and corn cobs Operational 
Raizen Energia 40 million litres Bagasse Operational 

Table 1 Cellulosic Ethanol 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 

developers. 

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 as shown below. 

One of the technical challenges with the process is making the cellulose component of the lignocellulosic 

feedstock accessible for the hydrolysis process. 

(C6H10O5)n + nH2h Ҧ ƴ/6H12O6 

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

C6H12Oс        Ҧ     2C2H5OH    +      2CO2 
Glucose     Ethanol     Carbon Dioxide 

Typical Plant Size 

The plants that have been built have been in the 50 to 100 million litres per year range. Some of the techno 

economic studies that have been done use plant sizes of 200 million litre per year (140 MW) [1]. As with the 

1st generation plants it is likely that plant sizes will increase as more plants are built and experience is gained 

with the technology. 
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Input and Output 

The primary input is the feedstock. Most technology developers (but not all) utilize the non fermentables to 

provide the thermal energy and electric power for the plant and some have excess power available for sale. 

The plants also consume enzymes, yeast, and a number of process chemicals. Enzymes can be purchased or 

produced on site using a portion of the sugar produced by hydrolysis. Enzyme consumption is much higher 

than it is in a 1st 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 not published an updated state of the art report. 

The plants produce ethanol and in some cases electricity. Some developers propose to sell a fertilizer product 

instead of producing electricity. The data used for the Sankey diagram is shown in the following table [1]. 

Parameter Input [kg] Output 

Feedstock 3.38   

Chemicals 0.38   

Sulfuric acid                                                                         0.072  

Sodium hydroxide                   0.082  

Ammonia                                                                                    0.042  

Corn steep liquor                                                       0.048  

Diammonium phosphate                                                                 0.005  

Sorbitol                                                                        0.002  

Glucose                                                               0.103  

Host nutrients                                                                               0.002  

Sulfur dioxide                                                                                0.001  

Ethanol  1 litre 

Power  0.70 kWh 
Table 2 Cellulosic Ethanol Inputs and Outputs 

The current performance is not likely at this level. It has been assumed that the current yield is 80% of the 

value shown, the value can be achieved in 2030 and the 2050 value is 10% better. 

Forced and Planned Outage 

The existing operating plants have struggled with forced outages. The following figure shows the production 

ǊŀǘŜ ǾŜǊǎǳǎ ǘƛƳŜ ŦƻǊ ǘƘǊŜŜ ƎŜƴŜǊŀǘƛƻƴǎ ƻŦ LƻƎŜƴΩǎ ŎŜƭƭǳƭƻǎƛŎ ǘŜŎƘƴƻƭƻƎȅ ώмнϐΦ The figure shows the difficulty in 

achieving design rates but also the progress that can be made with experience. 
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Figure 5 Cellulosic Ethanol Production Rates. The legends refer to different production lines and R8 is at the latest stage of 
development.  

Both Iogen and Poet have stated that the initial operational challenges have been in the pre-treatment stage 

of the process. Severe fouling and flow restrictions have been reported in this section. Eventually it is 

expected that plants will be able to operate for 330 to 350 days per year with 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 construction times are expected to be 24 to 30 months. 

Financial Data 

There is very limited financial data available on the process. The available information is a combination of 

techno-economic studies and the published capital costs of the commercial plants. 

Investment Costs 

Lynd et al (2017) reported the size and capital expenditures for the pioneering plants [13]. The information 

is shown in the following table. 

Company Location Feedstock Capacity, 
million litres 

Capital 
Expenditure, 
Million US$ 

Capital, $/ 
litre 

Abengoa Kansas, USA Straw 95 444.6 4.7 

Beta 
Renewables 

Crescentino, 
Italy 

Straw 51 171 3.4 
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DuPont Iowa, USA Corn stover 114 500 
 

4.4 

Granbio Alagoas, 
Brazil 

Bagasse, straw 82 265 3.2 

POET/DSM Iowa, USA Corn stover 76 275 3.6 

Raizen Piracicaba, 
Brazil 

Bagasse, straw 40 102 2.5 

Average   76 293 3.9 

Table 3 Capital Costs 

The capital costs for the pioneering plants have been about six to seven times higher than 1st generation 

plants. While de Jong [14] did not report a capital growth factor for this technology, the factors for other 

biomass feedstock technologies was in the range of 0.4 suggesting that the nth plants might have capital 

costs of $1.60/litre. 

The NREL capital cost for the nth plant [1] was $381 million for a 207 million litre plant ($1.84/litre), in line 

with the capital growth factor adjusted costs of the pioneering facilities. 

Irena [15] reported capital costs on the range of 2,000 to 3,500 US$/kW ethanol (1.5 to 2.6 US $/annual litre). 

They see this being reduced to 1,200 to 2,300 US $/kW ethanol by 2045. 

The EU Sub Group on Advanced Biofuels [16] reported capital costs 3,300 ϵ/kW but noted that the first plants 

ǊŀƴƎŜŘ ŦǊƻƳ нΣоул ǘƻ ƻǾŜǊ сΣтлл ϵκƪ²Φ 

The capital costs are 3 to 5 times higher than 1st generation plants and vary widely between plants. The 

current estimated range is ϵ1.5 to ϵ2.5/litre (ϵ3,300 to 5,600/KW). 

Operating and Maintenance Costs 

The NREL operating and maintenance costs are summarized in the following table [1]. 

 

Parameter Euro/litre 

Variable operating costs, ex feedstock 0.083 

Fixed costs 0.04 
Table 4 Operating and Maintenance Costs 

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. 

Start-up Costs 

Start-up costs are included in the operating costs. 

Technology Specific Data 

The ethanol properties of cellulosic ethanol are identical to the 1st generation ethanol properties. 
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Data sheet 

The quantitative data for the cellulosic ethanol process are summarized in the following table. 

Technology Cellulosic Ethanol 

  2015 2020 2030 2040 2050 
Uncertainty 

(2020) 
Uncertainty 

(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 

Typical total plant size, MW 55 55 130 155 180 50% 150% 50% 150% A, A1, 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 (%) 4 4 2 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                                                        

{ǇŜŎƛŦƛŎ ƛƴǾŜǎǘƳŜƴǘ όaϵ κa² 9ǘƘŀƴƻƭύ 5.69 5.69 2.56 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             

CƛȄŜŘ hϧa όaϵ κa²κȅŜŀǊ 9ǘƘŀƴƻƭύ 0.114 0.114 0.057 0.057 0.057 95% 200% 95% 200% F, G 1 

±ŀǊƛŀōƭŜ hϧa όϵ κa² 9ǘƘŀƴƻƭύ 27.1 27.1 13.6 13.4 13.6 95% 200% 95% 200% F, G 1 

Start-ǳǇ όaϵ κмΣллл ǘ Ethanol) 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             

{ǇŜŎƛŦƛŎ ƛƴǾŜǎǘƳŜƴǘ όaϵ κмΣллл ǘ 9ǘƘŀƴƻƭύ 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             

CƛȄŜŘ hϧa όaϵ κмΣллл ǘ 9ǘƘŀƴƻƭύ 0.101 0.101 0.051 0.051 0.051 95% 200% 95% 200% F, G 1 

±ŀǊƛŀōƭŜ hϧa όaϵ κмΣллл ǘ 9ǘƘŀƴƻƭύ 0.203 0.203 0.101 0.100 0.101 95% 200% 95% 200% F, G 1 

Start-ǳǇ όaϵ κмΣллл ǘ 9ǘƘŀƴƻƭύ 0 0 0 0 0         E   
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Notes: 

A. The plant size is assumed based on the plants sizes of existing ethanol plants. 

A1. 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. 

D. There is a wide range of reported capital costs for the existing plants and a wide range in the cost of future plants. 

E. Start-up costs are included in the operating costs. 

F. O&M costs are based on the nth 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 ú/k tonne is million euro per 1,000 tonnes 
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12 2018  Datasheet revised 

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 two-step process. In the first step the solid biomass is converted 

into a bio-syngas and in the second step this syngas is further converted into methanol. 

Gasification is a process that converts organic or fossil-based carbonaceous 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). Stoichiometry for methanol production of syngas requires the ratio 

of H2/CO to equal 2. The H2/CO ratio can be lowered to some extent by the reverse water-gas 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. Dimethyl Ether (DME) could also be 

produced instead of methanol or in an additional process step. The methanol could also be further processed 

into gasoline. 

Brief Technology Description 

The biomass could be agricultural or forestry residues. There is a wide range in the design of gasifiers used 

for biomass. Different technological solutions can be implemented in order to obtain different plant 

configurations; in particular, the mode of contact of the biomass with the gasification agent may be in 

counter-current, 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). Different gasifier designs are better suited to different feedstocks 

and gas needs. Gasification is further described in Biomass Gasification - general introduction and the 

subsequent chapters.  

The syngas to methanol reactions are practised commercially mostly using natural gas to produce the syngas 

but there are a few plants that gasify coal to produce the syngas. While the scale of commercial plants is 

mailto:jhz@ens.dk
mailto:fgb@ens.dk


97 Methanol from Biomass Gasification 

 

 

 

Page 196 | 315 -  Technology Data for Renewable Fuels 
 

 

large there have been some small scale methanol plants built where large natural gas reserves are not 

available. 

The overall process is shown in the following simplified process flow diagram. 

 

Figure 1 Biomass to Methanol Process 

Input 

The primary input for most process is just the biomass. The reactions are exothermic and generate enough 

heat for the process and in some cases also enough heat 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 excess power and/or steam for sale. 

Energy Balance 

The energy balance for a biomass to methanol system is shown in the following figure [1]. 

 

Figure 2 Bio Methanol Energy Balance 

There are two potential means to recover some of the waste heat. The plants use some of the process heat 

to produce electricity for the plant use and potentially a small amount to be exported. Steam from the exit 

of the final 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 techno-economic studies published. 
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Other biomass to methanol systems have been proposed that offer higher efficiencies [2] [3]. The 

GreenSynFuels project provided the energy balance for both a traditional biomass to methanol plant and one 

integrated with a solid oxide electrolyzer to produce hydrogen to provide a better CO to H2 ratio for the 

methanol synthesis stage. Clausen [3] provided information for a highly optimized biomass to methanol 

process. The energy balances for these systems are shown in the following figures. 

 

Figure 3 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 optimized system described by Clausen [3]. 

The methanol production rate is 8% higher per unit of feedstock. 

 

Figure 4 Optimized Biomass to Methanol Plant 

This final energy balance considers the supplementation of hydrogen to alter the carbon to hydrogen ration 

of the syngas to better match the methanol synthesis requirements. It produces more methanol per unit of 

energy input and has a much better carbon efficiency. 
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Figure 5 Hybrid Biomass to Methanol Plant 

Typical Capacities 

There are currently no commercial biomass to methanol plants in operation. In the past OCI operated a 

former natural gas to methanol plant on crude glycerine from biodiesel plants as the feedstock in the 

Netherlands but that operation is now processing natural gas again. There was also a bioDME pilot plant 

operated in Sweden for a number of years where methanol production was an intermediate product 

(Chemrec) [9]. It gasified black liquor from a pulp mill rather than biomass. 

Commercial plants would likely be similar in size to the biomass to diesel and jet technology that was 

discussed in the previous section, with and early commercial plant consuming 500 to 1000 tpd of biomass 

and producing 125 to 250 million litres/year. 

Eventually plants could be built larger with feedstock availability being the limiting factor. 

Regulation Ability 

While biomass gasifiers can operate down to about 35% of rated capacity, commercial methanol plants 

usually operate at steady state conditions close to the design capacity. Commercial methanol plants can take 

2-3 days to reach full production so starting and stopping the plants is generally not an option for regulating 

capacity. Smaller scale systems with different catalysts may have better regulation capabilities than the large 

scale plants. 

Space Requirements 

Space requirements will be similar to the space for the biomass to diesel and jet pathway, on an area per 

feedstock basis. The area per volume of fuel produced will be lower due to the lower energy density of 

methanol compared to diesel and jet fuel. 

Based on the Velocys commercial FT liquids plant the area requirements for biomass to methanol are about 

0.16 ha/million litres of methanol. 
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Advantages/Disadvantages 

Methanol is not widely used as a transportation fuel today but there are several potential emerging 

applications that are generating some interest. One is the use of methanol as a hydrogen carrier for fuel cell 

vehicles such as those developed by Serenergy in Denmark. There is also some interest in methanol as a 

marine fuel to meet the new IMO sulphur limitations. In China there is some methanol gasoline blending with 

10 and 15% methanol. Low level methanol blends (3%) with a co-solvent have been used in the UK in recent 

years. Methanol has also been used in blends with ethanol and gasoline in performance vehicles.  

Methanol from biomass can be used for the same applications as fossil methanol, while reducing GHG 

emissions.  

aǳŎƘ ƻŦ ǘƘŜ ǿƻǊƭŘΩǎ methanol is produced from stranded natural gas and is very low cost. It will be difficult 

for biomass to methanol to complete against these projects on only an economic basis. 

Environment 

Biomass to methanol should have a very low GHG emission profile, especially when they are designed to be 

self-sufficient in electric power. 

Methanol as a fuel is a biodegradable product. 

Research and Development Perspective 

Biomass gasification for methanol production from wood or straw is a category 2 technology, 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 and 

performance is still attached with high uncertainty, since development and customization is still needed. The 

technology still has a significant development potential. 

This technology pathway is the combination of two commercial systems. There has been considerable 

development work on biomass gasification in Europe over the past several decades but there has not been a 

commercial break through yet. 

The production of a synfuel from a biomass gasification system is a more demanding application than the use 

of the gas in an engine or in an external 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 integration of the two main systems. 

Examples of Market Standard Technology 

There are no market standard technologies. There is a biomass gasification to methanol proposal for a plant 

in Sweden, Värmland Methanol [5]. The plant is cost estimated at approximately 350 million Euro and will 
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produce 375,000 liters of methanol per day (130 million litres/year). As a "byproduct" 15 MW of district 

heating is obtained. 

An EPC contract with ThyssenKrupp Industrial Solutions of Germany has been signed. The project was 

proposed in 2009 but has been unable to raise financing for the project. ThyssenKrupp Industrial Solutions 

do have experience and expertise in gasification and methanol production technologies. 

Enerkem, a Canadian company has operated a municipal solid waste (MSW) gasification to methanol 

production system in Edmonton Alberta for the past two years. The company is focussed on MSW as a 

feedstock due to the favourable economics. The Edmonton plant is in the process of being converted to 

produce ethanol rather than methanol from the syngas.  

Predication of Performance and Cost 

The prediction of performance and cost is based on published techno-economic papers rather than on actual 

plant performance.  

Uncertainty 

There is a high level of uncertainty for the technology given the state of development and the fact that there 

are no operating plants in the world at this time. 

Additional Remarks 

There is a Danish Methanol Association promoting bio methanol but the syngas is produced from biogas from 

anaerobic digestion and not from solid biomass. These systems will be smaller due to the resource availability 

but with less technology risk since there is no biomass gasification involved. 

Quantitative Description 

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

the technology providers or plant operators. No actual plant data is available. 

There are three basic reactions that occur in the process. The first reaction breaks the biomass down, at high 

temperature and low oxygen, to a combination of hydrogen, carbon monoxide and carbon dioxide. A 

simplified reaction is shown below. Actual biomass has highly variable composition and complexity with 

cellulose as one major component. 

C6H12O6 + O2 + H2h Ҧ /h Ҍ /h2 + H2 + CH4 + other species 

Note: The above reaction uses glucose as a surrogate for cellulose.  

Stoichiometry for methanol production of syngas requires the ratio of H2/CO to equal 2. The product gases 

are then subjected to the water-gas shift reaction to increase the quantity of hydrogen. The equilibrium for 

this reaction is temperature dependent which controls the CO to CO2 ratio. 

CO + H2O ҭ  CO2 + H2 
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Carbon monoxide and hydrogen react over a catalyst to produce methanol. Today, the most widely used 

catalyst is a mixture of copper and zinc oxides, supported on alumina. At 50ς100 bar and 250 °C, the reaction 

is characterized by high selectivity (>99.8%): 

CO + 2 H2 Ҧ /I3OH 

Compared to the production of diesel and jet fuel from the gasification of biomass, this pathway requires a 

lower H2/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 plant in Sweden would produce 130 million litres of methanol per year (65 MW) from 1,100 

tpd of wood [6]. It is not stated but this is likely on a wet basis (660 dry tpd). 

NREL undertook a techno-economic analysis of a wood to methanol plant [7]. They based the plant on 2000 

tpd of feedstock producing 380 million litres per year (200 MW). 

Input and Output 

The input and output of a typical system are shown in the following table [2]. These will be nth plant values. 

Pioneering plants typically have a lower efficiency. 

Parameter Input Output 

Wood, dry 100 MJ  

Power  1.8 MJ 

Methanol  58.2 MJ 
Table 1 Inputs and Outputs 

Forced and Planned Outage 

The plants are expected to operate for 350 days per year. Wood gasifiers are capable of operating at these 

rates as shown earlier and fossil methanol plants are also capable of operating at these rates. Forced outages 

are expected to be minimal.  

Technical Lifetime 

Due to the maturity of the technology, plant lifetime is estimated to be 20 years for plants build before 2025. 

Hereafter, it is expected to increase to 25 years. 

Construction Time 

Construction time for the technology is expected to be about 24 -36 months. 

Financial Data 

Techno-economic analyses of standalone biomass gasification to methanol systems have been published [1] 

[7]. These are used as the basis for the financial analysis and where possible compared to the published data 

for the proposed Swedish plant. 
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Investment Costs 

The estimated capital cost of the 270,000 tonne per year methanol plant is 369 million Euros [1] (0.91 ϵ/litre). 

This is the same cost as the Värmland Methanol plant but it is more than twice the capacity. This is a 

reasonable ratio between the nth plant and a pioneering plant. 

The NREL plant [5] was $259 million in 2007 dollars, this would be ϵ0.75/litre. 

The EU Sub Group on Advanced Biofuels reported plant sizes in the range of 100 to 200 MW and capital costs 

of ϵ1,850 to 3,450/kW depending on the scale (ϵ1.00/litre  to ϵ1.85/litre). 

The capital costs range from ϵ0.75/litre (NREL) to ϵ2.70/litre (Värmland). 

Operating and Maintenance Costs 

Anderson only presented the combined operating and maintenance costs (Costs for wages, insurance for 

employees and chemical, water and ash disposal) of ϵ0.10/kg (ϵ0.08/litre). NREL did not provide a breakdown 

of the operating costs. 

Start-up Costs 

The start-up 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/m3 791 

LHV, MJ/kg 19.9 

LHV, MJ/litre 15.7 

Oxygen content 50 wt% 

Blending Octane number ~115 

Flash point, C 12 
Table 2 Methanol Properties 
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Data sheet 

The quantitative data for the biomass to methanol process are summarized in the following table. 

Technology Bio Methanol 

  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 Methanol/year 100 100 200 250 300 50% 200% 50% 125% A, B 3, 5, 6 

Typical total plant size, MW 65 65 130 165 195 50% 200% 50% 125% A, A1, B 3, 5, 6 

 Inputs                       

Feedstock Consumption, MWh/MWh Total 
Input 1 1 1 1 1 90% 150% 90% 120%   1 

Outputs                       

Methanol Output, MWh/MWh Total Input 0.58 0.58 0.61 0.63 0.65 100% 133% 100% 133% D 1 

District heat  Output, MWh/MWh Total Input 0.22 0.22 0.22 0.22 0.22 80% 125% 80% 125% D 1 

Electricity Output, MWh/MWh Total Input 0.02 0.02 0.02 0.02 0.02 80% 125% 80% 125% D 1 

                        

Forced outage (%) 4 4 0 0 0             

Planned outage (weeks per year) 2 2 2 2 2             

Technical lifetime (years) 25 20 20 20 20             

Construction time (years) 2.5 2.5 2.5 2.5 2.5             

Financial data                                                        

{ǇŜŎƛŦƛŎ ƛƴǾŜǎǘƳŜƴǘ όaϵ κa² aŜǘƘŀƴƻƭύ 5.26 5.26 2.92 2.12 1.46 50% 100% 80% 120% F 
1, 3, 5, 

6 

- equipment (%) 75 75 75 75 75             

 -installation (%) 25 25 25 25 25             

CƛȄŜŘ hϧa όaϵ κa²κȅŜŀǊ aŜǘƘŀƴƻƭύ 0.058 0.058 0.039 0.038 0.039 90% 110% 90% 110% E, F 1 

±ŀǊƛŀōƭŜ hϧa όϵ κa²Ƙ ƳŜǘƘŀƴƻƭύ 20.4 20.4 13.6 13.6 13.6 90% 110% 90% 110% E,,F 1 

{ǘŀǊǘ ǳǇ όaϵ κмΣллл ǘ aŜǘƘŀƴƻƭƭύ 0 0 0   0             

Technology specific data                                                        

Specific energy content (GJ/ton) methanol) 20.1 20.1 20.1 20.1 20.1             

Specific density  (kg/l) or (ton/m3) 0.79 0.79 0.79 0.79 0.79             

Specific ƛƴǾŜǎǘƳŜƴǘ όaϵ κмΣллл ǘ aŜǘƘŀƴƻƭύ 3.42 3.42 1.90 1.40 0.95 50% 100% 80% 120% F 
1, 3, 5, 

6 

CƛȄŜŘ hϧa όaϵ κмΣллл ǘ aŜǘƘŀƴƻƭύ 0.038 0.038 0.025 0.025 0.025 90% 110% 90% 110% E, F 1 

±ŀǊƛŀōƭŜ hϧa όaϵ κмΣллл ǘ aŜǘƘŀƴƻƭύ 0.114 0.114 0.076 0.076 0.076 90% 110% 90% 110% E,,F 1 

{ǘŀǊǘ ǳǇ όaϵ κмΣллл ǘ aŜǘƘŀƴƻƭƭύ 0 0 0 0 0             
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Notes: 

A. The plant size range is assumed based on the proposed Värmlands plant and the NREL nth plant. 

A1. 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. 

C. Some plants may produce their own power and have no power imports. 

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

Methanol from 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 reaction with carbon dioxide (CO2). The CO2 is 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 CO2 (power plants, fertilizer producers, 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 use CO2 from biogas plants as an alternative to methanation. 

The methanol could also be further processed into DME or gasoline with available commercial technologies. 

Brief Technology Description 

Methanol is produced commercially mostly via steam reforming of natural gas. In that process the methane 

is reformed into hydrogen, carbon monoxide and carbon dioxide and then the gases are re-combined to 

produce methanol. In the power to methanol system separate sources of hydrogen and carbon dioxide are 

combined to produce the methanol as shown in the following figure. 

mailto:jhz@ens.dk
mailto:fgb@ens.dk
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Figure 1 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 levels of methanol (3-5%) have been blended with 

gasoline and co-solvents in Europe and North America in the past. Higher level blends (M85) has been used 

in flex fuel vehicles. Methanol is also 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 inputs to the system are electricity for hydrogen production and carbon dioxide. Alternatively 

the inputs could be carbon dioxide and hydrogen (where the hydrogen would be produced by electrolysis). 

The carbon dioxide can come from many different sources.  

Output 

The output from the system is methanol and water. 

Energy Balance 

The energy balance is shown in the following figure. In this case some of the waste heat is utilized internally 

for the CO2 capture which is why the output totals less than 100 MJ [2] [3]. 

 

Figure 2 Methanol from Power Energy Balance 
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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 sources and is lower quality. The 

temperature of the waste heat will vary with the electrolyzer design and could range from 70 to 150°C for 

most designs. Solid oxide electrolyzers operate at much higher temperatures (700 to 800°C) and would have 

higher quality excess 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 MefCOϜ project brings together 8 partners 

throughout Europe together for one mission: to demonstrate the economic feasibility of valorising captured 

COϜ by turning it into a versatile platform chemical and renewable fuel such as methanol using hydrogen 

produced from renewable energy surplus. Their business case foresees plants from 4,000 to 50,000 tonnes 

per year, with larger plants being possible depending on the availability of CO2 [4]. 

Atsonios et al [5] investigated the technical and economic aspects of methanol production through the power 

to methanol process. Their plant capacity was limited by the size of the electrolysis unit at 140 MWe. This 

would produce about 120,000 t of methanol per year. A facility this size would consume 165,000 t/year of 

CO2. 

The 90 commercial methanol plants in the world have an average capacity of 1.2 million tonnes per year [6]. 

The power to methanol plants are considerable smaller than this and may be limited both by the availability 

of CO2 and the size of electrolyzers, although large electrolysis systems can be built with multiple electrolyzer 

stacks 

Regulation Ability 

The electrolyzers [7] have excellent load following capability and can respond to large load (100 to 25% of 

capacity) changes within a fraction of a second. The commercial natural gas methanol production process 

can take several days to reach operating capacity as both the natural gas reforming stage and the methanol 

synthesis stages operate at high temperature and pressure. 

! ǇƻǿŜǊ ǘƻ ƳŜǘƘŀƴƻƭ ǇǊƻŎŜǎǎ ǿƻƴΩǘ ƘŀǾŜ ǘƘŜ ƴŀǘǳǊŀƭ Ǝŀǎ ǊŜŦƻǊƳƛƴƎ ǎǘŀƎŜ ōǳǘ ǘƘŜ ƳŜǘƘŀƴƻƭ ǎȅƴǘƘŜǎƛǎ ǎǘŀƎŜ 

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 Requirements 

A natural gas methanol plant has a space requirement of about 0.01 ha/million litres of methanol. Power to 

methanol plants will be smaller in overall size which will probably translate into more area per unit of 

production. The 4,000 tpy CRI plant in Iceland occupies 0.8 ha of land or 0.16 ha/million litres of methanol 

(3,000 m2/MW), although the site is not fully occupied. 

Advantages/Disadvantages 

With renewable power the GHG emissions for this pathway are extremely low. The technology will be limited 

in scale due to the supply of hydrogen and the availability of carbon dioxide. 
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The relatively small scale of the production systems will likely result in higher capital costs for the facilities. 

The methanol production process is not well suited to intermittent operation making it a poor match to wind 

and solar power generation without some storage capacity somewhere in the system prior to the methanol 

synthesis stage. Gotz [8] investigated the cost of hydrogen storage for the SNG pathway, which has a similar 

issue. He reported that for steady state operation of the methanation step the cost of hydrogen storage to 

deal with the intermittent power supply added 28% to the capital cost of the hydrogen supply electrolyzer. 

Environment 

The process is relatively benign, there are some catalysts used in the methanol synthesis stage but these can 

be recycled. The process produces water as well as the methanol. 

The overall energy efficiency of the process is about 60%. The carbon dioxide input has no energy and thus 

all of the energy input into the process is supplied by the electricity. About 60% of the energy in the electricity 

ends up in the methanol, a small portion is used internally for thermal use and a third could be available as 

low grade heat for district heating systems. 

Research and Development Perspective 

Methanol production from power is a category 2 technology, a pioneer phase technology with limited 

applications to 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 customization is still needed.  

The technology is at the early stage of development although both the hydrogen production by electrolysis 

and the methanol synthesis are well established technologies. There is moderate development potential for 

the technology. 

Examples of Market Standard Technology 

Carbon Recycling International offers a standard Power-to-Liquids plant 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 one operating facility 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 has been 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 
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technologies, the potential need for a third stage to produce the required CO2, and the scalability 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 types of 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 following table. 

 Alkaline Cells 
AEC 

Polymer Cells 
PEM 

Solid Oxide Cells 
SOEC 

Operating Temperature °C 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 Commercial Under development 

Products  H2 and O2 H2 and O2 H2  CO, and O2 
Table 1 Electrolysis Systems 

Energy balance should improve as the more efficient polymer and solid oxide electrolyzers are developed 

and employed.  

There are also technologies available that can produce gasoline from methanol [10] which would allow the 

fuel to be used in existing gasoline powered vehicles. The methanol to gasoline process is very efficient so 

that the overall efficiency of power to gasoline is not significantly lower than power to methanol. Capital 

costs are higher due to the extra process step.  

Quantitative Description 

The quantitative description of the technology is provided below. 

Typical Plant Size 

Carbon Recycling International is offering process packages for 50,000 tpy plants. This is an order of 

magnitude scale up from the existing facility. Other 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 produce methanol. The hydrogen would be produced 

through electrolysis so electricity becomes the process input rather than hydrogen. The CO2 could come from 

many different sources and depending on the source, there could be some thermal energy and electric power 

required to concentrate and purify the gas. For this work it has been assumed that the CO2 is the process 

input and that it is of the required quality. 

Parameter Input Output 
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Electricity 9.5 MWh  

Hydrogen (0.14 t H2)  

Carbon Dioxide 1.4 t  

Methanol  1 tonne 

Water  0.59 tonne 

Oxygen  1.5 tonne 
Table 2 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 time. Forced 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, plant lifetime is 

estimated to be 20 years for plants build before 2025. Hereafter, it is expected to increase to 25 years. 

Construction Time 

Given the high temperature and pressure operating conditions for the methanol synthesis, the construction 

time could be expected to be two years. 

Financial Data 

The financial data is extracted from literature reports since no commercial plants have been built.  

Investment Costs 

The investment costs for three plant sizes from three reports are shown in the following table. The smallest 

plant has the highest capital costs, as one would expect. The 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] Perez-Fortes [11] 

Plant size, tpy 8,400 120,000 440,000 

Total 3,571 ϵκόǘ MeOH/yr) мΣоос ϵκόǘ MeOH/yr) мΣнур ϵκόǘ MeOH/yr) 
Table 3 Capital Costs 

The capital costs range from ϵ1.00/litre to ϵ3.00/litre methanol. 

Operating and Maintenance Costs 

Atsonios estimates the O&M costs as 5% of fixed capital invested or ϵ67 per tonne of methanol produced. 

Perez estimated the O&M costs as ϵ 70 per tonne of methanol. It is assumed that 50% is fixed O&M and 50% 

is variable O&M. 

Start-up Costs 

Start-up costs are included in the O&M costs above, however this technology can take several days to start 

up and a similar time to shut down so the system performance will deteriorate significantly if the process is 
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started up and shut down frequently. Start-up 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 CO2/kWh will result in GHG emissions that are less than gasoline.  
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Data sheet 

The technical information is summarized in the following table. 

Technology Power to Methanol 

  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 Methanol/year 5 50 100 125 150 50% 150% 50% 150% A, B 4, 5, 11 

Typical total plant size, MW 3 33 65 83 100 50% 150% 50% 150% A, A1, B 4, 5 

Inputs                       

CO2 Consumption, t/t Methanol 1.37 1.37 1.37 1.37 1.37 100% 110% 100% 110%   5 

Hydrogen Consumption, t/t Methanol 0.192 0.192 0.192 0.192 0.192 100% 110% 100% 110%   5 

Electricity Consumption,  
MWh/MWh Total Inputs 1 1 1 1 1 90% 120% 95% 110% C 2,3 

Outputs                       

Methanol Output, MWh/MWh Input 0.58 0.58 0.61 0.63 0.65 100% 133% 100% 133% D 2,3 

District Heating Output,  
MWh/MWh Total input 0.25 0.25 0.25 0.25 0.25 0% 100% 0% 100% E 2,3 

                        

Forced outage (%) 4 4 0 0 0             

Planned outage (weeks per year) 2 2 2 2 2             

Technical lifetime (years) 25 20 20 20 20             

Construction time (years) 2 2 2 2 2             

Financial data                                                        

Specific investment  
όaϵ κa² aŜǘƘŀƴƻƭύ 4.51 4.51 3.01 2.26 1.50 50% 100% 80% 120% F 1, 3, 5, 6 

- equipment (%) 75 75 75 75 75             

 -installation (%) 25 25 25 25 25             

CƛȄŜŘ hϧa όaϵ κa² aŜǘƘŀƴƻƭκȅŜŀǊύ 0.053 0.053 0.053 0.053 0.053 90% 110% 90% 110% E, F 1 

±ŀǊƛŀōƭŜ hϧa όϵ κa²Ƙύ 6.27 6.27 6.27 6.27 6.27 90% 110% 90% 110% E, F 1 

{ǘŀǊǘ ǳǇ όaϵ κмΣллл ǘ aŜǘƘŀƴƻƭύ 0 0 0 0 0             

Technology specific data                                                      

Specific energy content (GJ/ton) 
methanol) 20.1 20.1 20.1 20.1 20.1             

Specific density  (kg/l) or (ton/m3) 0.79 0.79 0.79 0.79 0.79             

Specific investment  
όaϵ κмΣллл ǘ aŜǘƘŀƴƻƭύ 3.0 3.0 2.0 1.5 1.0 50% 100% 80% 120% F 1, 3, 5, 6 

- equipment (%) 75 75 75 75 75             

 -installation (%) 25 25 25 25 25             

CƛȄŜŘ hϧa όaϵ κмΣллл ǘ aŜǘƘŀƴƻƭύ 0.035 0.035 0.035 0.035 0.035 90% 110% 90% 110% E, F 1 

±ŀǊƛŀōƭŜ hϧa όaϵ κмΣллл ǘ aŜǘƘŀƴƻƭύ 0.035 0.035 0.035 0.035 0.035 90% 110% 90% 110% E, F 1 

{ǘŀǊǘ ǳǇ όaϵ κмΣллл ǘ aŜǘƘŀƴƻƭύ 0 0 0   0             
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Notes: 

A. The plant size range is based on the CRI plants and other analysis in the literature.  

A1. 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. CO2 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. 

G. There is a wide range of capital costs in the literature. 

H. M ú/k tonne is million euro per 1,000 tonnes´ 
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Qualitative Description 

Synthetic Natural Gas (SNG) is produced by the methanation of biogas. The main components in biogas are 

methane and CO2. The content of CO2 may vary between about 35-50 vol. % depending on the actual biogas 

production technology. The carbon dioxide in the biogas is reacted with hydrogen to produce additional 

methane. Alternatively, SNG can be produced via gasification and methanation of biomass which is described 

in Biomass Gasification - general introduction and the subsequent chapters. 

This chapter does not consider the production of the hydrogen as there are multiple production options 

available. 

Biogas, hydrogen production, and methanation are all commercial technologies but the combination of the 

three processes is a concept that is still at the research, development and deployment stage. 

Brief Technology Description 

The core unit in a methanation plant is the hydrogenation/methanation unit in which CO2 is converted to 

methane by reacting with hydrogen. A catalyst is usually used for this process. The methanation reaction is 

exothermic and will generate large amount of heat. There is also some research and development work being 

undertaken on biological conversion routes [1]. This section is based on the chemical route. 

mailto:jhz@ens.dk
mailto:fgb@ens.dk
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Figure 1 SNG Process 

Input and Output 

The systems require biogas, hydrogen and electricity to operate. They produce methane suitable for injection 

into the gas distribution grids, a small amount of water and some recoverable heat. 

Energy Balance 

The energy balance is presented as a Sankey diagram in the following figure. Note that this is based on 

hydrogen and the energy required to produce the hydrogen is not included. The data in the following table 

ƛǎ ōŀǎŜŘ ƻƴ άǇǊƻŎŜǎǎ ŎƻƴŎŜǇǘ мέ ƛƴ ǘƘŜ {ǿƛǎǎ Cederal Office of Energy report [2]. This is based on the biogas 

having 65% methane; gas with less methane will require more hydrogen and have a different energy balance. 

 

Figure 2 SNG Energy Balance 

 

The methanation stage is relatively efficient with some high temperature (>100 C) heat recoverable from the 

process. 
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Typical Capacities 

The capacities of the systems will likely be limited by the size of the biogas plants. Gotz et al [1] reports that 

in 2016 the largest demonstration plant was the Audi e-gas plant in Wertle, Germany with a hydrogen 

production capacity of 6 MW. The plant output was 325 NM3/hr (88,000 GJ SNG/year) (3 MW) [3]. Gotz et al 

undertook their techno-economic analysis on a plant that produced 1000 NM3/hr (270,000 GJ/year) (9 MW). 

The concept could also be applied to other sources of carbon dioxide such as biomass gasification or industrial 

processes that produce high quality CO2 such as ethanol production, some natural gas processing plants and 

processes such as ethylene oxide production [1]. Larger plants may be possible with these systems. 

Regulation Ability 

Without storage capacity of the biogas and the hydrogen the overall system will have very limited regulation 

capacity, as both inputs are required for the methanation stage.  

The methanation process itself operates at elevated temperatures and load changes can induce unwanted 

temperature changes in the catalyst beds. Steady state operation will provide the optimum performance. 

Space Requirements 

The COSYMA (Container Based System for Methanation) pilot plant in Switzerland put the entire methanation 

process, including compressor and gas cleaning, is integrated into a standard 20 feet shipping container [2]. 

This was a small system but the space requirements will be less than the space requirements of the biogas 

facility. 

Advantages/Disadvantages 

The SNG concept can be considered another variation of the power to energy concept, although any source 

of hydrogen could be utilized in the process the most likely embodiment of the concept will produce the 

hydrogen from electricity. The process would essentially double the quantity of low carbon natural gas that 

can be produced from biogas plants and there is a ready market for the gas in the natural gas distribution 

systems. 

The size of the plants will be limited by the capacity of biogas plants, which tend to be relatively small. 

Economies of scale that could reduce the production costs may be difficult to obtain. The potential to 

standardize and produce a number of systems that have an integrated electrolyzer and methanation unit 

may provide some help in reducing system costs. 

Larger systems based on other sources of carbon dioxide may have more favourable economics and the 

potential to produce greater quantities of SNG. The GoBiGas project in Göteborg Sweden was design to 

produce 72 GJ/hour (576,000 GJ/year) of SNG in the first phase and eventually 2.3 to 2.9 million GJ/year in a 

final phase [4]. 

Environment 

The overall impact on the GHG emissions of the produced SNG will be dependent on how the hydrogen is 

produced, hydrogen from electrolysis produced with renewable electricity will produce SNG with low GHG 
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emissions. Some of the other potential systems which utilize CO2 from renewable sources may also have 

good emission profiles but CO2 from 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 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-commercial 

plants. However, due to the limited application, the price and performance is still attached with high 

uncertainty, since development and customization is still needed. The technology still has a significant 

development potential. 

As noted the three sub-processes are all commercial processes although the commercial methanation 

processes are generally at a larger scale than would be required for biogas plants. What is required for 

commercialization is the system integrators who can integrate hydrogen production and methanation into a 

system that can be added to the biogas production unit.  

Examples of Market Standard Technology 

Haldor Topsøe offers methanation technology, their TREMPϰ process. The applications of the technology 

have been in larger fossil based industries.  

The applications of the technology to smaller biogas facilities has been at the demonstration plant level, so 

no market standard technology has developed yet. There are at least three groups that are promoting their 

technology demonstrations. 

The Paul Scherrer Institute in Switzerland along with their partners energie 360 and erdgas biogas have the 

Biosweet project that has an operating system at Zurich Biogas [2]. They have published results of their 

system analyses and demonstration plant performance. 

The Vienna University of Technology [5] is offering a system with a single stage methanation step and 

membrane cleanup of the gas. They claim low capital and operating costs. 

HZI Etogas develops and builds Power-to-Gas Plants. They built the Audi e-gas plant in Wertle, Germany in 

2013. They claim to offer a modular structure that is suited for outdoor use. The plant consists of the 

following operating modules: 

¶ power electronics with rectifiers (connection to medium voltage level) 
¶ water treatment system 
¶ hydrogen production (alkaline pressurized electrolysis) 
¶ CO2 feed gas treatment 
¶ methanation reactor 
¶ cooling system 
¶ ancillary systems 
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The parent company is  

Hitachi Zosen Inova. 

Hardturmstrasse 127, 8005 Zurich, Switzerland. 

They have recently received an order for a pilot facility in Japan that will take fossil CO2 emissions from a coal 

fired power plant and combine them with hydrogen to produce SNG which will then be fed into an existing 

gas grid [6]. HZI will supply the electrolyzer and the methanation unit. 

Predication of Performance and Cost 

Each of the three processes involved in the concept is a commercial process at some scale. What is not well 

developed is the integration of the three processes and the demonstration of the methanation at a suitable 

scale. With very limited commercial deployment of the concept the predictions of performance and costs is 

developed from published reports and peer reviewed papers. 

Uncertainty 

Given the lack of commercial development and the potential for variations in the methanation process 

configuration there is a relatively high level of uncertainty with respect to the performance and cost. 

Additional Remarks 

The Audi e-gas plant in Wertle Germany is shown in the following photo. 

 

Figure 3 SNG Methanation Plant 

As with the discussion of power to methanol there are multiple options for hydrogen production for SNG 

systems. Haldor Topsøe designed and constructed a pilot plant that became operational April 2016 [7]. The 
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design capacity is 10 Nm3/h of upgraded biogas. This capacity requires approx. 50 kW solid oxide electrolyzer 

cell, which is provided by two Fuel Cores, each consisting of 4 SOEC stacks. Haldor Topsøe A/S also designed 

the biogas cleaning unit and the methanation plant which is located at the Agricultural Research Centre of 

Aarhus University at Foulum, Jutland.  

Chemical reactions at temperature and pressure can be easily upset if there are rapid changes in the 

temperature. However, this system has proven to be capable of withstanding power loss without having a 

significant negative impact on the methanation catalyst. The high efficiency of the SOEC hydrogen production 

system should lead to a better energy balance than shown in Figure 1 in chapter 

98 Methanol from Power. The facility is shown below. 

 

Figure 4 Haldor Topsøe SNG Pilot Plant 

Quantitative Description 

The theoretical chemical reaction that occurs with methanation of biogas is shown below. 

CO2 + 4H2 Ҧ CH4 + H2O 

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%. 
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The catalytic methanation reaction has been known since 1902. The technology 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 that will 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 towards larger plants, driven by cost reductions 

related to economy-of-scale effects for the biogas plant and in particular the upgrading facilities. 

Biogas SNG systems have approximately double the gas output of the biogas or 140,000 to 1.4 million GJ per 

year. This range is from 2 to 20 times the size of the operating Audi e-gas plant in Germany. 

Input and Output 

The inputs and outputs for a small system are shown in the following table [2]. The inputs to the system are 

biogas, hydrogen, and a small amount of power. The system output is SNG with approximately 98% methane. 

There are a number of possible process configurations involving the number of reactor stages, the operating 

pressures, and gas upgrading schemes.  

Parameter Input Output 

Biogas, 65% CH4 4,777 MJ  

Hydrogen 4,108 MJ  

Electricity 19 kwh  

SNG  8,000 MJ 
Table 1 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 Lifetime 

The technical lifetime of the systems should be greater than 25 years. 

Construction Time 

The construction time should be less than one year given the relatively small size and the ability modularize 

the hydrogen production and methanation stages of the process. 

Financial Data 

The most recent and comprehensive analysis of capital and operating costs for Bio SDMG systems is the work 

of Gotz [1].  

Investment Costs 

Gotz surveyed the literature and reported a wide range in the capital costs for methanation from a low of 

36,000 ϵ/GJ/hr SNG to 415,000 ϵκDWκƘǊ SNG. A small plant producing 70,000 GJ/year could have capital costs 
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of 3.36 million ϵ to a high of 29 million ϵ (ϵ48/GJ to ϵ414/GJ). Gotz concluded that the costs at the low end 

of the range were the most realistic as they were recently (2014) developed by an engineering company. 

The capital costs of the methanation process were less than 5% of the capital costs of the electrolyzer, 

compressor and hydrogen storage requirements. 

Operating and Maintenance Costs 

Operating costs are dominated by the cost of hydrogen, which is excluded in this analysis. There is some 

electricity that is required for the operation of the methanation process but it is small compared to the 

hydrogen costs. Little information in the literature was identified for operating and maintenance costs. The 

fixed O&M costs are assumed to be 4% of the capital and the variable portion as 4% of the capital costs. 

Start-up Costs 

The start-up costs are expected to be low in a well-designed system. Some capital investment on 

intermediate storage of hydrogen and/or biogas will help to minimize the need for gas venting or flaring 

during start-up. 

Technology Specific Data 

The composition of the SNG will depend on the methanation design and the approach used for gas clean-up. 

The data from the Swiss project for the gas composition before the final clean-up are shown in the following 

figure. 

 

Figure 5 Gas Composition Prior to Final Clean-up 

With some gas clean-up methane levels of greater than 95% can be achieved. Unlike the composition of fossil 

natural gas there is little to no C2 to C4 components present. The heating value of the gas may be lower than 

the typical fossil natural gas as a result, however as it is expected that the gas will be injected into the grid 

and co-mingled with fossil natural gas at a low concentration, there will be no impact on the final users. 
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Data sheet 

The information on the SNG production process is summarized in the following table. 

Technology SNG from Biogas 

  2015 2020 2030 2040 2050 
Uncertainty 

(2020) 
Uncertainty 

(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, A1,  B 1, 7 

 Inputs                       

Biogas Consumption, MWh/MWh Total Input 0.53 0.53 0.53 0.53 0.53 80% 120% 80% 120% C, I 2 

Hydrogen Consumption,  
MWh/MWh Total Input 0.46 0.46 0.46 0.46 0.46 80% 120% 80% 120% C, E 2 

Electricity Consumption,  
MWh/MWh Total Input 0.01 0.01 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 0.10 0.10 0.10 0.10 50% 150% 50% 150% G 2 

                        

Forced outage (%) 4 4 0 0 0         F   

Planned outage (weeks per year) 2 2 2 2 2             

Technical lifetime (years) 25 25 25 25 25             

Construction time (years) 1 1 1 1 1             

Financial data                                                        

{ǇŜŎƛŦƛŎ ƛƴǾŜǎǘƳŜƴǘ όaϵ κa² {bDύ 1.09 0.91 0.76 0.60 0.45 50% 150% 50% 150% H 1 

 - equipment (%) 75 75 75 75 75             

 -installation (%) 25 25 25 25 25             

CƛȄŜŘ hϧa όaϵ κa²κȅŜŀǊ {bDύ 0.044 0.036 0.030 0.024 0.018 90% 110% 90% 110%   1 

±ŀǊƛŀōƭŜ hϧa όϵ κa²Ƙ {bDύ 5.18 4.32 3.60 2.88 2.16 90% 110% 90% 110%   1 

{ǘŀǊǘ ǳǇ όϵ κDW {bDύ 0 0 0 0 0             

Technology specific data                                                        

Specific energy content (GJ/ton) SNG) 50.7 50.7 50.7 50.7 50.7             

{ǇŜŎƛŦƛŎ ƛƴǾŜǎǘƳŜƴǘ όaϵ κ мллл DW {bDύ 0.036 0.03 0.025 0.02 0.015 50% 150% 50% 150% H 1 

 - equipment (%) 75 75 75 75 75             

 -installation (%) 25 25 25 25 25             

CƛȄŜŘ hϧa όϵ κDW {bDύ 0.14 0.12 0.10 0.08 0.06 90% 110% 90% 110%   1 

±ŀǊƛŀōƭŜ hϧa όϵ κDW {bDύ 0.14 0.12 0.10 0.08 0.06 90% 110% 90% 110%   1 

{ǘŀǊǘ ǳǇ όϵ κDW {bDύ 0 0 0 0 0             
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Notes: 

A. The plant size range is likely limited by the biogas availability. 

B. A1. 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.  

C. 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. 

F. 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. 

G. 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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https://www.tuwien.ac.at/fileadmin/t/tuwien/fotos/pa/download/2015/HM2015/Flyer_Power_to_Bio--Gas_EN.pdf
http://www.hz-inova.com/cms/en/home?p=6276
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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 components. Typical hydrothermal processing conditions are 250ς420°C of 

temperature and operating pressures from 40 to 350 bar of pressure. 

Alkali catalysts are often used to facilitate the degradation of macromolecules by hydrolysis, decarboxylation, 

and depolymerisation type 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 Description 

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 the product stream is degassed and the liquid is separated into an 

aqueous phase and an oil phase. The aqueous phase is recirculated through the reactors and oil is available 

for market or further processing. The gas is used internally in the process to provide the thermal energy. The 

basic process flow is shown in the following figure. 

mailto:jhz@ens.dk
mailto:fgb@ens.dk
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Figure 1 Hydrothermal Liquefaction Process Flow 

Input 

The process inputs are biomass, water, and an alkali catalyst. Some electricity is required to operate the 

process.  

Output 

The primary output from the system is the bio-oil and water that is recycled through the process. There is 

some gas produced in the reactors but this is consumed in the process to provide the process heat to maintain 

the reactor operating temperature. 

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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Figure 2 Hydrothermal Liquefaction Energy Balance 

Typical Capacities 

Steeper Energy, one of the companies developing the technology is proposing that its first commercial plants 

will produce 2,000 bbls or oil per day (140 MW) and consume 240,000 odt (oven dry tonne) of feedstock per 

year [6].  

Zhu [7] undertook a techno-economic analysis of an HTL plant and upgrader that processed 2,000 odt per 

day and produced 3,780 to 4,900 bbls of oil per day. 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 plants. Given the 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 requirements 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 estimate is 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 liquid with 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 hydrotreat to remove the oxygen and upgrade the fuel so that it is 

suitable for more demanding applications such as the use in transport diesel applications. The product could 
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also be used as a bio crude oil for use in existing petroleum refineries to produce bio-gasoline and diesel 

blending components that are available after fractionation.  

Environment 

The GHG emission performance of the product is expected to be very good due to the limited fossil fuel 

inputs into the system and the high oil yield. The high oil yield is also attractive where biomass availability is 

limited. The low oxygen content of the product will also mean that if it is upgraded through hydrotreating, 

the hydrogen requirements will be modest and the GHG emission profile will still be good. 

Research and Development Perspective 

Hydrothermal liquefaction of biomass to produce a bio-oil 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 improve yields and reduce costs as more experience with the technology is gained from 

a demonstration facility and then the technology is scaled to commercial plants. 

Examples of Market Standard Technology 

Since this is a Category 1 technology there are no market standard technologies. One of the leading 

development companies with this technology is the Danish-Canadian company Steeper Energy. They have 

recently announced plans [1] for an industrial scale demonstration plant at a former pulp mill located in 

Tofte, Norway with their partner Silva Green Fuel, a Norwegian-Swedish joint venture. 

Steeper Energy 
Sandbjergvej 11 
DK 2970 Hørsholm 
Denmark 
http://steeperenergy.com/  

The other major technology supplier is the Australian company, Licella. They have form a joint venture with 

the Canadian pulp and paper company Canfor and announced plans to build a 400,000 bbl/day facility in 

Prince George, BC, Canada [8]. 

Licella Pty Ltd 
Level 7, 140 Arthur Street 
North Sydney NSW 2060 Australia 
http://www.licella.com.au/contact/  

Predication of Performance and Cost 

Given the early stage of development predictions of performance and cost are uncertain. The announcement 

of an industrial scale demonstration facility is a significant step in the development of the technology. 

http://steeperenergy.com/
http://www.licella.com.au/contact/
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There is some discussion in the literature [7] of the current state of the art with respect to performance, 

capital costs and operating costs. These estimates have been developed by independent third parties and 

not by process developers. 

Uncertainty 

There is significant uncertainty with respect to performance and economics due to the stage of the 

development of the technology. 

Additional Remarks 

There is significant interest in this pathway from petroleum refiners. Due to the low oxygen content of the 

product there is a potential for the product to be co-processed in existing refineries with minimal 

modifications. 

HTL oil is very viscous which will limit the potential applications of the oil to a replacement for other heavy 

viscous oil. The physical properties of HTL can be improved by hydrotreating the oil. 

Jensen et al [9] have reported that about 2% wt. hydrogen is consumed when the oil is hydrotreated. 

Hydrotreating yields were about 80% on a mass basis, and over 90% on an energy basis. Hydrotreating also 

produced 9% water and 5-6% gas. The properties of the HTL and the hydrotreated HTL are shown in the 

following table. The hydrotreated HTL properties will vary with the severity of the hydrotreating. 

 HTL Hydrotreated HTL 

Density (kg/m3) 1103 989 

Viscosity at 20°C (cP) 80,432 297 

HHV (MJ/kg) 37.2 42.1 

Carbon (wt. %) 80.6 88.1 

Hydrogen (wt. %) 9.1 11.9 

Oxygen (wt. %) 10.1 0.0 

Nitrogen (ppm) 1500 1175 

Sulphur (ppm) 309 389 

TAN (mg/g) 55.7 0.0 
Table 1 Hydrotreated HTL Properties 

Quantitative Description 

The reaction chemistry of hydrothermal liquefaction is complex, and many different chemical reactions may 

proceed depending of the specific operating conditions. Jensen et al [2] have proposed a number of the major 

chemical reactions involved in the process and these are shown in the following figure. 

 



100 Hydrothermal Liquefaction 

 

 

 

Page 230 | 315 -  Technology Data for Renewable Fuels 
 

 

 

Figure 3 Major Chemical Reactions in the Steeper Energy Process 

Typical Plant Size 

The technology has not yet moved beyond the pilot plant stage. Steeper and Licella are planning commercial 

plants in the range of 1,000 to 2,000 bbls per day. Techno-economic assessments [7] have considered plants 

of 5,000 bbls/day as long term design objective. These 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/day 

1,000 120,000 6,100 

2,000 240,000 12,200 

5,000 600,000 30,500 
Table 2 Typical Plant Sized 

Input and Output 

The input and output for a 1,000 bbl/day plant has been extrapolated from Steeper published information 

[4] and summarized in the following table. In addition to the parameters shown in the table there would be 

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 
Table 3 Typical Input and Output 
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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 combination of a solid feedstock and the high pressures involved have been problematic for systems like 

pressurized biomass gasification systems. Harris reported that primary challenges associated with the reactor 

section design were (1) maximizing heat integration, (2) managing the potential for poor heat transfer from 

the reactor effluent to the reactor feed due to the potential for high viscosities in the feed streams, and (3) 

minimizing cost associated with the reactor system itself, given the very high required pressures. It is possible 

that the first large scale demonstration plants will experience 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. 

Construction 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 and operating 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 al [12] are involved with Steeper Energy so the information from this paper 

has been used in the data sheet. The information from of the reports is discussed below. 

Investment Costs 

Zhu et al [7] and Pedersen et al [12] provided information for both the production of HTL and for upgrading 

the HTL to a pure hydrocarbon. The capital costs are compared in the following 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 
Investment 

$512 Million $222 to $1,646 million $225 

Best case  $364 million  
Table 4 Capital Cost Comparison 

The cost estimate by Zhu et al was prepared using Aspen Process Economic Analyzer includes an allowance 

for potential missing equipment in the design. The estimate by Harris Group is an engineering estimate based 

on vendor quotes for the equipment. Both estimate approaches use factors for the installation costs and 

indirect construction costs. 
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Using the estimate by Pedersen et al and an output of 1150 bbl/day the capital costs are $3.40/annual litre 

(ϵ3.5/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 report by Zhu et al 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 million 
Table 5 Operating and Maintenance Costs 

The operating and maintenance costs from the two reports have significantly different profiles. Pedersen 

provided a more detailed breakdown of the variable operating costs. The data was presented per litre of 

gasoline equivalent (LGE). Here, the data is converted to a per-litre of HTL basis by assuming that 1 LGE is 

equal to 0.90 litres of HTL. The information is shown in the following table. 

Parameter US$ per Litre HTL 

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 
Table 6 Operating and Maintenance Costs 

The variable O&M costs less feedstock, power and thermal energy is 0.18 US$/litre (0.15 ϵ/litre) and the fixed 

O&M is 0.10 US$/litre (0.08 ϵ/litre). 

Start-up Costs 

The start-up costs are included in the operating cost estimates. 

Technology Specific Data 

The properties of the Hydrofactionϰ oil produced by the Steeper Energy process are shown in the following 

table [2] and compared to typical values for heavy fuel oil [3]. The bio-oil has some oxygen which reduces the 

energy content and increases the density but the properties are broadly similar. The bio-oil viscosity is very 

sensitive to the temperature and is more viscous that the petroleum HFO at the same temperature. 
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Parameter Hydrofactionϰ Oil Heavy Fuel Oil 

Energy Content, MJ/kg (LHV) 36.7 39 

Water Content, wt. % 0.8 0.1 

Density, kg/m3 1.05 0.98 

Oxygen Content, wt. % 9.8 0 

Pour Point, C 24 15 

Flash Point, C 29 100 

Kinematic viscosity at 40 °C, mm2/s 17,360  

Kinematic viscosity at 50 °C, mm2/s  200-600 

Kinematic viscosity at 60 °C, mm2/s 1,545  
Table 7 HTL Bio-Oil Properties  
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Data sheet 

The information on HTL production is summarized in the following table. Since there are no operating plants 

in 2015, the data is presented for the years 2020 to 2050. 

Technology HTL Bio Oil 

  
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 Bio Oil/year n.a. 120 180 250 300 50% 125% 75% 125% A, B 1, 6 

Typical total plant size. MW n.a. 145 220 300 360 50% 125% 75% 125% A, A1, B 1, 6 

 Inputs 
           

Feedstock Consumption, MWh/MWh Total 
Input 

n.a. 0.95 0.95 0.95 0.95 90% 150% 90% 125% E 4 

Electricity Consumption, MWh/MWh Total Input n.a. 0.05 0.05 0.05 0.05 75% 125% 75% 125% E 4 

Outputs 
           

Bio Oil Output, MWh/MWh Total Input n.a. 0.82 0.82 0.82 0.82 90% 110% 90% 110% E 4 

Co-products  Output MWh/MWh Total Input n.a. 0 0 0 0 90% 110% 90% 110% E 4 

  
           

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                                  
           

{ǇŜŎƛŦƛŎ ƛƴǾŜǎǘƳŜƴǘ όaϵ κ a² .ƛƻ hƛƭύ n.a. 2.20 1.65 1.24 1.10 75% 125% 75% 125% D, G 6, 8 

 - equipment (%) n.a. 75 75 75 75       

 -installation (%) n.a. 25 25 25 25       

CƛȄŜŘ hϧa όaϵ κ a²  Bio Oil/year) n.a. 0.063 0.063 0.063 0.063 75% 125% 75% 125% F, G 6 

±ŀǊƛŀōƭŜ hϧa όϵ κa²Ƙύ n.a. 14.013 14.013 14.013 14.013 75% 125% 75% 125% F, G 6 

{ǘŀǊǘ ǳǇ όϵ κa²  .ƛƻ hƛƭύ n.a. 0 0 0 0       

Technology specific data                                  
           

Specific energy content (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       

{ǇŜŎƛŦƛŎ ƛƴǾŜǎǘƳŜƴǘ όaϵ κмллл ǘ .ƛƻ hƛƭύ n.a. 2.67 2.00 1.50 1.33 75% 125% 75% 125% D, G 6, 8 

 - equipment (%) n.a. 75 75 75 75       

 -installation (%) n.a. 25 25 25 25       

CƛȄŜŘ hϧa όaϵ κмΣллл ǘ .ƛƻ hƛƭύ n.a. 0.076 0.076 0.076 0.076 75% 125% 75% 125% F, G 6 

±ŀǊƛŀōƭŜ hϧa όaϵ κмΣллл ǘ Bio Oil) n.a. 0.143 0.143 0.143 0.143 75% 125% 75% 125% F, G 6 

{ǘŀǊǘ ǳǇ όaϵ κмΣллл ǘ .ƛƻ hƛƭύ n.a. 0 0  0       

 
Notes: 

A. The plant size range is likely limited by the feedstock availability. 

A1. This value is the hourly rating and has been calculated as if the unit produces at capacity and was in operations 8,000 h/year.  
B. The plant size range is typical of the range found in the literature. It is highly uncertain given that there is no commercial 

demonstration plant in operation yet. 

C. This is twice the time normally found in process operations. 
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D. Capital costs for nth plant are used for 2050 and earlier costs are estimates. 

E. These are based on extrapolated pilot plant results. 

F. Nth plant estimates 

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

Catalytic hydropyrolysis (CHyP) of biomass is the thermochemical conversion of biomass into bio-oil or liquid 

fuels by processing with hydrogen and a catalyst to break down the solid biomass structure to liquid, gaseous 

and solid components. Typical catalytic hydropyrolysis processing conditions are 375-475 °C of temperature 

and operating pressures from 10 to 30 bar. 

There are a number of possible configurations of the technology. In some proposed configurations the 

catalytic hydropyrolysis stage is followed by a further hydrotreating stage and drop-in liquid fuels in the 

gasoline and diesel range can be produced instead of bio-oil. Like 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 hydrogen is added. After that hydroconversion reactor the gaseous 

stream is condensed and the condensed liquid is phase separated into an aqueous phase and an oil phase. 

There is also an uncondensed gaseous phase. In some systems the liquid is further hydrotreated and distilled 

to produce gasoline and diesel fuel fractions. The aqueous phase and uncondensed gas can be steam 

reformed to produce the energy and hydrogen required by the process.  

mailto:jhz@ens.dk
mailto:fgb@ens.dk
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The basic process flow is shown in the following figure.

 

Figure 1: 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 commercialization, the hydrogen can be produced 

internally using the produced gas and char. 

Output 

The energy containing outputs from the system can be organic liquids (bio-oil), biochar, gas and heat. The 

gas could be a source of CO2 for methanization for SNG production. There is also water produced by the 

system. Other configurations consume the gas and the char to produce the hydrogen. 

The bio-oil produced in the first reactor will still have some oxygen in it, although at reduced levels compared 

to the fast pyrolysis process. It will have limited 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. 

Energy Balance 

The energy balance for catalytic hydroprocessing is shown in the following figure [1]. This data is based on a 

laboratory study that investigated the impact of temperature and pressure on the distribution of products. 

The catalytic hydropyrolysis was undertaken in a fluid bed reactor with a cobalt molybdenum catalyst, 

followed by deep hydrodeoxygenation using a nickel molybdenum catalyst in the hydroconversion reactor.  
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Since this is based on an experimental system it is not fully optimized and the char, gas, and excess heat are 

shown as products.

 

Figure 2: Catalytic Hydropyrolysis Energy Balance ς Configuration 1 

A second version of the energy balance of the process is shown in the following figure [2]. This energy balance 

is based on renewable gasoline and diesel produced by the integrated hydropyrolysis and hydroconversion 

(IH2) 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 supply the energy and hydrogen requirements 

for the process. It is this process which has received the most attention in the literature and has published 

techno-economic assessments. It is this process that the primary data sheet has been based on. 

 
Figure 3: Catalytic Hydropyrolysis Energy Balance ς Configuration 2 
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Alternative configurations may be possible, particularly where the char has higher value applications than 

just energy production, but then other energy inputs into the system would be required. 

Typical Capacities 

CRI Catalyst, the company developing the IH2 technology has a demonstration facility in India which processes 

five metric tonnes of feedstock per day on a dry, ash-free basis [3]. 

They claim that they have provided 11 IH2 Technology licenses through the end of 2017 for customers to 

conduct detailed site-specific feasibility studies (FEED). These facilities span the biomass feedstock spectrum, 

including wood, crop residues, municipal solid waste and co-located and integrated with a petroleum refinery 

with clients in North America, Europe and Asia. Most of these commercial facilities would be brownfield sites, 

integrating with existing operations. The FEED designs are for units between 500 and 1,500 tonnes 

biomass/day plants using paper & pulp, forestry and agricultural residue feedstock.  

The latest license has been signed with Biozin AS, a wholly owned subsidiary of the Norwegian forest products 

company Bergene Holm AS. They have plans for five plants, each producing 120 million litres of fuel per year 

plus biochar [4]. The product will be further process to meet specifications at an oil refinery. 

CRI also participated with the National Renewable Energy Laboratory (NREL) in a techno-economic study of 

2,000 tonnes/day woody biomass feed and 230 million litre/year facility [5]. 

Regulation Ability 

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 residence time it is likely that the 

performance will be altered when the process is operated at rates below the design capacity. 

Space Requirements 

The space requirements are likely to be dominated by the area required for feedstock storage. The NREL 

techno economic analyses [5] found in the literature assumed 46 ha would be required for the 2000 tpd 

plant. There have been no large scale, similar technology plants built.  

Advantages/Disadvantages 

The primary attractiveness of the technology is that biomass can be converted into drop in liquid fuels if the 

second stage hydrotreating and distillation steps are included. There is also a relatively high energy and 

carbon efficiency compared to other cellulosic biomass conversion technologies. 

Feeding solids into a high pressure reactor has been a problem for other biomass technologies and there is 

the potential for catalyst deactivation with the direct contact between the catalyst and the biomass in the 

first reactor. 

Environment 

The GHG emission performance of the product will depend on the process configuration. When the char and 

gases are used to produce the hydrogen most of the energy will be internally generated and the GHG 
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emission performance will be very good. When the hydrogen is supplied externally from fossil resources, the 

GHG emissions will be higher and the overall system GHG performance will be a function of how the 

allocation of the emissions to the char and the gaseous co-products are handled. 

The fuel gas is biogenic and will contain a range of light hydrocarbons, carbon monoxide and dioxide and 

hydrogen. It is suitable for combustion and can replace natural gas or other fossil fuels. 

Biochar could have a number of potential applications. It has been used as a soil amendment and it appears 

to stimulate plant growth and at the same time be relatively inert with a long life in the soil, making it a form 

of carbon sequestration. It may also be used to replace coal in power plants and in steel making. 

Research and Development Perspective 

Catalytic hydropyrolysis of biomass to produce either bio-oil or a drop-in 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 potential to improve yields and reduce costs as more experience with the technology is gained from 

a demonstration facility and then the technology is scaled to commercial plants. 

Examples of Market Standard Technology 

Since this is a Category 1 technology there are no market standard technologies. One of the leading 

development companies with this technology is CRI Catalysts. CRI/Criterion Catalyst Company LTD (CRIUK), 

a global catalyst technology company wholly owned by Royal Dutch Shell.  

CRI Catalyst  

London England 

https://www.cricatalyst.com/cricatalyst/contact-us 

Predication of Performance and Cost 

Given the early stage of development predictions of performance and cost are uncertain. The NREL techno-

economic analysis was done in 2013 [5] and the demonstration plant in India did not become operative until 

2017. 

Another techno-economic analysis was done on a mild catalytic pyrolysis process [6] but this was also 

published in 2014. This process employed catalytic pyrolysis followed by hydrotreating and was similar in 

concept to the Kior process, which was not a commercial success. 

Uncertainty 

There is significant uncertainty with respect to performance and economics due to the stage of the 

development of the technology. 

https://www.cricatalyst.com/cricatalyst/contact-us.html#iframe=L2Zvcm1zL2VuX3VzX2NyaV9jYXRhbHlzdF9jb250YWN0X3Vz
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Additional Remarks 

There is interest in this pathway from petroleum refiners. Due to the low oxygen content of the stage 1 

product, there is the potential for the product to be co-processed 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 f rom Marker [9) and is dependent on the 

feedstock (values for wood are shown). The amount of deoxygenation after the first stage is significant 

compare to other pyrolysis systems and hydrothermal liquefaction (HTL) processes. 
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 First Stage Second Stage 

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 
Table 1: Catalytic Hydropyrolysis Oil Properties 

The first stage product has specific gravity of 0.865 and a low sulphur content (0.03%). It is heavier than Brent 

or WTI crude oil, but it does have one tenth the sulphur content and 3.3% oxygen compared to less than 1% 

in the petroleum crude oils. 

The biochar produced from wood was analyzed by Marker [9] and the results are shown in the following 

table. 

Component Weight % 

Carbon    77.60 

Hydrogen  4.46 

Nitrogen  0.22 

Sulfur  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 
Table 2: 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 CO2 8-14 wt % 

C1 + C2 + C3 hydrocarbons 10-18 wt % 
Table 3: Gas Composition 

 

Quantitative Description 

The IH2 technology was originally developed with the Gas Technology Institute in the United States before 

Shell and CRI became involved. The early work was supported by the US Department of Energy and there are 
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a number of progress reports on the technology that are available detailing research between 2010 and 2017 

[8] [9] [10]. 

Energy/Technical Data 

Some quantitative information on the process is presented below.  

Typical Plant Size 

The technology has not yet moved beyond the pilot plant stage. IH2 are planning on plant sizes between 500 

and 1500 tonnes per day [3] [5]. 

Input Mass Based, tpd Litres/year Energy Output Based, GJ/day 

500 58 Million 5,000 

1,000 115 million 10,000 

1,500 172 million 15,000 
Table 4: Typical Plant Size 

Input and Output 

The input and output for a 1,000 tonne/day plant has been interpolated from the NREL published techno-

economic report [5] and summarized in the following table. This plant produced its own power and hydrogen. 

 Input Output 

Wood, tonnes/day 1,000  

Gasoline, litres  197,000    

Diesel, litres  101,000 
Table 5: Typical Input and Output ς Techno-Economic Data 

The inputs and outputs 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 more hydrogen than the process required and the excess 

was exported to the adjacent oil refinery. 

 Input Output 

Wood, tonnes/day 1,000  

Power, kWh/day 5,880   

Gasoline, litres  213,000    

Diesel, litres  120,000 

Export steam, 1000 kg/day  1,450 

Excess hydrogen, kg/day  8,200 
Table 6: Typical Input and Output ς LCA Data 

Forced and Planned Outage 

The NREL techno-economic report was based on 350 operating days per year with 15 days available for planned 
maintenance. Since this is an immature technology a two week allotment (4%) is provided for forced allocations. 
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Technical Lifetime 

Plants of this type would normally be designed for at least a 20 year lifetime. The NREL techno-economic study 
assumed a 30 year life. 

Construction Time 

Construction periods of 3 years were allowed for the NREL techno-economic study. 

Financial Data 

There is limited recent financial data available for the process. The NREL study has the most detail available. 

Investment Costs 

bw9[Ωǎ ώрϐ ŎŀǇƛǘŀƭ Ŏƻǎǘ ŜǎǘƛƳŀǘŜ ǿŀǎ ōŀǎŜŘ ƻƴ ŀ нΣллл ǘǇŘ nth plant and was reported 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 some adjustments to provide a more 

direct comparison and found that the costs were within 15% of each other. The techno-economic analysis 

published by Thilakaratne et al [6] has a much lower liquid product yield so it is not considered in this analysis. 

Parameters Tan Meerman FOAK Meerman nth plant 

Base Year for Costs 2007 2014 2016 

Feedstock, tpd 2000 3425 2000 

Total Capital Investment $211 Million $612 Million $199 million 
Table 7: Capital Cost Comparison 

¢ŀƴΩǎ Ŏƻǎǘ ŘƛŘ ƴƻǘ ƛƴŎƭǳŘŜ ŦŜŜŘǎǘƻŎƪ preparation costs (screening and 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 was also 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 costs $0.02/litre (US $). 

Start-up 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 

ŦǊƻƳ нлмр ώмнϐ ƛƴŘƛŎŀǘŜ ǘƘŀǘ ǘƘŜ ŦƛƴƛǎƘŜŘ ƎŀǎƻƭƛƴŜ ŀƴŘ ŘƛŜǎŜƭ ŦǳŜƭ ŘƻƴΩǘ ǉǳƛǘŜ ƳŜŜǘ ǘƘŜ ƎŀǎƻƭƛƴŜ ŀƴŘ ŘƛŜǎŜƭ 

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 standard for gasoline (35% aromatics max) and EN 590 for diesel 

except for the cetane number.  
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Data sheet 

The information on catalytic hydroprocessing is summarized in the following table. Since there are no 

operating plants in 2015, the data is presented for the years 2020 to 2050. The data table is based on 

Configuration 2, since that is the closest to commercialization.  

Catalytic Hydroprocessing Datasheet ς Configuration 2: 

Technology Catalytic Hydropyrolysis conf. 2 

  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 Bio Oil/year 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, A1, B 3, 4 

 Inputs                       

Feedstock Consumption,  
MWh/MWh Total Input n.a. 0.99 0.99 0.99 0.99 90% 150% 90% 125% D 5 

Electricity Consumption,  
MWh/MWh Total Input n.a. 0.01 0.01 0.01 0.01 75% 125% 75% 125% D 5 

Outputs                       

Gasoline fraction, MWh/MWh Total Input n.a. 0.38 0.39 0.4 0.41 90% 110% 90% 110% D, H 5 

Diesel fraction, MWh/MWh Total Input n.a. 0.17 0.18 0.18 0.19 90% 110% 90% 110% D, H 5 

Co-products  Output MWh/MWh Total Input n.a. 0 0 0 0 90% 110% 90% 110% D 5 

                        

Forced outage (%) n.a. 4 4 0 0             

Planned outage (weeks per year) n.a. 2 3 4 5           5 

Technical lifetime (years) n.a. 20+ 20+ 20+ 20+             

Construction time (years) n.a. 2 2 2 2           5 

Financial data                                                        

{ǇŜŎƛŦƛŎ ƛƴǾŜǎǘƳŜƴǘ όaϵ κa² .ƛƻ hƛƭύ n.a. 2.78 1.58 1.15 0.93 75% 125% 75% 125% C, F 5, 11 

 - equipment (%) n.a. 75 75 75 75             

 -installation (%) n.a. 25 25 25 25             

CƛȄŜŘ hϧa όaϵ κa²κȅŜŀǊ .ƛƻ hƛƭύ n.a. 0.027 0.027 0.027 0.027 75% 125% 75% 125% E, F 5 

±ŀǊƛŀōƭŜ hϧa όϵ κa²Ƙ .ƛƻ hƛƭύ n.a. 1.31 1.31 1.31 1.31 75% 125% 75% 125% E, F 5 

{ǘŀǊǘ ǳǇ όϵ κƭ .ƛƻ hƛƭύ 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             

{ǇŜŎƛŦƛŎ ƛƴǾŜǎǘƳŜƴǘ όaϵ κƭмллл ǘ Bio Oil) n.a. 3.96 2.24 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             

CƛȄŜŘ hϧa όaϵ κмΣллл ǘ .ƛƻ hƛƭύ n.a. 0.039 0.039 0.039 0.039 75% 125% 75% 125% E, F 5 

±ŀǊƛŀōƭŜ hϧa όϵ κмΣллл ǘ .ƛƻ hƛƭύ n.a. 0.016 0.016 0.016 0.016 75% 125% 75% 125% E, F 5 

{ǘŀǊǘ ǳǇ όϵ κƭ .ƛƻ hƛƭύ n.a. 0 0 0 0             
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Notes: 

A. The plant size range is likely limited by the feedstock availability. 

A1. This value is the hourly rating and has been calculated as if the unit produces at capacity and was in 
operations 8,000 h/year.  

B. The plant size range is typical of the range found in the literature. It is highly uncertain given that there is 
no commercial demonstration plant in operation yet. 

C. Capital costs for nth plant are used for 2050 and earlier costs are estimates. 

D. These are based on extrapolated pilot plant results. 

E. Nth plant estimates 

F. a ϵκƪ ǘƻƴƴŜ ƛǎ Ƴƛƭƭƛƻƴ ŜǳǊƻ ǇŜǊ мΣллл ǘƻƴƴŜǎ 

G. The values are prior to distillation into the diesel and gasoline fractions. 

H. The gas to diesel ratio could vary with the feedstock. The lignin is likely to produce heavier products (more 
diesel) than the cellulose. 

 

A separate data sheet is provided for configuration 1. This is not a complete data set as this configuration is 

based on research studies and no scale up or costing of the configuration has been undertaken. 

Catalytic Hydroprocessing Datasheet ς Configuration 1: 

Technology  Catalytic Hydroprocessing conf. 1 
 

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 liquid 
fuels/year 

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, A1, 
B 

3, 4 

 Inputs 

Feedstock Consumption, MWh/MWh 
Total Input 

n.a. 0.77 0.77 0.77 0.77 90% 150% 90% 125% C 1 

Hydrogen Consumption, MWh/MWh 
Total Input 

n.a. 0.23 0.23 0.23 0.23 75% 125% 75% 125% C 1 

Outputs 

Liquid Fuel Output, MWh/MWh Total 
Input 

n.a. 0.38 0.38 0.38 0.38 90% 110% 90% 110% C 1 

Biochar, Output, MWh/MWh Total Input 

n.a. 0.13 0.13 0.13 0.13 90% 110% 90% 110% C 1 

Gas Output, MWh/MWh Total Input 

n.a. 0.31 0.31 0.31 0.31 90% 110% 90% 110% C 1 

District Heat MWh/MWh Total Input 

n.a. 0.18 0.18 0.18 0.18 90% 110% 90% 110% C 1 

Financial data                                  

{ǇŜŎƛŦƛŎ ƛƴǾŜǎǘƳŜƴǘ όaϵ κƭмллл ǘ [ƛǉǳƛŘ 
Fuels) 

n.a. 2.18 1.23 0.90 0.73 75% 125% 75% 125% D, E, F 5, 11 
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 - equipment (%) n.a. 75 75 75 75       

 -installation (%) n.a. 25 25 25 25       

CƛȄŜŘ hϧa όмΣллл ϵ κa²) n.a. 44 44 44 44 0.75 1.25 0.75 1.25 E, F 5 

±ŀǊƛŀōƭŜ hϧa όϵ κa²Ƙ ƻŦ ŦǳŜƭύ n.a. 0.02 0.02 0.02 0.02 0.75 1.25 0.75 1.25 E, F 5 

Start up όϵ κƭ [ƛǉǳƛŘ CǳŜƭύ n.a. 0 0 0 0       

Technology specific data                                   

Specific energy content (GJ/ton)   43.0       

Specific density  (kg/l) or (ton/m3)  0.83       

 

Notes: 

A. The plant size range is likely limited by the feedstock availability. 

A1. This value is the hourly rating and has been calculated as if the unit produces at capacity and was in 
operations 8,000 h/year.  

B. The plant size range is typical of the range found in the literature. It is highly uncertain given that there is 
no commercial demonstration plant in operation yet. 

C. These are based on extrapolated pilot plant results. 

D. Tan [5] reports that the hydrogen plant and distillation account for 45% of the total plant costs for 
configuration 2. The cost for this configuration are therefore 55% of Configuration 2. 

E. Nth plant estimates 

F. a ϵκƪ ǘƻƴƴŜ ƛǎ Ƴƛƭƭƛƻƴ ŜǳǊƻ ǇŜǊ мΣллл ǘƻƴƴŜǎ  
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Qualitative Description 

The power to jet fuel technology described in this chapter utilizes electricity to produce hydrogen and the 

hydrogen is reacted with carbon dioxide (CO2) to produce syngas (hydrogen (H2) and carbon monoxide (CO)), 

which is then used in a Fischer-Tropsch (FT) process to produce syncrude or Fischer-Tropsch wax, which can 

subsequently be hydrocracked and upgraded through refinery processes to diesel, kerosene, jet fuel, other 

hydrocarbons, and heat.  

The system can take several forms. There are several different electrolysis technologies, the carbon dioxide 

could come from many different sources, and there are several different technologies being developed for 

the conversion of carbon dioxide to carbon monoxide, which along with hydrogen is the reactant for the 

Fischer-Tropsch synthesis. There is also some research underway on the direct utilization of carbon dioxide 

rather than first producing carbon monoxide. There are other production methods for the production of 

emission free hydrogen, for example methane pyrolysis [1]; these are not described in this chapter. 

This technology for direct conversion of power to jet fuel is at the early stage of development with only a few 

pilot plants that are operable, while conversion of syngas to Fischer-Tropsch wax and the subsequent 

upgrade has been in large-scale industrial operation for decades in South Africa, Malaysia and the Middle 

East. The plants have been developed by technology aggregators, who might have developed one of the 

subsystems but rely on other technology providers for the balance of the plant. 

There are other power to jet routes that could be considered as well. The power and CO2 could first be used 

to produce methanol, this can be accomplished without the conversion of the CO2 to CO and was described 

in the Methanol from Power chapter. The methanol could be converted to olefins and then to light ends, 

gasoline, and jet fuel fractions [2]. The power to methanol production portion of the system has a higher TRL 

than the FT pathway but the subsequent conversion of methanol to hydrocarbons involves more process 

steps and has a lower TRL. This route is being explored by a Finish group of companies [3]. 

mailto:jhz@ens.dk
mailto:fgb@ens.dk
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Brief Technology Description 

Electricity is used to make hydrogen via electrolysis and carbon dioxide is reduced to carbon monoxide and 

water. The two streams are combined to produce a syngas, which is then synthesized through the Fischer-

Tropsch reactions to produce liquid hydrocarbons and heat. 

The basic process flow is shown in Figure 1. 

 

Figure 1: Power to Jet Process Flow 

The water from the reverse water gas shift (RWGS) can be recycled back to the electrolyzer for hydrogen 

production. 

There are a number of catalysts that can be used for the Fischer-Tropsch synthesis but iron and cobalt based 

catalyst are the most common. The iron catalysts typically operate in a temperature range of 300 to 350 °C 

and the cobalt catalysts operate at lower temperatures (200 to 240 °C) and both operate at pressures of 20 

to 25 bar [4]. 

Input 

The process inputs are electricity (for hydrogen production) and carbon dioxide. Data sheets at the end of 

the chapter are provided for both electricity as the input and for hydrogen as an input. Renewable sources 
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of electricity are preferred in order to reduce the greenhouse gas (GHG) emissions associated with the 

produced products. Some analyses include about 3% external fuel. 

Cobalt catalysts required in situ regeneration every 9 to 12 months and replacement every five years [6]. 

Cobalt catalyst consumption rate of 0.0009 kg per kg of FT liquids produced was modelled in a recent lifecycle 

analysis of an FT system [7]. Iron catalysts have limited lifetimes of 40 to 100 days but are 1/1000th the cost 

of Cobalt catalysts. Large scale natural gas to FT plants employ multiple parallel reactors that can facilitate 

catalyst changes. 

The carbon dioxide can be from concentrated sources such as ethanol fermentation facilities and ammonia 

plants, through medium concentration sources such as thermal power plants, and even to dilute sources such 

as direct air capture facilities. The energy requirements for the concept will increase as the concentration of 

the CO2 sources decrease. 

The FT synthesis actually needs carbon monoxide, not carbon dioxide, as one of the reactants. The traditional 

process to convert carbon dioxide to carbon monoxide is through the use of the reverse water gas (RWGS) 

shift reaction shown below. The process is described in more detail by Daza et al [8]. The reaction is 

endothermic (requires heat). 

CO2 + H2 ᵶ CO + H2O 

The reaction is undertaken at temperatures between 350 to 600°C, depending on the catalysts used and at 

relatively low pressures. The reaction is reversible so that there will always be some CO2 in the gaseous 

stream leaving the reactor. Konig et al [5] designed for 80% conversion to CO in the RWGS and recycled the 

excess CO2 from the FT synthesis back to the RWGS reactor.  

It is also possible to use an electrochemical process to convert CO2 to CO [9]. There is development work 

ongoing in this area, and Haldor Topsoe offers a small scale commercial product (eCOs). The reaction is shown 

below. 

CO2 + 2 H+ + 2 eҍ Ҧ /h Ҍ I2O 

There is also work going on with thermochemical and photochemical CO2 reduction processes but these are 

not yet commercially available [10] [11]. 

The FT synthesis process needs a H:C ratio of about 2, for example C13H28 (tridecane, a typical component of 

jet fuel) the ratio is 28:13 = 2.15 [4]. Considering the overall ratio, including the hydrogen required for the 

reverse water gas shift, the ratio for H:CO2 required for the FT synthesis becomes about 3:1. There is a range 

of assumed carbon efficiencies in the literature. It is likely that early plants will have a higher ratio of hydrogen 

to CO and then improve over time. 
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Output 

The Fischer-Tropsch synthesis is essentially a polymerization reaction in which carbon bonds are formed from 

carbon atoms derived from carbon monoxide, under the influence of hydrogen in the presence of a metal 

catalyst. The reaction leads to a range of products which depend on the reaction conditions and catalysts 

employed. The most abundant compound classes are paraffins, 

olefins, and alcohols (oxygenates) as shown below [4]. The alcohols can be removed in the post reaction 

processing or used for energy to drive the process. 

nCO + (2n+1)H2ҦCnH2n+2 + nH2O 

nCO + 2nH2ҦCnH2n + nH2O 

nCO + 2nH2ҦCnH2n+1OH +(n-)H2O 

The FT reactions are not particularly selective and they typically make a range of alcohols, olefins and 

paraffinic hydrocarbons that range from light naphtha that could be used for gasoline production, through 

to jet fuel, diesel fuel and traditionally heavy waxes, which can be further processed into high quality 

lubricants. There can be trade-offs between liquid product yield and product selectivity. DeKlerk [4] reported 

the typical product range for different catalysts and operating conditions. The results are shown in the 

following table; jet fuel is composed of the heavy end of the naphtha and the light end of the diesel fuel (C8 

to C16). 

Table 1: FT Synthesis Product Distribution 

DeKlerk reports that the production of on-specification jet fuel is the easiest of the transport fuel types to 

accomplish. It is necessary that the paraffins in the kerosene range (C8 to C16) are sufficiently branched to 

meet the cold flow specification, which requires a freezing point below minus 47°C. It is also necessary to 

have (8-25) % aromatics in the kerosene range. On specification fully synthetic jet fuel as well as semi-

synthetic (50% blend with crude oil derived kerosene) are produced on industrial scale from Fe-HTFT derived 

synthetic oil using fossil feedstocks. 

A US Patent was issued to De Klerk [12] in 2014 for a process, which has FT jet fuel yield of 60%. The patent 

is assigned to Sasol in South Africa. The process includes at least four of the following five processes. 

 Low temp Iron Low temp Cobalt High temp Iron 

 Wt% 

C1 to C2 gas 6 7 23 

 C2 ς C4 8 5 24 

Oxygenates 4 2 10 

Naphtha (C5 to C11) 12 20 33 

Diesel (C12-C20) 20 22 7 

Wax (C18 ςC100) 50 44 - 

Total 100 100 97 
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a) Hydrocracking the kerosene or heavier fraction and a C9 or heavier FT Syncrude fraction. 

b) Olefin oliogmerizing produces kerosene range material from lighter olefinic materials. 

c) Hydrotreating one or more of an FT syncrude fraction, a product from process b. , and an alkylated 

FT Syncrude fraction 

d) Aromatizing one or more of an FT syncrude fraction including hydrocarbons in the range C2 to C8 , 

a product from process a, a product from process b, a product from process c, and a product from 

an aromatic alkylation process. 

e) Alkylating one or more of an FT Syncrude fraction including hydrocarbons in the C2 to C6 range , a 

product from process b, and a product from process d 

Such a process would add significantly to the capital cost of a facility. Many of the processes are typically 

found at a petroleum refinery so co-locating the Power to FT facility at a petroleum refinery may be an option 

to take advantage of the economies of scale typically found in petroleum refineries. 

The FT reactions are also exothermic so some excess heat can be captured by the process.  The total amount of 

excess heat is about 25% of the heat of combustion of the synthesis gas, which means that both significant energy 

is available for export, (up to 25% of the syngas input) and that there is a theoretical limit for the efficiency of the 

process (75%) [13]. Konig [5] reports that low (125 °C), medium (175 °C) and high (>200 °C) pressure steam is 

available from the FT process. Seventy percent of the steam is high pressure, seventeen percent is low 

pressure, with thirteen percent being medium pressure. 

Energy Balance 

The overall system energy balance will depend on the choices of technology that are employed. 

For the hydrogen production there are three choices; Alkaline electrolyzers, which are the most common 

systems used today, polymer electrolyte membrane (PEM) electrolyzers, and solid oxide electrolyzer cells 

(SOEC), which use a solid ceramic material as the electrolyte that selectively conducts negatively charged 

oxygen ions (O2-) at elevated temperatures and generate hydrogen in a slightly different way. 

Alkaline electrolyzers have the largest market share, they have no expensive noble metals (platinum, 

palladium, ruthenium, etc.) like PEM systems, but they have a lower efficiency than PEM or SOEC systems. 

PEM systems typically have slightly higher efficiencies than alkaline systems, operate at a slightly lower 

temperature, but they use noble metals as the catalyst which can result in higher capital costs. 

Solid oxide electrolyzers must operate at temperatures high enough for the solid oxide membranes to 

function properly (about 700°ς800 °C, compared to PEM electrolyzers, which operate at 70°ς90 °C, and 

commercial alkaline electrolyzers, which operate at 60°ς80 °C). The solid oxide electrolyzers can effectively 

use heat available at these elevated temperatures (from various sources, including from the FT process) to 

decrease the amount of electrical energy needed to produce hydrogen from water. They are not yet used 

commercially. Further information is available in electrolysis chapters of the Danish Energy Agency 

Technology Catalogue. 
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Lehner et al [14] compared the characteristics of the systems and provided some advantages and 

disadvantages. This 2014 book has been cited over 200 times in the literature. It is possible that further 

technological advances have occurred with the technologies since publication, particularly with the 

developing technologies. Power requirements for electrolysis systems are not always quoted on a consistent 

basis. Not all reports will include ancillary loads for pumps and fans and some only quote the stack power 

requirements without including the losses from the conversion of AC to DC power. The size in the table refers 

to a module size; multiple modules could be used at a single site for increased capacity. These are 

summarized in Table 2. 

 Alkaline PEM SOEC 

Maturity Mature Commercial Demonstration 

Efficiency, kWh/m3H2
4 4.5-6.6 4.2-6.6 >3.7 

Mid-point Efficiency, % LHV 50% 52% 75% 

Size, m3H2/hr <760 <405 <40 

Gas purity, % >99.5 99.99 99.9 

Capital costs, ϵ/kw 1000-1200 1860-2320 >2000 
Table 2: Electrolyzer System Comparison [14] 

There are only two operating power to FT synthesis pilot plants [15] [16] and neither have publicly released 

ŀƴȅ ǇŜǊŦƻǊƳŀƴŎŜ Řŀǘŀ ŀƴŘ ǇǊƻŘǳŎǘƛƻƴ ǊŀǘŜǎ ŀǊŜ ƻƴ ǘƘŜ ƻǊŘŜǊ ƻŦ мллΩǎ ƻŦ ƭƛǘǊŜǎ ǇŜǊ ŘŀȅΦ Sunfire first produced 

FT distillates at their research facilities in Dresden Germany in 2015. They used CO2 from direct air capture 

and a solid oxide electrolyzer to produce the hydrogen. They claimed up to 70% efficiency for the power to 

liquids technology but no detail of that calculation is publicly available. Carbon Engineering [15] also use 

direct air capture for the CO2 but use an alkaline electrolyzer for hydrogen. They have also not provided any 

technical performance data. The energy balance must therefore be estimated from information in the 

literature. 

There have been a number of papers and publications that have performed prospective techno-economic 

ŀǎǎŜǎǎƳŜƴǘǎ ƻŦ ǇƻǿŜǊ ǘƻ ƧŜǘ ǎȅǎǘŜƳǎΦ ¢ƘŜ Ƴƻǎǘ ŘŜǘŀƛƭ ǿŀǎ ƛƴ ǘƘŜ нлмф ǊŜǇƻǊǘ άbƻǊŘƛŎ D¢[έ ōȅ aƻǊǘŜƴǎŜƴ Ŝǘ 

al [19]. That study also reported the highest liquid fuel efficiency at 65% as a SOEC system was assumed. A 

2016 report for the German Government by Schmidt et al [21] reported fuel efficiencies from 53 to 64% 

depending on the electrolysis system used. The World Energy Council [22] reported fuel efficiency of 45%, 

which they considered a realistic process efficiency considering an economic perspective. Konig et al [5] 

undertook process modelling and reported a 43.3% power to liquid efficiency and a 73.7% carbon efficiency, 

which is lower than reported in some other studies. Light fuel products that are generated by the FT synthesis 

are separated and used for fuel to drive the process, thus there are carbon losses from the system. See the 

mass balance detail figure in the Quantitative sections. This study included the product separation and 

upgrading to gasoline, diesel, and jet fuel. 

 
4 The reference used standard cubic meters. A temperature of 15 °C (288.150 K; 59.000 °F) and a pressure of 101.325 
kilopascals (1.0000 atm; 14.696 psi). 
5 Hydrogenics, a producer of alkaline and PEM electrolyzers now has PEM systems as large as 1,000 m3H2/hr . 
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The technology that is closest to being commercially available at a reasonable scale is the use of an alkaline 

electrolysis system and the reverse water gas shift reaction. The estimated energy balance for this system is 

shown below [19]. Carbon dioxide does not contain any energy but depending on the source of the CO2, 

some energy may have been expended to capture and concentrate the CO2. The distribution between losses 

and steam for district heat is our estimate. This reference did not include any external fuel. 

 

Figure 2: Power to Jet Fuel Energy Balance 2050 Projection  

This energy balance has a higher jet fuel fraction than DeKlerk [4] and others have suggested. The other 

hydrocarbons will include gaseous hydrocarbons and liquids that are both lighter and heavier than jet fuel. 

Different FT systems could have different distributions of energy available for district heat versus own use. 

Using the mid-point of the efficiency ranges reported by Lehner [14] which is shown in Table 2, which are 

representative of commercial systems, and the high end of the FT synthesis reported by [13] the following 

Table 3 can be developed. While the reverse water gas shift reaction is endothermic it has been assumed 

that this energy can be obtained from the exothermic FT synthesis.  

 Alkaline PEM SOEC 

kWh/m3H2 [270] 5.5 5.3 4 

MJ electricity/m3 H2 19.8 19.08 14.4 

MJ H2 (LHV)/m3 9.84 9.84 9.84 

H2 Efficiency 50% 52% 68% 

FT Synthesis Efficiency [13] 75% 75% 75% 

Overall Efficiency 37% 39% 51% 
Table 3: Potential System Efficiencies 

From the table it would appear that some of the expected energy efficiencies in the publicly available 

feasibility studies [19] [21] [22] may be difficult to achieve in the first demonstration and commercial 

facilities. 
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Typical Capacities 

The existing pilot plants have the capacity to produce 160 litres of fuel per day (~1 barrel). Commercial plants 

will be much larger. 

The Schmidt study [21] looked at a plant that produced 123,000 tonnes per year of fuel (~150 million 

litres/year). The Nordic GTL study [19] was based on a plant that produced 190,000 tonnes of liquid fuels. 

Plants of this size are similar to commercial biodiesel or grain ethanol plants. 

A plant that produces 150,000 tonnes of fuel will consume about 580,000 tonnes of CO2 at a 95% carbon 

efficiency. It will need 400 MW of power. 

Carbon Engineering has recently reported [23] that the first plants are likely to produce about 2,000 bbls/day 

of fuel and will utilize 1,000 tpd of CO2. This is about 85,000 tonnes per year of fuel from 350,000 tonnes of 

CO2 (this is about 75% carbon efficiency). 

The first plants will likely be smaller than the plants studied in the literature. 

Regulation Ability 

There is little published on the performance of continuously operated plants. Given the high pressure and 

temperatures required in 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. Goldmann et 

el [24] reported that the FT process (including the RWGS) has a low tolerance for variations in the supply of 

reactants and that hydrogen would need to be stored in excess to be available at a constant rate. The 

regulation ability will therefore have a linkage to the capital cost of the system. Overtoom [17] reported that 

the Shell FT plant in Malaysia requires two to three days to start the complex and to bring it to full production. 

During start-up the process is consuming energy without producing products and frequent start-up and shut 

down can have a significant negative impact on overall system efficiency and economic performance. 

Space Requirements 

The Schmidt report [21] calculated that the land requirements were 0.001 to 0.002 ha/GJ Jet fuel/year, 

however this included the land requirements for the wind power which is outside the scope of this chapter. 

A 4,000 bbl/day plant would require 7,000 to 14,000 ha according to this metric. The authors report that 

some of the land could still be used for agriculture. 

Without any commercial scale plants in operation it is difficult to estimate the space requirements. The Pearl 

GTL plant in Qatar has a 140,000 bbl/day capacity and occupies 550 ha. It has 29 FT reactors, so each reactor 

would produce 4,800 bbl/day, which is 20% larger than the scale of the Nordic plant that was analyzed [19]. 

This suggests that the Nordic plant might require 20 ha. It is possible that the space requirements might be 

larger than this as the Qatar plant is part of a large petrochemical process and it might share some facilities 

with other operations and the power to jet fuel plant will have electrolyzers and probably some hydrogen 

storage.  
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The space requirements do not include any required space for CO2 capture if that is part of the processing 

system. 

Advantages/Disadvantages 

The primary attractiveness of the technology is that the liquid fuel can have a very low GHG emission profile 

if the power is from a low carbon source such as wind, solar, or hydro. 

The challenge with this technology will be that the availability of the low carbon electricity will likely be 

intermittent and since the fuel synthesis portion of the process likes to operate at a constant rate there will 

ōŜ ŀ ǊŜǉǳƛǊŜƳŜƴǘ ŦƻǊ ƘȅŘǊƻƎŜƴ ǎǘƻǊŀƎŜ ǘƻ ŀƭƭƻǿ ŦƻǊ ƻǇŜǊŀǘƛƻƴ ǿƘŜƴ ǘƘŜ ǇƻǿŜǊ ƛǎƴΩǘ ŀǾŀƛƭŀōƭŜ ǘƻ ǇǊƻŘǳŎŜ ǘƘŜ 

hydrogen. Hydrogen storage will increase the capital costs. Carbon dioxide storage might also be required 

depending on the stability of the supply source. 

The FT process also does not have a high selectivity for jet fuel (or any of the liquid product components). In 

addition to producing jet fuel there will be significant quantities of gaseous fuels, gasoline, diesel fuel, and 

perhaps heavy waxes produced, depending on the catalysts used and the operating conditions. The heavy 

wax can be used as a feedstock to produce high quality lubricating oil base stocks. These products will also 

have low carbon intensity. 

Environment 

The GHG emission performance of the product will depend on the carbon intensity of the power use to 

produce the fuel. The carbon dioxide used to produce the fuel will be released when the fuel is combusted. 

One cannot generate carbon credits for the CO2 capture and consider the combustion of the fuel from the 

process to be carbon neutral. In a lifecycle assessment only one of these options can be considered. That is, 

if CO2 credits are issued for the CO2 capture then the fuel combustion emissions are the same as a fossil fuel. 

It is important that if the CO2 from the combustion is not counted in the system GHG emissions that there is 

no credit given for the use of the CO2 going into the process. 

The production of hydrogen by electrolysis also requires water. Schmidt [21] calculated a theoretical net 

process water demand of 0.8 litres per litre of jet fuel but estimated that in reality the demand would be 1.3 

to 1.4 litres per litre of jet fuel produced. Water is produced in the reverse water gas shift process that can 

be recycled back to the electrolysis step. 

There is some evidence that FT jet fuels may reduce soot formation compared to crude oil based jet fuels 

[20]. With fewer soot particles, it is likely but not yet proven that jet planes would form thinner, less dense 

contrails and cirrus clouds, which would reduce their contribution to global warming. 

Research and Development Perspective 

Power to jet fuel is a category 1 technology, a technology in the research, development and deployment 

stage. The individual components (electrolysis, RWGS, FT synthesis) of the process are mature technologies 
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but they have not been combined nor commercialized at the scale envisioned for this technology. There is 

significant uncertainty with respect to the performance and costs of the technology. 

There is potential to improve yields and reduce costs as more experience with the technology is gained from 

a demonstration facility and then the technology is scaled to commercial plants. 

Examples of Market Standard Technology 

There are two companies that have built power to FT fuel pilot systems. Both systems are capable of 

producing about 160 litres of liquid fuels per day. 

Sunfire Gmbh develops and manufactures high-temperature electrolysers (SOEC) and high-temperature fuel 

cells (SOFC). They work with Ineratec Gmbh who convert the hydrogen and CO2 to liquid fuels. They have 

also worked with Climeworks to include direct air capture to produce the CO2 for the system. KIT have also 

been involved with the German Government funded P2X Kopernikus project [25]. 

Sunfire GmbH 

Gasanstaltstraße 2 

01237 Dresden, Germany 

T: +49 351 896797-0 

https://www.sunfire.de/en/ 
INERATEC GmbH 

Innovative Chemical Reactor Technologies 

Siemensallee 84 

76187 Karlsruhe 

Germany 

T: +49 721 / 864 844 60 

https://ineratec.de/en/home  

 
The other company that has developed a pilot plant is Carbon Engineering in Canada. Their core area of 

expertise is the direct air capture system and they have partnered with Hydrogenics for the electrolysis and 

Greyrock for the FT synthesis step. 

Carbon Engineering Ltd. 

PO Box 187,  

37322 Galbraith Road,  

https://www.sunfire.de/en/
https://ineratec.de/en/home
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Squamish, B.C.,  

Canada 

V8B 0A2 

https://carbonengineering.com 

 
Greyrock 

2020 L Street, Suite 120 

Sacramento, California 95811 

http://www.greyrock.com/ 
Sasol and Haldor Topsoe, have entered into a collaboration agreement ǘƻ ƻŦŦŜǊ Dн[ϰ- single-point licensing 

of GTL solutions to produce diesel, kerosene and naphtha from natural gas. The two companies have worked 

ǘƻƎŜǘƘŜǊ ƻƴ ƴǳƳŜǊƻǳǎ D¢[ ǇǊƻƧŜŎǘǎ ŀƴŘ ǘŜŎƘƴƻƭƻƎƛŜǎΣ ŀƴŘ ¢ƻǇǎƻŜΩǎ {ȅƴ/hwϰ ǘŜŎƘƴƻƭƻƎƛŜǎ ŀƴŘ {ŀǎƻƭΩǎ 

Fischer-Tropsch technologies have been licensed into several world-scale GTL ventures. Under the 

collaboration agreement, the companies will continue to offer these core technologies and will now also 

ǇǊƻǾƛŘŜ ¢ƻǇǎƻŜΩǎ ƘȅŘǊƻǇǊƻŎŜǎǎƛƴƎ ŀƴŘ ƘȅŘǊƻƎŜƴ ǘŜŎƘƴƻƭƻƎƛŜǎΦ 

Haldor Topsoe A/S (HQ) 

Haldor Topsøes Allé 1 

DK-2800 

Kgs. Lyngby 

Denmark 

https://www.topsoe.com/ 

 

Prediction of Performance and Cost 

There have been several techno-economic studies done on the concept of power to jet fuel. In addition to 

the technical analyses already identified in this chapter the report by Frontier Economics for Agora 

Energiewende contains some economic analysis for the years 2020, 2030, and 2050 [26]. 

The capital cost estimates that have been reported in the literature could be categorized as Class 5 or Class 

4 estimates [27]. The Cost Estimate Classification System maps the phases and stages of project cost 

estimating together with a generic maturity and quality matrix, which can be applied across a wide variety of 

industries. The classes range from 1 (Check Estimate or Bid/Tender with Detailed Unit Cost and Detailed Take- 

Off) to class 5 (Concept screening using factored parametric models or judgement). 

https://carbonengineering.com/
http://www.greyrock.com/
https://www.topsoe.com/
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Class 5 estimates have uncertainty on the low end of -20 to -50% and on the high end of +30 to +100%. Class 

4 capital cost estimates are feasibility type estimates with slightly narrower ranges of -15 to -30% on the low 

end and +20 to +50% on the high end of the range.  

Uncertainty 

There is significant uncertainty with respect to both economics and the performance due to the stage of the 

development of the technology. There is a significant range for performance and costs found in the literature. 

The capital cost estimates have a wide range due to the early stage of development of the concepts. It is 

more likely that capital costs will be above the central estimates rather than below the estimates. 

Both of the main technologies (electrolysis and FT synthesis) have uncertainty. In the case of the electrolysis 

there are three potential technologies. The mature alkaline electrolysis which can be characterized by lower 

cost and efficiency, the emerging PEM systems which have higher cost and efficiency, and the solid oxide 

electrolytic cells which have the highest efficiency, highest cost and the lowest TRL. 

FT synthesis stage which is employed commercially in large scale fossil production systems but not yet at 

smaller scale electrofuel systems where liquid fuel selectivity will be important to keep the system cost and 

complexity at reasonable levels. The range of selectivity was shown in  

Additional Remarks 

There are a number of different FT catalysts that are used commercially or have been developed for 

commercial use. Commercial FT catalysts suppliers include Johnson Mathey, UOP, CRI/Criterion (Shell), and 

BASF. The catalyst can have different optimum operating conditions and produce fuels of different quality. 

One of the challenges of FT jet fuel is that it has a very low aromatics content and some aromatics in jet fuel 

are required to prevent elastomeric seals from shrinking.  Currently FT jet fuel is only approved as a blend of 

up to 50% with the remained being crude oil derived jet fuel. The comparison of the properties of the two 

fuels is summarized in the following table [28]. Fossil JP-8 is the military equivalent to Jet A-1 but has some 

corrosion and anti-ƛŎƛƴƎ ŀŘŘƛǘƛǾŜǎΣ ǘƘŜ ŀŘŘƛǘƛǾŜǎ ŘƻƴΩǘ ƛƳǇŀŎǘ ǘƘŜ ǇǊƻǇŜǊǘƛŜǎ ƛƴ ǘƘŜ ǘŀōƭŜΦ 

 

 FT Jet Fuel Fossil JP-8 Fuel (Jet A-1) 

Flash Pt., °C 54 48 

Density, kg/L 0.754 0.794 

Aromatics, vol. % <1 19.7 

Sulfur, mass % <0.002 0.08 

Freeze Pt., °C -52 -49 

Visc., 40°C 1.4 1.3 

Simulated Distillation., °C     

Initial Boiling Point 131 109 

10% 156 159 

90% 272 251 
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95% 282 259 

Final Boiling Point 332 282 

Cetane Index 70 47 
Table 4: Comparison of Fuel Properties Between FT Jet and Fossil Jet 

The FT jet fuel has lower aromatics (which is one of the reasons that it is blended with crude oil derived jet 

fuel to avoid seal shrinkage), lower sulphur, and much higher cetane value. 

Quantitative Description 

Since there are no plants operating at a large scale, the quantitative information on the process is synthesized 

from the literature and presented below. 

Energy/Technical Data 

The Mortensen [19] and Schmidt [21] reports have the most complete set of technical and economic data 

and are used as the basis for the quantitative information presented. There is a fundamental difference 

between the assumptions made in the two reports, The Schmidt report assumes less than 4,000 hours per 

year of operation whereas the Mortensen report assumes almost 8,000 hours per year of operation for the 

FT synthesis portion of the plant. Operation of 8,000 hr/year would likely require large scale hydrogen 

storage, or as Mortensen assumes a hybrid concept with the alternative supply of synthesis gas from 

methane. The Schmidt report explicitly includes capital for hydrogen storage (in one scenario) whereas the 

Mortensen report is silent on the issue. 

Typical Plant Size 

The technology has not yet moved beyond the pilot plant stage. These pilot plants could produce 50,000 

litres per year of liquid fuels if they were operated continuously. Not all of this would be jet fuel. Commercial 

plants will have to be larger to be economical. A possible progression of plant sizes are shown in the following 

table. It is assumed that the plants operate for 8,000 hours per year, that 5.5 kWh of power produces a cubic 

meter of hydrogen, one mole of CO2 requires 3 moles of hydrogen and the FT synthesis process has a 95% 

carbon efficiency. 

 

Input Power MW for 
Hydrogen 

H2 Required, 
tonnes/year 

CO2 required 
tonnes/year  

Liquid Fuel Litres6/year 

50 (Alkaline) 6,000 46,000 18,000,000 

150 (PEM) 18,000 138,000 55,000,000 

600 (SOEC) 72,000 552,000 222,000,000 
Table 5: Typical Plant Size 

 

 
6 Liquid Fuel equivalents, some gaseous hydrocarbons will be produced and these are converted to liquid fuel 
equivalents based on their energy content. 
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The FT synthesis and the reverse water gas shift processes are chemical processes and should benefit from 

larger plants through economies of scale, although the Shell Pearl GTL plant has 24 reactors [29] which will 

limit the economies of scale achievable from larger reactors. 

The production of hydrogen through electrolysis has limited potential for economies of scale. The more 

efficient PEM and SOEC electrolyzers are currently smaller than the alkaline systems and will require more 

modules for the same hydrogen production rate. 

The economies of scale will also be impacted by the quantity of CO2 available at a single site unless CO2 

pipelines are developed to collect CO2 from multiple sources. 

Input and Output 

The high level input and output are shown in Table 5: Typical Plant Size. The detailed output will depend on 

the design of the FT synthesis process as shown in  

District heat in the form of steam can be recovered from the FT synthesis step (~15% of energy in the FT 

products). It can also be recovered from the electrolysis stage. The quantity and quality will be a function of 

the type of electrolyzer used. 

Konig [5] developed a detailed mass balance based on the process simulations undertaken in his study. That 

figure is shown in Figure 3. There is a small amount of external fuel for the system and some steam, although 

it should be possible to generate the steam internally.  

 

Figure 3: Mass Balance 
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Forced and Planned Outage 

The Mortensen report assumed that the plant has 93% online availability. This is 340 days per year. The 

Schmidt report [270] appears to be based on only 3,750 hours per year of operation. They include some 

capital for hydrogen storage when the hydrogen is produced by low temperature electrolysis but not when 

it is produced by high temperature electrolysis (SOEC). Hydrogen production by SOEC would utilize the excess 

heat from the FT synthesis to produce the hydrogen, thus both systems must operate at the same time. 

Technical Lifetime 

Plants of this type would normally be designed for at least a 20 year lifetime. The Mortensen techno-

economic study assumed a 25 year life. 

Construction Time 

Construction periods of 2-3 years are typical for large complex thermochemical production facilities. Smaller 

plants will take less time and there may be some technology learning with multiple plants. 

Financial Data 

There is limited financial data available for the process. The information from the two studies [19] [21] are 

mostly used below. 

Investment Costs 

There are two other estimates of capital costs, Schmidt also published a paper [30] in addition to the report 

for the German government, most of the information is the same except that the paper also had a capital 

cost for a 60 MW plant. The Agora [26] report also has some capital cost estimates but with very little detail. 

The various estimates are shown in the following table. The plant size is the MW of power input. Schmidt 

assumes very little technology learning between 2020 and 2050. 

 Plant Size, MW Year /ŀǇƛǘŀƭΣ Ƴƛƭƭƛƻƴ ϵ Capital per MW 

Schmidt [21] 588 2020 308 0.52 

Schmidt [21] 613 2040 322 0.52 

Schmidt [30] 60 2020 84 1.4 

Schmidt [30] 588 2050 308 0.52 

Mortensen [19] 449 2030 407 0.91 

Agora [26] Not stated 2020 Not stated 1.3 

Agora [26] Not stated 2030 Not stated 1.1 

Agora [26] Not stated 2050 Not stated 0.83 
Table 6: Capital Costs 

The breakdown of the capital cost in the Schmidt paper is shown in the following table. These are for the 

utilization of a concentrated source of CO2 and exclude any capital costs for CO2 capture and concentration. 
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 Low temperature Electrolysis High temperature Electrolysis 

Power Input, MW 588 613 

Fuel Output, kt/year 97 123 

Efficiency 53% 64% 

Electrolysis, Mϵ 140 159 

H2 Storage, Mϵ 30 0 

CO2 Supply, Mϵ 45 53 

Synthesis and Conditioning, Mϵ 94 111 

Total, Mϵ 308 322 

Mϵκa² ƛƴǇǳǘ 0.52 0.53 

Mϵκƪǘ ŦǳŜƭ ƻǳǘǇǳǘ 3.2 2.6 
Table 7: Capital Cost Breakdown 

Operating and Maintenance Costs 

There is even less information on the operating and maintenance costs. Mortensen assumed that the Fixed 

O&M costs were 5% of the capital costs and that the variable costs were 1.5% of the capital costs. Agora 

assumed that operating costs were 3% of the capital costs but did not differentiate between fixed and 

variable costs. 

Start-up Costs 

None of the reports identified start-up costs or time. We have assumed that 3 months are required, similar 

to the assumptions made in other chapters. 

Technology Specific Data 

There is very little technology specific data available for this process. Wu et al [31] reported some of the 

physical properties of gas to liquids diesel fuels. These values are shown in Table 8. 

Property Units Value 

Density Kg/m3 779 

Lower Heating Value MJ/kg 43.6 

 MJ/litre 34.0 

 kWh/litre 9.44 

Carbon Wt % 84.9 

Hydrogen Wt % 15.1 
Table 8: Properties of FT Fuels 

Summary 

The information on power to jet fuel is summarized in the following table.  
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Technology Power to Jet Fuel 

 2020 2030 2040 2050 Uncertainty 

(2020) 

Uncertainty 

(2050) 

Note Ref 

     Lower Upper Lower Upper   

Energy/technical data 

Typical total plant size 1,000 t FT 

Liquids/year 
2 13 41 165 50% 150% 50% 150% A, B, C 19, 21, 23 

Typical total plant size, MW Output 3.1 20.5 64.5 259.6 50% 150% 50% 150% A,B,C 19, 21 

 Inputs 

CO2 Consumption, t/t FT Liquids 4.3 3.9 3.6 3.3 100% 110% 100% 110% D, E  

Electricity Consumption, MWh/MWh 

Total Inputs 
1.0 1.0 1.0 1.0 100% 100% 100% 100% F   

Outputs 

FT Liquids Output, MWh/MWh Total 

Input 
0.37 0.40 0.50 0.55 80% 120% 80% 120% G, H, O 21, 19 

District Heat  Output, MWh/MWh Total 

Input 
0.43 0.40 0.30 0.25 80% 120% 80% 120% I  

           

Forced outage (%) 0 0 0 0     J  

Planned outage (weeks per year) 3      19 

Technical lifetime (years) 25 20 30     

Construction time (years) 2.0       

Financial data                                  

{ǇŜŎƛŦƛŎ ƛƴǾŜǎǘƳŜƴǘ όaϵ κa² hǳǘǇǳǘύ 3.2 2.5 1.9 1.6 75% 150% 75% 125% K 19, 21, 26, 30 

 - equipment (%) 75 75 75 75     L  

 -installation (%) 25 25 25 25       

CƛȄŜŘ hϧa όϵ κa²Ƙ C¢ [ƛǉǳƛŘǎύ 26.5 15.9 10.6 5.3 90% 110% 90% 110% M 19 

±ŀǊƛŀōƭŜ hϧa όϵ κa²I C¢ [ƛǉǳƛŘǎύ 8.5 5.3 3.2 2.1 90% 110% 90% 110% N 26 

{ǘŀǊǘ ǳǇ όϵ κa²Ƙ C¢ [ƛǉǳƛŘǎύ 0 0 0 0       

Technology specific data                                            

{ǇŜŎƛŦƛŎ ƛƴǾŜǎǘƳŜƴǘ όϵ κƭ C¢ [ƛǉǳƛŘǎκȅŜŀǊύ 5.0 4.0 3.0 2.5 75% 150% 75% 125% K 19, 21, 26, 30 

 - equipment (%) 75 75 75 75     L  

 -installation (%) 25 25 25 25       

CƛȄŜŘ hϧa όϵ κƭ C¢ [ƛǉǳƛŘǎύ 0.25 0.15 0.10 0.05 90% 110% 90% 110% M 19 

±ŀǊƛŀōƭŜ hϧa όϵ κƭ C¢ [ƛǉǳƛŘǎύ 0.08 0.05 0.03 0.02 90% 110% 90% 110% N 26 

{ǘŀǊǘ ǳǇ όϵ κƭ C¢ [ƛǉǳƛŘǎύ 0 0 0 0       

Table 9: Power to Jet Fuel Datasheet 
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Notes: 

A. The plant size range is based on the Schmidt and Mortensen reports and other analysis in the 
literature. Scale up is our assumption. 

B. CO2 availability is likely to determine the maximum plant size. 

C. Conversion to MW is based on 8,000 operating hours per year and the energy output in all liquid 
fuels. The conversion is rounded. Some reports are based on only 4,000 hours of operation. Figure 
1-2 utilizes the 2050 estimates. 

D. Carbon efficiency in the literature ranges from 75 to 95%. Assuming that the early plants have low 
carbon efficiency and increase over time. 

E. Denominator of FT liquids is the total liquid fuel output. 

F. Power is the only energy input. Power will be required for pumping, compression, and utilities in 
addition to hydrogen production. 

G. FT Liquids efficiency increases as hydrogen production efficiency increases with adoption of more 
efficient technologies. 2020 and 2030 assume alkaline electrolysis, 2040 is based on PEM systems, 
and 2050 assumes SOEC. Limited improvement in FT synthesis assumed, although jet fuel selectivity 
may improve over time. 

H. Own calculations. 

I. Some heat is lost in the process to drive the RWGS reaction. Assumes that total losses and internal 
consumption is 20% of the input. The quality of the district heat will depend on the electrolysis 
technology employed. The FT portion of the process will have excess steam available. The quantity 
and quality of the steam will depend on the FT process employed and the plant configuration. 

J. This will depend on the level of hydrogen storage and the frequency of low surplus electricity periods 
that are outside of the range used for the calculation of the required hydrogen storage. 

K. The capital costs drop as plant size increases and through technological learning. Hydrogen storage 
costs are included (10% of capital costs) but not sized in the reference. No CO2 storage is assumed. 

L. Own Assumption 

M. Based on 5% of capital cost. 

N. Based on 1.5% of capital cost. Excludes cost of power and carbon dioxide. 

O. A reasonable distribution of the FT fuels might be 60% jet fuel, 20% gasoline, and 20% lighter 
products (LPG and fuel gas), but the distribution of outputs could be very different depending on the 
plant design, catalyst and the operating conditions. 

 

 

The information on hydrogen to jet fuel is summarized in the following table. 
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Technology Hydrogen to Jet Fuel 

 2020 2030 2040 2050 Uncertainty (2020) Uncertainty (2050) Note Ref 

     Lower Upper Lowe

r 

Upper   

Energy/technical data 

Typical total plant size 1,000 kt FT 

Liquids/year 

2 13 41 165 50% 150% 50% 150% A, B,  19, 21, 23 

Typical total plant size, MW Output 3.1 20.5 64.5 259.6 50% 150% 50% 150% A,B,C 19, 21 

 Inputs 

CO2 Consumption, t/t FT Liquids 4.3 3.9 3.6 3.3 100% 110% 100% 110% C, D, E  

Hydrogen Consumption, MWh/MWh 

Total Inputs 
0.995 0.995 0.995 0.995 75% 125% 75% 125% E   

Power Consumption, MWh/MWh Total 

Inputs 
0.005 0.005 0.005 0.005 75% 125% 75% 125% E  

Outputs 

FT Liquids Output, MWh/MWh Total 

Input 
0.65 0.70 0.73 0.75 80% 120% 80% 120% 

F, G, 

O 
21, 19 

District Heat  Output, MWh/MWh Total 

Input 
0.40 0.37 0.27 0.25 80% 120% 80% 120% H  

           

Forced outage (%) 0 0 0 0     I  

Planned outage (weeks per year) 3      19 

Technical lifetime (years) 25       

Construction time (years) 2.0       

Financial data                                  

{ǇŜŎƛŦƛŎ ƛƴǾŜǎǘƳŜƴǘ όaϵ κa² 

Liquids/year) 
2.1 1.6 1.1 0.9 75% 150% 75% 125% G, J 

19, 21, 26, 

30 

 - equipment (%) 75 75 75 75     K  

 -installation (%) 25 25 25 25       

CƛȄŜŘ hϧa όϵ κa²I [ƛǉǳƛŘǎύ 16.9 12.7 8.5 7.4 90% 110% 90% 110% L 19 

±ŀǊƛŀōƭŜ hϧa όϵ κa²I [ƛǉǳƛŘǎύ 5.3 4.2 3.2 2.1 90% 110% 90% 110% M 26 

{ǘŀǊǘ ǳǇ όϵ κƭ C¢ [ƛǉǳƛŘǎύ 0 0 0 0       

Technology specific data                                            

{ǇŜŎƛŦƛŎ ƛƴǾŜǎǘƳŜƴǘ όϵ κƭ C¢ [ƛǉǳƛŘǎκȅŜŀǊύ 3.3 2.5 1.7 1.4 75% 150% 75% 125% G, J 19, 21, 26, 

30 

 - equipment (%) 75 75 75 75     K  

 -installation (%) 25 25 25 25       

CƛȄŜŘ hϧa όϵ κƭ C¢ [ƛǉǳƛŘǎύ 0.16 0.12 0.08 0.07 90% 110% 90% 110% L 19 

±ŀǊƛŀōƭŜ hϧa όϵ κƭ C¢ [ƛǉǳƛŘǎύ 0.05 0.04 0.03 0.02 90% 110% 90% 110% M 26 

{ǘŀǊǘ ǳǇ όϵ κƭ C¢ [ƛǉǳƛŘǎύ 0 0 0 0       

Table 10: Hydrogen to Jet Fuel Datasheet 
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Notes: 
A.    The plant size range is based on the Schmidt and Mortensen reports and other analysis in the literature. 
Scale up is our assumption. 

B.    CO2 availability is likely to determine the maximum plant size. 

C.    Conversion to MW is based on 8,000 operating hours per year and the energy output in all liquid fuels. 
The conversion is rounded. Some reports are based on only 4,000 hours of operation. Figure 1-2 utilizes the 
2050 estimates. 

D.    Carbon efficiency in the literature ranges from 75 to 95%. Assuming that the early plants have low carbon 
efficiency and increase over time. 

E.    Denominator of FT liquids is the total liquid fuel output. 

F.    Hydrogen and power are the only energy input. Power will be required for pumping, compression, and 
utilities in addition to hydrogen production. Power estimated based on typical electric demand in petroleum 
refineries. 

G.   FT Liquids efficiency increases as hydrogen production efficiency increases with adoption of more 
efficient technologies. 2020 and 2030 assume alkaline electrolysis, 2040 is based on PEM systems, and 2050 
assumes SOEC. Limited improvement in FT synthesis assumed, although jet fuel selectivity may improve over 
time. 

H.    Own calculations. 

I.      Some heat is lost in the process to drive the RWGS reaction. Assumes that total losses and internal 
consumption is 10% of the input. The quality of the district heat will depend on the electrolysis technology 
employed. The FT portion of the process will have excess steam available. The quantity and quality of the 
steam will depend on the FT process employed and the plant configuration. 

J.     This will depend on the level of hydrogen storage and the frequency of low surplus electricity periods 
that are outside of the range used for the calculation of the required hydrogen storage. 

K.    The capital costs drop as plant size increases and through technological learning. Hydrogen storage costs 
are included (10% of capital costs) but not sized in the reference. No CO2 storage is assumed. 

L.    Own Assumption 

M.   Based on 5% of capital cost. 

N.    Based on 1.5% of capital cost. Excludes cost of power and carbon dioxide. 

O. A reasonable distribution of the FT fuels might be 60% jet fuel, 20% gasoline, and 20% lighter products 
(LPG and fuel gas), but the distribution of outputs could be very different depending on the plant design, 
catalyst and the operating conditions. 
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Abbreviations 

1. REF Primary reformer (=SMR) 
2. REF Secondary reformer 
AEC Alkaline electrolysis cell 
ASU Air separations unit 
ATR Autothermal reformer 
BAT Best Available Technology 
BFW Boiler Feed Water 
BOP Balance of plant (utilities) 
CC Carbon capture 
CO2rem /hі ǊŜƳƻǾŀƭ ǳƴƛǘ 
DeOX De-Oxygenation unit 
DH District heating 
EIGA European industrial gases 

association AISBL 
EU Electrolysis Unit 
FG Fuel gas 
HC-feed Hydrocarbon feed (normally fossil 

based but can also be bio-based) 
HPS High pressure steam 
HSE Health safety and environment 
HTS High temperature shift (=high 

temperature water gas shift) 

LNH3 Liquified NH3 
LTS Low temperature shift (=low 

temperature water gas shift) 
METH MethanizationN2-EU 

Electrochemical synthesis NH3 
MOF Metal organic framework 
MTPD Metric ton per day 
NH3syn bIї ǎȅƴǘƘŜǎƛǎ 
NH3rec bIї ǊŜŎƻǾŜǊȅ ǳƴƛǘ 
NH3reg NH3 refrigeration unit 
PEM Proton Exchange Membrane 

electrolysis cell 
PUR Feed purification unit 
RE Renewable power 
SOEC Solid oxide electrolysis cell 
SMR Steam Methane Reforming 

(typically = 1.REF) 
TPD Ton per day 
TRL Technology reediness level 
WGS Water gas shift 
 

 

Qualitative Description 

Today nearly all industrial production of ammonia is based on the Haber-Bosch process, where elemental 

nitrogen and hydrogen are combined under high pres-sure and temperature using a catalyst. Whereas 

nitrogen can be recovered from ambient air, the hydrogen is predominantly produced by steam reforming 

of natural gas (methane), a process that results in large emissions of fossil CO2. Thus, reducing the CO2 
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emissions from ammonia production is heavily linked to reducing emissions from hydrogen production. This 

can be achieved by capturing and storing CO2 from conventional hydrogen production or alternatively 

substituting the conventional production of hydrogen with green hydrogen from electrolysis based on 

renewable energy.  

In this chapter of the Technology Catalogue a brief description of the different NH3 production paths is given. 

Thereafter, the catalogue focusses on the production of green ammonia. 

Green ammonia has various applications and is primarily thought to be a carbon-neutral solution for shipping 

as a maritime transport fuel as well as to be used as feedstock for green fertilizers. It can potentially also be 

considered for applications in fuel cells, long-term energy storage, fuel for industry and peak power plants, 

or as an addition/mixture to conventional fuel among others. 

Green ammonia incorporates electrolysis for H2 production, air separation unit (ASU) for nitrogen production 

and the ammonia synthesis (see light green box in Figure 1). Within this catalogue, performance and cost 

data are given for the ammonia synthesis. Cost and performance data for the electrolysis are given in a 

separate chapter within this Technology Catalogue. For ASU as a nitrogen source, cost and performance 

factor is given discretely within this chapter. 

Brief technology description 

Different production routes to ammonia, i.e. both conventional and green paths, are given in Figure 1. While 

the overall routes are described in subsection Different configurations, each process step (i.e. dark blue 

boxes) is described in subsection Description of each process step. 
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Figure 1: Different pathways for production of NH3. The light green area is the green NH3 production part that is covered within 
this Technology Catalogue. The darker green area marks a potential future route (electrochemical). The white background shows 
the three conventional parts, i.e. 1a) SMR+ASU, 1b) SMR+2.REF and 2) ATR+ASU. 

 

Different configurations 
 

1) Conventional ς grey NH3 
A conventional ammonia plant uses fossil fuels (in most cases natural gas) as its raw material.  

Figure 2 ǎƘƻǿǎ ŀ ŎƻƴǾŜƴǘƛƻƴŀƭ bIї Ǉƭŀƴǘ ōŀǎŜŘ ƻƴ ǇǊƛƳŀǊȅ ŀƴŘ ǎŜŎƻƴŘŀǊȅ ǊŜformer technology, where 

nitrogen is admitted via air to the secondary reformer. Alternative reformer configuration is autothermal 

reformer (ATR) or single steam methane reformer (SMR) combined with ASU unit to provide the nitrogen 

(see Figure 1).  
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Figure 2: Conventional ammonia plant 

 

2) Conventional ς ōƭǳŜ bIї 
A blue ammonia plant is a conventional NH3 plant with carbon capture (CC) ǘƻ ŎŀǇǘǳǊŜ ǘƘŜ /hі ŜƳƛǎǎƛƻƴǎ 

from the reformer. This will significantly reduce the carbon footprint compared to that of grey ammonia. The 

raw material is however still natural gas, and the plant layout is similar to that of a conventional plant.  

3) Electrolysis ς ƎǊŜŜƴ bIї 
A green ammonia plant uses green hydrogen produced via electrolysis to feed the ammonia synthesis loop 

(see Figure 3). The electrolysis shall be powered with renewable energy such as wind power.  

 
Figure 3: Green ammonia plant. Any impurities of O2 in the H2 product is removed by reacting it with H2 over a DeOX (de-
oxygenation unit).  

 


















































