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Executive summary 

Australia has a wealth of both renewable and fossil energy resources. It also has strong and 

economically significant energy export relationships with other countries, exporting coal and 

liquefied natural gas. As the world transitions to lower carbon sources for its primary energy 

consumption, Australia is ideally placed to provide the next generation of traded energy 

commodities – which will be produced from renewable energy, in part or in full. 

The Concentrating Solar Fuels (CSF) Roadmap study was established by the Australian Solar 

Institute, the predecessor of the Australian Renewable Energy Agency (ARENA), to identify what 

Australia needs to do to become a world leader in this area. The key milestone outcomes of the 

project were reports that detailed the: 

– Australian context for solar fuels and state of the art for solar technologies 

– evaluation and ranking of solar fuel technologies in consultation with industry 

– techno-economic analysis and commercial assessment 

– roadmap and strategic recommendations for solar hybrid fuel technology options and 

opportunities suitable for Australia, including the research required to expand Australia’s 

capability base at that time. 

The study’s initial scope focused on concentrating solar thermal technologies, and while the 

importance of industry engagement was clear, the level of market analysis was limited. This was 

partly because fuel security was a looming issue when the project began, with growing unease 

about escalating fuel prices and a growing shortfall between domestic liquid fuel production and 

consumption. As the project has progressed, the oil price has dropped unexpectedly, and several 

additional activities have been included in the project, including assessments of: 

– domestic and export markets and opportunities 

– the likely cost of hydrogen from photovoltaics (PV) and electrolysis (presented in a 

separate report). 

The potential of concentrating solar fuels to reduce carbon emissions 

Tremendous advances have been made in the development and deployment of renewable energy 

technologies. However, it is not always recognised that while most popular attention is given to 

renewable technologies that produce electricity, around 80% of global and Australian primary 

energy demand is currently supplied by petroleum and gas, which are largely used for transport 

and heat (Figure 1). 

The currently deployed renewable technologies are thus only addressing part of the problem of 

carbon dioxide (CO2) emissions. Tackling the emission reductions needed for a 2°C climate change 

scenario will require either a significant change in energy consumption (e.g. electrified transport), 

or identifying sources of combustible fuels with lower carbon intensity than petroleum and gas. 

Carbon capture and storage (CCS) is also likely to play a role. It is therefore widely recognised that 

a portfolio approach with multiple technologies is likely to be needed. 
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CSF technologies have the potential to provide a variety of low-emission fuels, from conventional 

liquids, such as diesel and gasoline, to more disruptive fuels, such as hydrogen. 

  

Figure 1: Currently deployed renewable energy technologies do not address a large fraction of Australia’s energy 

demand 

Market evaluation 

During this study, we used various oil and gas price scenarios to determine a range of future 

plausible commodity market prices. CSF will have the opportunity to compete in global markets 

for commodities such as ammonia, methanol, dimethyl ether (DME), hydrogen and petroleum 

synthetic fuels (synfuels). However, investment in CSF production facilities will be influenced by oil 

prices. Highly variable oil prices make it difficult for alternative fuels to receive investment funds, 

even when their products are expected to have lower production costs. This fact was reinforced by 

stakeholders at the workshops held as part of this project. 

The most prospective local and export opportunities for CSF were found to be: 

– liquid transport fuels, such as diesel, for Australia 

– methanol for China 

– hydrogen and ammonia for Japan and South Korea (ammonia is multipurpose, because it 

can be used as a hydrogen carrier as well as a commodity in its own right). 

Australia’s existing fuel infrastructure, high demand for diesel, increasing shortfall in domestic oil 

supplies, relatively low-cost supply of natural gas and biomass and concerns over fuel security 

mean that the country has a real opportunity to produce diesel as a CSF. 

China uses methanol as a chemical feedstock and as a petroleum blend. Local demand is 

outstripping supply, so Chinese companies are constructing methanol plants in North America to 

take advantage of low-cost natural gas, which is used as feedstock to produce methanol. Methanol 

is a low-cost CSF, because the downstream fuel production process is technically more 

straightforward than the Fischer–Tropsch process. Thus, CSF could also meet the demand for 

methanol in China. 

Both Japan and South Korea have policies actively promoting the use of zero-emission hydrogen, 

whether in fuel cell vehicles or for electricity generation. CSF produced in Australia using a hybrid 

process and CCS could also supply this demand in the future. Japanese companies have already 

sponsored projects in Australia, and are exploring innovative ways to ship hydrogen to Japan. 
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CSF can also be used as a blended fuel with fossil fuels, as is currently the case with biofuels. The 

blended fuel can be used for transport, or to increase the energy density and reduce emissions 

from natural gas supplies. 

Technology overview 

In this report, we evaluate three key CSF technologies: 

– solar reforming 

– solar gasification 

– solar redox processes. 

Solar reforming reacts steam and/or CO2 with natural gas to produce syngas, a mixture of 

hydrogen (H2) and carbon monoxide (CO). Solar steam reforming is ideally suited to hydrogen 

production, because the syngas is hydrogen rich; therefore, this is the best technology for 

solarised hydrogen and ammonia production. Mixed reforming can produce a syngas composition 

which is better suited to synthesis of hydrocarbons but is currently less mature as it requires 

higher temperatures and different catalysts. 

Solar gasification reacts steam with carbonaceous feed stocks, such as coal and biomass. 

Depending on the nature of the material and gasification operating conditions, this produces a 

syngas with a lower H2/CO ratio than steam reforming of methane, and is more suitable for liquid 

fuel production. Solar gasification produces a higher yield of syngas than conventional auto-

thermal gasification, since none of the feed stock needs to be combusted internally to provide the 

process heat. It also avoids contamination of the product syngas with combustion by-product CO2, 

thereby reducing both emissions and the costly downstream gas cleaning step prior to fuel 

synthesis. 

Solar redox processes include the two-step metal oxide/redox cycles for water (H2O)-splitting 

and/or CO2-splitting and sulfur-based cycles for H2O splitting only. In the first case, a metal oxide is 

partially reduced (i.e. oxygen-depleted) using high-temperature concentrated solar energy. This 

material is then re-oxidised (usually at a lower temperature) by reacting with H2O and/or CO2 to 

produce H2/syngas and regenerate the metal oxide. The metal oxide is then recycled back to the 

reduction step to complete the cycle. In the sulfur-based redox cycles, sulfuric acid is decomposed 

using high-temperature solar energy into sulfur dioxide and oxygen. Depending on the particular 

cycle, the sulfur dioxide is then reacted with water to produce H2 and sulfuric acid, which is 

recycled to the decomposition reactor to complete the cycle. 

Levelised cost of fuel and business case 

The levelised cost of solar syngas was found to range from ~$4–70/GJ, depending on the type of 

feedstock and solar process used to produce syngas. We assessed 85 different solar process 

combinations of feedstock and reactor type in terms of technical aspects and economics, with the 

most prospective process identified as steam methane reforming. This technology ranks highest in 

its commercial development and is relatively low in levelised cost. Other prospective technologies 

include brown coal and biomass gasification, and water splitting. These technologies are less 

technically mature, but if commercialised, represent a significant CSF opportunity for Australia. 
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The levelised cost of fuel (LCOF) of CSF, technical readiness and greenhouse gas (GHG) intensity 

projected to the year 2020 for the most prospective technologies are summarised in Table 1. 

Table 1: Projected 2020 levelised cost of fuel (LCOF), technology readiness level and greenhouse gas (GHG) intensity 

for key concentrating solar fuels technologies 

Process Input 
fuel cost 

Solar 
product 
gas LCOF 

Final 
fuel 

LCOF 

Final fuel 
LCOF 

Technology 
readiness 

GHG 
intensity 

Conventional crude oil at 
$100/barrel 

$16/GJ – $20/GJ $0.56/L 
Current 

technology 
High 

Solar gasification of brown 
coal 

$1/GJ $3.45/GJ $11/GJ $0.31/L Medium High 

Solar reforming of natural gas $8.4/GJ $10.30/GJ $17/GJ $0.48/L High Medium 

Solar gasification of biomass $8/GJ $9.75/GJ $17/GJ $0.48/L Medium Zero-low 

Solar water splitting 
Zero 

$29–46/GJ $34-51 
/GJ 

$4-6/kg 
H2 

Low Zero 

In all cases, except for solar water splitting, the final fuel is projected to be lower in cost than fuels 

from conventional crude oil at the projected future oil price. 

A business case for a CSF facility located in Gladstone, Queensland, has been developed using solar 

steam methane reforming as the solar technology. The case-study found that under a medium 

‘current policies’ scenario, all fuels examined (methanol, diesel, liquid hydrogen and ammonia) 

returned a positive equity internal rate of return, which means an equity investor would receive 

some profit from their investment in such a project. The rate of return was lower than is normally 

desirable for an investor, but perhaps not for a renewable energy project without any form of 

subsidy included in the analysis. 

Roadmap – summary and research, development and demonstration 
priorities 

The research, development and demonstration (RD&D) priorities for the CSF technologies 

assessed in this report – solar reforming, solar gasification and solar redox – are summarised 

below. 

Table 2: Recommended research, development and demonstration priorities to establish a concentrating solar fuels 

industry in Australia 

Topic Solar reforming Solar gasification Solar redox 

Current technology 
readiness level (TRL)  

6 – pilot scale to 
600 kWth, 100s of hrs on 
sun 

5 – pilot scale to 
200 kWth, 10s of hrs on 
sun 

4 – pilot scale at 
100 kWth, 10s of hrs on 
sun 

Current status  Pilot systems proven Reactor design and 
optimisation 

Parallel pilot and 
materials discovery 
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Topic Solar reforming Solar gasification Solar redox 

Ready for demo/scale-
up 

German Aerospace 
Research Centre (DLR) 
constructing 750 kWth 
demo at the Plataforma 
Solar de Almeria (Spain) 

Barriers Non-technical: need 
long-term operational 
experience for 
bankability 

Materials handling (e.g. 
window, bed material, 
molten salt, feed stock) 

Char conversion 

Tar formation 

Long-term stability of 
reactor and operational 
experience 

Long-term stability of 
reactor materials 

Low thermal efficiency 

R&D priorities (2 years) Lifetime of alloys Solar integration to the 
gasification reactor 

Materials handling 

Fundamental material 
investigations 

 Mixed reforming 
catalyst development 

Pilot-scale on-sun 
performance 
assessment 

Overall system concepts 

R&D priorities (5 years) Support demonstration-
scale (>=5 MWth) 
requirements 

 Laboratory verification 
of material performance 

 Innovative microchannel 
reactor/receivers 

 On-sun performance 
assessment 

R&D priorities (10 years) Integrated sun to fuel 
systems  

 Scale-up to 
demonstration-scale 
systems integrated with 
downstream syngas 
cleaning and upgrade 
systems  

Scale-up to pilot-scale 
systems 

Pilot system priorities Proof of concept 
complete 

Long-term 
demonstration facility  

Materials handling 

Recuperation systems  

 

Pilot system Now 5 years  5–10 years  

Demonstration  4–5 years 10 years  10 years  

Pre-commercial  5–10 years 10–15 years 10+ years 

Ancillary system 
development (cross-
cutting) 

Cost-effective syngas storage 

Small-scale fuel synthesis (fuel/methanol/ammonia) 

Fuel flexible synthesis processes 

Hydrogen transport systems (liquid hydrogen, ammonia, methylcyclohexane) 
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Recommended actions to establish and support an Australian 
concentrating solar fuels industry 

Our assessments indicate that the most prospective domestic market in the near-to-medium term 

future is for liquid transport fuels (gasoline, diesel, aviation turbine fuel, and perhaps in the longer 

term, methanol). Market forecasts out to the year 2050 indicate Australian liquid transport fuel 

usage will continue to be dominated by diesel and gasoline, with electricity providing less than 5% 

of the demand and hydrogen not being used at all. 

With diminishing domestic supplies of petroleum, liquid fuels from natural gas, coal and oil shale 

are expected to play an increasing role. If cost-effective, there will be opportunities to hybridise 

these alternatives with solar thermal energy to both reduce emissions and provide a transitional 

pathway from fossil fuels to truly renewable sources of transport fuels produced via syngas. 

Blending of methanol may also provide an intermediate path as it is expected that methanol 

synthesis is likely to be cheaper and more mature for implementation at a scale appropriate for 

solar syngas production than Fischer–Tropsch or methanol-to-gasoline processes. 

In terms of the international market, opportunities for Australian CSF could come from countries 

such as China, South Korea and Japan. Japan, in particular, could ultimately become a major 

importer of CSF, with a growing interest in hydrogen for its increasing fuel cell market. Other fuels, 

such as methanol, DME and even ammonia are also of interest to Japan as it seeks to ensure its 

future energy security while reducing its emissions. All of these fuels could be produced, fully or 

partly, from Australian solar energy using the technologies discussed in this roadmap. In view of 

Japan’s interest in hydrogen, this fuel has also been included in the roadmap, along with the more 

conventional liquid fuels that can be produced from syngas. 

We have examined the challenges and solutions to implementation of a CSF industry, considering 

technology development, societal acceptance, market development and customer demand. From 

this, we have developed a detailed list of R&D priorities. Successful establishment of a CSF 

industry in Australia would be aided by suitable actions across stakeholder groups, including 

research organisations, state and federal governments, funding agencies and existing industrial 

players. A detailed listing of suggested actions for each group has been assembled, which can be 

broadly summarised as: 

– CSF R&D should be a priority, and should target 

 parallel development of multiple technology options to enable a staged approach 

to reducing carbon intensity 

 materials discovery for redox metal oxide systems 

 reactor design and development for gasification based processes 

 reactor lifetimes 

 recuperation of heat from reactants to maximise efficiency 

 full CSF production evaluation to final products 

 low-cost underground storage of hydrogen/syngas mixtures 

 high temperature storage and heat transfer fluids. 

– ARENA could adopt renewable fuels as a new priority area. 
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– State mandates for biofuels could be generalised to include all renewable fuels. 

– The Renewable Energy Target could be expanded or replicated to include renewable fuels. 

– Fossil fuel subsidies (e.g. diesel excise rebates) should be removed and/or appropriate 

carbon-pricing measures should be considered. 

– A pipeline of Australian concentrating solar power (CSP) deployment is needed to build 

capability and a supply chain for a future CSF industry. 

– A regional test platform should be established at 5–10 MWth scale for a range of 

concentrating solar thermal technologies, including a demonstration of solar steam 

methane reforming. 

– Bilateral government negotiations with Japan and others could establish the foundation 

for an international trade in renewable fuels. 

This study’s analysis suggests that CSF approaches to pure solar hydrogen production are likely to 

be less than half the cost of PV plus electrolysis. The competitiveness of CSF with advanced 

biofuels options will depend on the cost of available biomass; but as there is only a limited supply 

potential for cheap biomass, both approaches have a role. The competiveness of CSF with fossil 

fuels plus CCS is hard to determine at this stage. Overall, we suggest that major policy initiatives 

should be made in a technology-neutral manner, such that all approaches can compete in new, 

zero-emission fuel markets. 

With suitable strategic initiatives in these directions, an Australian CSF industry established over 

the next two decades could become of equal or larger value to our economy than that of the fossil 

fuel industry today. 
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1 Introduction 

Australia is blessed with a diverse range of energy resources, both fossil and renewable, which 

have considerable physical overlap as shown in Figure 2 for the case of solar and natural gas. The 

aim of the Concentrating Solar Fuels (CSF) Roadmap project, funded by the Australian Renewable 

Energy Agency (ARENA), was to evaluate the current status of CSF technologies, identify 

appropriate market opportunities, and delineate a roadmap to enable Australia to become a world 

leader in CSF production. 

 

Figure 2: Overlap of Australia’s solar and natural gas resources 

As part of the project, we have explored the market opportunities for solar fuels both domestically 

and internationally, and identified the most promising potential opportunities. Australia has a 

large and well-developed export industry in energy commodities, such as coal, uranium and 

liquefied natural gas. However, it is a net importer of liquid fuels for transport (diesel and 

gasoline). When the roadmap project was established, the growing gap between domestic 

production and consumption with expectations of increasing oil prices was seen as a major driver 

for action. An unforeseen sharp drop in the oil price has resulted in a broader outlook for the 

project, which considers a range of potential CSF products as well as the need to reduce emissions. 

While the oil price has dropped sharply, the world has become increasingly conscious of the 

potentially devastating impacts of climate change and the need for fuels with lower carbon 

intensity. Australia has one of the best solar resources in the world, and currently exports 

primarily fossil fuel energy to Asian trading partners with comparatively high population densities 

and limited energy resources. These countries are likely to remain net energy importers, but will 
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seek more sustainable sources of energy. CSF technologies have the potential to make use of 

Australia’s unique resources for new export opportunities. 

In Australia, petroleum products are responsible for ~40% of end-use energy consumption (similar 

to natural gas), which is around three times more than electricity (Figure 3). However, the majority 

of policies to promote renewable energy, such as the Renewable Energy Target, are focused 

exclusively on electricity generation. While petroleum products are lower in terms of greenhouse 

gas (GHG)/GJ of energy consumed than coal (coal is used for the majority of electricity generation 

in Australia), they are still a significant contributor to Australia’s GHG emissions. CSF aim to 

address this renewable technology blind spot, mainly through their potential to produce transport 

fuels as well as chemical feedstocks and products such as ammonia. 

 
Figure 3: Share of energy use by fuel in Australia 

Source: Australian Bureau of Agricultural & Resource Economics & Sciences 

1.1 Definition of a concentrating solar fuel 

A generally accepted definition of a fuel is any chemical compound that stores energy, which can 

be released by being oxidised to provide heat. The heat can be used for purposes such as driving 

engines, generating electricity or supplying thermal processes. In more philosophical discourses, 

the term is sometimes extended to any source of primary energy (e.g. nuclear fuel). In this study, 

we define fuel in the conventional sense as a material that produces heat on reaction with oxygen. 

Such a definition can also extend to fuels that can react with oxygen in a fuel cell to directly 

produce electricity. 

A solar fuel is any chemical compound that can react with oxygen to release energy, and that was 

initially formed, at least partly, using energy from solar radiation. Solar fuels can be produced 

using a range of approaches. Arguably, biomass – which is produced by photosynthesis – is the 

‘original’ solar fuel. Engineered approaches include photolytic processes that mimic 

photosynthesis; adapted biological processes, such as algae that preferentially produce lipids or 

hydrogen; and electrolysis of water using electricity produced from solar energy. However, this 

study is primarily concerned with technologies that use concentrated solar radiation to store solar 
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energy in a chemical form as a CSF, via high-temperature thermochemical reactions. This can be 

accomplished in both hybrid solar-fossil fuel systems and truly renewable solar-based systems. 

In hybrid systems, solar energy is combined with a carbonaceous fuel, such as natural gas, biomass 

or coal, to form a product that embodies both renewable and fossil energy. Concentrated, high-

temperature solar energy provides the heat required to drive endothermic (heat-absorbing) 

chemical reactions, which convert the carbonaceous fuel into intermediate compounds (typically 

syngas, a mixture of carbon monoxide and hydrogen). In doing so, the amount of solar energy 

embodied in the final product is equal to the enthalpy change of the heat absorbing chemical 

reactions. Syngas is the feed stock for further processing into a range of synthetic liquid fuels and 

chemicals, such as conventional liquid hydrocarbons and alcohols. 

In a fully renewable system, concentrated solar energy is used to dissociate water and carbon 

dioxide to produce hydrogen and/or syngas. These materials can be oxidised by combustion to 

drive a heat cycle or, in the case of hydrogen, a fuel cell to drive an electric motor; or in the case of 

syngas used to produce a range of possible end products. However, we have excluded solar-

generated electricity from our study, because electron currents are energy carriers (or vectors), 

rather than a means of energy storage. 

CSF are a potential energy source for the same applications as fossil fuels, such as: 

– onboard combustion for transportation 

– electrical power generation 

– on-demand production of process heat. 

Of these, transportation may be the most attractive near-term application in Australia for a solar 

fuel, due to both the high demand and inherently high value of liquid transportation fuels. 

In a future energy mix that is increasingly supplied by otherwise variable renewable energy 

sources such as solar and wind, solar fuels offer high-density energy storage: 

– over timescales up to many months 

– for cost-effective transport over long distances (including internationally), from point of 

capture to point of use. 

1.2 Current and future fluid-phase fuels 

Fluid fuels will retain an important role for the foreseeable future. However, the choice of the 

dominant fluid fuel may well change over time. Possibilities include hydrogen, methane, 

methanol, dimethyl ether (DME), ammonia and synthesised ‘drop-in fuels’. 

– Hydrogen (H2) can be produced from fossil fuels or splitting of water. It has been the 

subject of much promotion and anticipation over many decades, due to its advantage of 

combustion to pure water. Its major disadvantage is that it is extremely difficult to achieve 

a practical volumetric or mass-based energy density for storage or long-distance 

transport. 

– Methane (CH4) is the main constituent of natural and coal seam gas. Liquefaction is costly 

but practical, and is now proven for international trade. Methane can be synthesised from 

other sources, such as coal or biomass, but it is also a key feedstock for chemical synthesis 



 

Concentrating Solar Fuels Roadmap: Final Report | 5 

via reforming. Methane is primarily considered as a feedstock for syngas production in this 

report, rather than as a CSF product option. 

– Methanol (CH3OH) is the simplest alcohol. It can be synthesised from base sources, such 

as natural gas, coal or biomass, and it is more convenient for use and transport than 

methane. However, it is carcinogenic and has a lower energy density than current oil-

based fuels. 

– DME (CH3OCH3) is synthesised from methanol. It requires a slightly elevated pressure to 

be maintained as a liquid, similar to liquefied petroleum gas (LPG). It is not carcinogenic 

and can be transported relatively easily. 

– Ammonia (NH3) is a commercially established commodity product used in the fertiliser, 

explosive and chemical industries, and its practicality as a liquid fuel has been extensively 

studied. It must be kept at slightly elevated pressure to be maintained as a liquid at 

ambient temperature. A large spill is a caustic and cryogenic hazard. It can be seen as a 

practical liquid vector for use of hydrogen, since it is made from hydrogen combined with 

nitrogen from the air, and can be dissociated back to nitrogen and hydrogen, albeit with a 

significant energy input due to the endothermic dissociation reaction. 

– Synthesised drop-in fuels that meet existing standards for diesel, gasoline and aviation 

fuels have the advantage of use within the existing infrastructure and marketplace. Drop-

in fuels can be synthesised from coal, natural gas or biomass – or any other source of 

hydrogen and carbon – via production of syngas. 

Of these various options, they fall into one of two opposing groups: those that contain carbon and 

those that do not. If the carbon in a fuel originates from biomass, then nature provides a closed 

cycle. However, if the carbon originates from a fossil fuel, then its combustion will release carbon 

dioxide (CO2) with greater or lesser intensity depending on the processes of producing and using 

the fuel. If the CO2 is captured at the point of combustion, it could be sequestered, or, in principle, 

be returned for recycling. 

1.3 Hydrogen from photovoltaics and electrolysis as an alternative solar 
fuel 

As part of this road map project, we have assessed the production of hydrogen from photovoltaics 

(PV) and electrolysis in a companion report. Recent advances and cost reduction in both PV and 

proton exchange membrane electrolysis has led to growing interest in this potential pathway for 

the production of renewable fuels. Hydrogen produced from PV-driven electrolysis is thus a 

baseline to which CSF alternatives can be compared. The following is extracted from the executive 

summary of the companion report (Hinkley et al., 2015a), with the hydrogen costs converted to 

$/GJ for consistency with the CSF roadmap in Table 3. 

Our evaluation of the current and future (2030) cost of hydrogen from PV and electrolysis 
shows that the potential cost using currently available technology is approximately 
$18.70/kg H2. The base case system consists of a PV module with power electronics 
connected to a proton exchange membrane electrolysis plant, which produces hydrogen only 
when the PV system is producing power. The assessment is based on an estimated system 
cost of $2300/kW for a large-scale, non-tracking PV system with a mid-range capacity factor 
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of 20.5% and a weighted average cost of capital of 6.4%, as recently published by the CO2CRC 
(2015). It is assumed that the uninstalled cost of the electrolyser and associated components 
is $2285/kW, in line with recent estimates from the European Fuel Cell and Hydrogen Joint 
Undertaking (Bertuccioli et al., 2014). Significant cost reductions are predicted for both these 
technologies, cutting the estimated cost of hydrogen to $9.10/kg by 2030. 

The study also examined the potential of battery storage to reduce the cost of hydrogen 
production. In this scenario, the battery system was used to condition the power supply from 
the PV system, with sufficient storage capacity provided to enable continuous operation of 
the electrolyser. Lithium-ion battery technology was selected as the most appropriate. In both 
current and future scenarios, battery storage increased the cost of hydrogen relative to the 
base case, due to its relatively high cost compared with energy production from PV. Based on 
current and future battery costs of $540 and $200/kWh, the estimated cost of hydrogen was 
$28.40 and $11.30/kg in 2015 and 2030, respectively. While the current cost with battery 
storage is much higher than the case without storage, the gap is expected to close if projected 
battery cost targets are met. It was also interesting to note that the addition of any amount of 
Li-ion battery storage to the system increased the hydrogen production cost relative to the 
base case. 

The estimates of hydrogen production costs are significantly higher than the current cost of 
its production from steam methane reforming, which are around $1.50–2.50/kg H2. Naturally, 
however, fossil fuels such as methane produce significant greenhouse gas (GHG) emissions, 
while PV–electrolysis systems are instead based on renewable solar resources and produce 
zero-emission fuel. 

 

Table 3: Current and future costs of hydrogen from photovoltaics (PV) and electrolysis 

System configuration 2015 cost, $/GJ 2030 cost, $/GJ 

No storage: PV + electrolyser 156 76 

Storage: PV + battery + electrolyser 232 94 

Source: (Hinkley et al., 2015a) 

1.4 Previous relevant roadmaps and studies 

The issues around the future of CSF directly overlap with those facing concentrating solar power 

(CSP) on the one hand, and other alternatives to address the environmental sustainability of fuels 

on the other hand. Thus, it is important to take lessons from some of the many other relevant 

strategic reports and roadmaps that have been prepared in these areas both in Australia and 

internationally. Here, we briefly review those that are of most direct relevance, and reference 

them as appropriate elsewhere in this report. 

The International Energy Agency (IEA) has published a series of 21 technology roadmaps 

(http://www.iea.org/roadmaps/) for areas that contribute to a future clean energy mix. Of 

particular interest and overlap with the present consideration of CSF for Australia are the 

roadmaps on biofuels for transport, carbon capture and storage (CCS) in industrial applications, 

http://www.iea.org/roadmaps/
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the chemical industry, hydrogen and fuel cells, and solar thermal electricity. The various IEA 

roadmaps are briefly summarised below, together with several other relevant studies. 

 

 

The IEA Biofuels for Transport roadmap (IEA, 2011) suggests that by 2050, 

biofuels could provide 37% of total global demand for transport fuel and, in 

particular, target replacement of diesel, gasoline and jet fuel. This roadmap 

does not specifically acknowledge CSF as a future fuel option. However, a 

solar biomass hybrid fuel would fit within its definitions, and hydrogen 

production from unspecified sources is contemplated. Biofuels represent 

an important precedent for new fuels policy initiatives in general. The 

roadmap lists 33 countries, including Australia and United States, which 

have targets for biofuel use. These involve in many cases mandates for 

fractions of ethanol in gasoline, or biodiesel in diesel, ranging from 2–30% 

blends. A range of key actions are suggested across the relevant 

stakeholders, many of which would be equally relevant to CSF. 

 

The IEA Roadmap for Hydrogen and Fuel Cells (IEA, 2015b) is more 

concerned with the use of hydrogen as a future fuel, particularly in fuel cell 

vehicles, than with exploring the full range of possible production methods. 

It offers useful insights on the possibility of hydrogen blending with existing 

natural gas systems without modification, as well as in large-volume, low-

cost underground storage. Sustainable hydrogen production via electrolysis 

is the main future scenario considered and this is compared with existing 

steam reforming of methane (SRM) approaches. 

 

CCS is considered in two IEA roadmaps. Firstly, the Carbon Capture and 

Storage roadmap (IEA, 2013a) is primarily implicitly directed at 

consideration of GHG emissions reduction from fossil-fuelled power 

generation. 
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Secondly, the Carbon Capture and Storage in Industrial Applications 

(IEA/UNIDO, 2011) roadmap considers the application of CCS to the major 

chemical production processes, such as conventional ammonia and 

methanol production, plus also other high-emitting industries, such as iron, 

steel and cement. 

 

The Energy and GHG Reductions in the Chemical Industry via Catalytic 

Processes roadmap (IEA, 2013b)) has useful inputs for the present CSF 

roadmap via the possibility that hybrid solar fuels options might be 

combined with CCS for an overall least-cost solution. The estimated costs 

show that sequestration of a high-purity stream of CO2 resulting from, for 

example, SRM (which could be solar driven) costs around half that of 

overall CCS applied to iron and steel, where complex capture technologies 

must be added in. The Industrial Applications roadmap also flags the 

prospect of capturing pure CO2 streams from biomass gasification (which 

could be solar driven) for sequestration for an overall negative emissions 

process. The Chemical Processes roadmap raises the possibility of 

ammonia or methanol production from renewably sourced hydrogen. 

 

Of most direct relevance to CSF is the Innovative Hydrogen Processes 

Project (Ewan et al., 2007). This was a European-based collaborative 

international investigation that aimed to define an R&D roadmap in high-

temperature technologies for massive hydrogen production. Its scope 

included processes driven by nuclear heat; but of most relevance, it 

directly considered high-temperature solar thermochemical processes. An 

underlying assumption of the study is that a hydrogen economy is 

inevitable, but is unlikely to be implemented before 2050. Traditional use 

of hydrogen is reported as 50% for ammonia production and 37% for 

refinery processes in 2002. It is projected that large and increasing 

amounts of hydrogen will be used in the refining of heavy hydrocarbons 

and increasingly for advanced biomass conversion to liquids. The report 

suggests that this will be the first target market for fully renewable 

hydrogen, with use for transport and as storage for renewable energy 

emerging progressively from 2020 onwards. A cost analysis of hydrogen 

production options suggests that combining solar with SRM would only 

increase costs by around 10%. Pure solar thermochemical production, on 

the other hand, is suggested to be three times more costly than that of 

SRM. PV-driven electrolysis solutions would be more than twice the cost of 

solar thermochemical routes as estimated in 2006. Specific technology 

choices and timing are suggested, and arguably the progress in R&D since 

2006 has followed this to a reasonable degree. 
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CSF is built around the same basic concentrating solar thermal fields as 

used in CSP systems. As such, the progress of this existing, well-established 

industry will largely set the scene for the development of a CSF industry. 

The IEA roadmap on Solar Thermal Electricity (IEA, 2014b) is built on an 

earlier (2010) version. It reports strong growth in the concentrated solar 

sector, if slower than foreshadowed. Barriers encountered include 

insufficiently accurate direct normal irradiance (DNI) data, policy 

uncertainty, difficulties with planning and environmental approvals, and 

expensive financing. Overall, strong deployment growth is expected to 

continue, and this is foreshadowed to be accompanied by a halving of 

capital cost by 2050. Most of that cost reduction is in the solar field and 

balance-of-system aspects that would be common to CSF systems. Solar 

fuels applications are reviewed as an extended future application of 

concentrating solar thermal systems. A relevant list of suggested actions 

for governments is offered. 

 

The Japanese Government has recently, after the Fukushima disaster, 

developed a new strategic energy plan including a Strategic Roadmap for 

Hydrogen and Fuel Cells (METI, 2014). This roadmap ‘compiles views on 

how Japan would be able to make use of hydrogen, goals to be achieved in 

each step of manufacturing, transportation and storage of hydrogen, and 

collaborative efforts among industry, academia and government for 

achieving these goals, into a road map with clear time frames attached, 

taking into account the significance of an initiative for disseminating 

hydrogen energy.’ 

Some relevant studies specific to Australia are also useful to the present CSF roadmap 

investigation: these are summarised below. 

 

Realising the Potential for CSP in Australia (IT Power (Australia) Pty 

Limited, 2012) is a detailed study carried out for the Australian Solar 

Institute (a precursor organisation to ARENA). As well as analysing 

technologies, costs and market value of CSP, this study reviewed the 

challenges and suggested actions that Australia could take to build a CSP 

industry. It proposed an optimistic/realistic growth scenario, which was 

built on the assumed starting point of completion of the Solar Flagships 

project that was approved by government at that time, leading up to a 

major push into CSF in around 2050. 
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The Australian Hydrogen Technology Roadmap (Wyld Group, 2008) was 

produced in 2008. As with the IEA hydrogen roadmap, fuel cells and their 

uptake were a major part of the consideration, although the report clearly 

notes many separate aspects of hydrogen. A vision is offered that: ‘By 2020 

Australia is effectively exploiting emerging hydrogen and fuel cell market 

and supply-chain opportunities, locally and globally.’ The study compares 

the cost of production via SRM, coal gasification and electrolysis, with 

renewable electrolysis routes judged to be three times more than SRM. A 

detailed analysis of barriers and suggested strategies is offered, many of 

which are relevant to CSF. 

 

 

CSIRO’s Flight Path to Sustainable Aviation Fuels (CSIRO, 2011b) made the 

case for an Australian and New Zealand bio-derived jet fuel industry. The 

report states that over the next 20 years, this could result in 12,000 new 

jobs, reduce Australia’s reliance on fuel imports by $2 billion per year, and 

decrease GHG emissions from aviation by 17%. Key challenges for the 

sector that apply to CSF include uncertainty in investment for the refining 

sector. Access arrangements for new fuel suppliers would also need to be 

established.  

 

Fuel for thought (CSIRO, 2008) was the final product of the Future Fuel 

Forum, an exercise run by CSIRO that brought together stakeholders across 

the transport industry. The forum and report identified key risks, 

opportunities and challenges facing the sector into the future. Those most 

relevant for CSF include the following: 

 The future fuel mix will have to be more diverse. 

 The transport sector will only make modest contributions to 

reducing GHG emissions. 

 Simultaneous, rather than sequential, response is required to 

address the challenges. 

 Australia is vulnerable to changing market conditions. 

 Government will have a large role in fostering any fuel transition. 

 Technology alone will not be sufficient to reduce GHG emissions 

and meet the supply gap. 

Solar fuels were not considered at the forum. However, mapping CSF to 

the findings shows that CSF would have a role to play in meeting the 

challenges and opportunities identified in the study. 
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The Australian Liquid Fuels Technology Assessment estimates the current 

and possible future costs of established and emerging liquid fuel 

production technologies under Australian conditions. While a wide range 

of technologies are reviewed, the emphasis is on more traditional 

approaches, and CSF technologies are not covered in any detail. A single 

CSF example (a proprietary unproven water plus CO2 splitting system from 

Israel) is considered and analysed to have a suggested high cost of final 

fuel. The study also assumed high costs of capital for emerging 

technologies in particular, which provided additional barriers in terms of 

their perceived cost. The assumed weighted average cost of capital was 

12.2% for emerging technologies. 

 

The Advanced Biofuels Study – Strategic Directions for Australia report 

(LEK, 2011) closely mirrors the concerns and aspirations of the CSF sector. 

Advanced biofuels overlap in technology and end product – and hence, 

market – with CSF technologies. The report recognises a: ‘mounting 

urgency around the world to find affordable and sustainable alternatives to 

non-renewable transport fuels’. 

A United States mandate of 136 GL by 2022 and a European mandate for 

10% of renewable transport fuel use by 2020 are noted. These mandates 

go beyond just traditional ethanol to embrace advanced fuels as well. 

Domestically, the industry sectors with high fuel demand and few 

alternatives to non-renewable fuels are suggested to be most prospective 

for advanced biofuels, and hence by extension, CSF also. These industries 

are aviation, defence, freight road transport, mining and marine. 

The report postulates a range of possible aspirations for the industry that 

include, at the most optimistic end, the possibility of exports. It implies that 

it will be more favourable to first meet the vast majority of domestic fuel 

demand, and then contemplate exports. A key recommendation, 

supported by short, medium and long-term detailed actions, is that the 

federal government should lay the foundations to enable the industry to 

reach an aspiration of at least 15–30 GL/year.  

 

1.5 Study methodology 

An overview of the development of this project is provided in Figure 4. The project was sequential 

in some respects, in that the following separate activities were reported individually to ARENA in a 

series of milestone reports: 

– a review of the state of the art of solar technologies for fuel production 

– screening and techno-economic evaluation of promising technologies in partnership with 

industry 

– an assessment of potential markets and product options. 
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Figure 4: Broad outline of the approach taken in the roadmap project delivery 

Throughout the project, the critical role of industry and other stakeholders has been recognised, 

and their views have been incorporated into the delivery of the project and milestone reports. 

Three separate workshops (Figure 4) were held to explore different aspects of CSF, with the 

project being greatly enriched by the participation of around 70 people. The goals of each 

workshop were aligned to complement the activities and analysis being conducted by the project 

team at the time. 

The first workshop, held at Pokolbin in the Hunter Valley in April 2012, had a substantial education 

component. Detailed technical presentations were given by a panel of international experts on 

state-of-the-art CSF research activities around the world. 

The second workshop, held in Sydney in February 2013, was used to explain and explore the 

techno-economic methodology being used to evaluate different CSF technologies. The workshop 

also discussed some of the barriers to the commercialisation of new technologies. One of the key 

take-away messages for us was the importance of better understanding the non-technical risks in 

successfully negotiating the ‘Valley of Death’ to commercialise new technologies. 

The final workshop was held in Tokyo, Japan in December 2014, to examine the attitudes to and 

possibilities for CSF in Japan. This workshop made great use of the secondment of Dr Hinkley to 

Niigata University, and the deep engagement of Professor Tatsuya Kodama with the research and 

business community in Japan. As discussed later in this report, Japan is one of Australia’s key 

export trading partners, and the move towards a hydrogen society is a significant opportunity for 

Australia. 

This report is a consolidation of the key outcomes from the project and relevant material from the 

various project reports. It also provides recommendations for establishing and fostering a CSF 

industry in Australia. 
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2 Creating fuels from the sun: technology 
review 

This section provides an overview of the technologies involved in converting concentrated thermal 

energy into a usable fuel. It describes the solar thermal technologies suitable for these 

applications, solar receivers, reaction chemistry for fuels production, and downstream processing 

options to convert raw solar fuel into a market-ready commodity. Finally, it assesses the carbon 

impact of the fuel and process options. 

The collection and conversion of solar energy to a useful product can be categorised as shown in 

Figure 5. Fundamentally, there are two approaches. The first makes use of the concentration of 

solar thermal energy, in which sunlight is reflected to provide a concentrated beam. The second 

uses photovoltaic (PV) devices that convert photons of sunlight directly to electrical current, 

commonly seen on rooftop installations. The processes discussed in this section are based upon 

the first approach: solar thermal concentrating systems. 

 

Figure 5: Summary of solar technology, focusing on solar thermal systems 

2.1 Overview of solar thermal technology 

Solar thermal systems are divided into two distinct categories: linear focus and point focus. Both 

of these have been industrialised for the purposes of generating electricity using steam Rankine 

cycles. 

Linear focus systems concentrate solar energy onto a long, linear receiver using either a parabolic 

trough or a linear Fresnel system. These systems can produce temperatures up to 500°C, and have 

a large industrial deployment of more than 3.5 GW for electricity generation, with more than 

Solar 
technology 

Thermal

Non 
concentrating 

Flat plate

Evacuated 
tube 

Solar 
pond/chimney

Concentrating 

Linear focus

Fresnel

(up to 450 °C) 

Trough

(up to 400 °C

Point focus

Dish

(>2000 °C)

Tower

(> 1500 °C)

Photovoltaic



14 | Concentrating Solar Fuels Roadmap: Final Report 

30 years of on-sun operating experience using the earliest systems. Two large parabolic trough 

systems are shown in Figure 6. 

 

Figure 6: Commercial linear concentrating trough system 
Source: http://www.abengoasolar.com 

Point focus systems concentrate solar energy onto to a single point using either a central tower or 

a dish. This enables much higher concentrations and temperatures to be achieved. Both towers 

and dishes track the sun in two dimensions, giving higher optical efficiencies than linear systems. 

Commercial examples of these systems can be seen in Figure 7. 

The solar flux concentration typically obtained at the focal plane varies between 30 and 100 suns 

for linear Fresnel and trough system; between 500 and 5,000 suns for tower systems; and 

between 1,000 and 10,000 suns for dish systems. With only a few exceptions, solar 

thermochemical fuel processes are conducted at higher temperatures, and hence greater flux 

concentrations than achievable with linear systems. Therefore, it is generally assumed that point 

focus solar concentrators will be required to produce concentrating solar fuels (CSF). 

Central tower systems focus the sun's thermal energy with thousands of tracking mirrors called 

heliostats. The heliostats focus concentrated sunlight on a receiver that sits on top of a tower 

positioned in the centre of the field. Central tower systems have been implemented at large sizes 

(up to 700 MWth) for utility-scale power generation, and are increasingly being adopted in the 

concentrating solar power (CSP) sector.  

A dish system has the highest optical efficiency of all technologies. It can produce extremely high 

temperatures, and would be deployed in large fields of many units to achieve scale. If successfully 

implemented, dishes would allow a greater modularity in approach to system size. Dishes have yet 

to be implemented in large commercial systems. 

The greater commercial maturity of tower systems – together with the advantages of a single 

stationary receiver, and the ability to control and distribute the intense solar flux more evenly over 

the receiver surface – makes them the leading candidate for initial deployment. However, dishes 

still have a large potential role to play, since several chemical reaction processes have been 

successfully demonstrated on dishes and several groups continue to work with them. 

For the technical analysis used in this roadmap, we have adopted a baseline assumption around 

the use of tower systems. 
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Figure 7: Examples of point focus systems – Gemasolar tower (left) and the Australian National University’s SG4 

‘Big Dish’ (right) 
Sources: www.torresolenergy.com and the Australian National University 

2.2 Paths to solar fuels and syngas 

Concentrated solar thermal energy can be converted into a solar fuel via many different reaction 

pathways. As discussed in Section 2.1, sunlight is collected using a point focus collector. The 

concentrated sunlight is adsorbed on the receiver surfaces and is converted to heat. Depending on 

the type of receiver/reactor, the heat drives a chemical reaction that adsorbs the solar energy and 

stores it within the chemical bonds of the solar products. In most cases, a chemical reactor is 

integrated with the receiver that receives the concentrated sunlight; a separate reactor heated by 

a heat transfer fluid is another possibility. 

This section describes the types of solar thermal receiver/reactors and the chemical reactions that 

can be performed to store solar energy in a chemical fuel. It also briefly describes the conventional 

chemical synthesis routes that are currently used to produce the fuels considered in this roadmap. 

Existing industrial production of syngas 

The chemical processes for syngas and hydrogen production – and for conversion of syngas to 
methanol, chemicals, fuels and products – are mature and widely deployed commercially. 
These industries offer a portal for large-scale deployment of solar thermal technologies as 
they have significant opportunities for thermal inputs at various points in their process chains. 
This should be considered as a potentially lower risk option for building up confidence in solar 
thermal technologies without the need to construct the entire process plant required for CSF.  

2.2.1 Solar thermal receivers/reactors 

The solar receiver is a key interface for the conversion of concentrated solar light to thermal 

energy. While a wide variety of solar receiver/reactor systems have been demonstrated, they can 

be divided into two broad categories: surround and cavity receivers. 

Surround receivers are typically used in steam or nitrate salt applications for Rankine cycle power 

generation up to 600 C. Above this temperature, the impact of radiation losses from the receiver 

surface becomes significant; to maintain high efficiencies, cavity receivers may be required. 

http://www.torresolenergy.com)/
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Cavity receivers are characterised by a furnace-like appearance with an aperture. The size of the 

aperture is kept to the minimum possible to allow the concentrated solar energy to enter the 

receiver while keeping re-radiation losses to an acceptable level. An example of a cavity receiver is 

the CSIRO 200-kWth solar thermal steam reforming of methane (SRM) system shown in Figure 8. 

Most solar fuels processes require temperatures above 850 C. 

 

Figure 8: The CSIRO 200-kWth solar thermal steam reforming receiver 

Cavity receivers can be designed in many ways. Their design should take into account not only 

traditional chemical process engineering principles, but also the unique challenges a concentrated 

solar heat source creates. Over the past 40 years, a wide variety of receiver/reactor designs have 

been developed around the world. The majority of ideas are summarised in Figure 9. 

 

Figure 9: Types of solar cavity receivers/reactors 
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Each of the receiver/reactor types is listed below with a typical application. However, for the 

techno-economic evaluation in Section 4, all receiver categories were considered with all 

categories of reactions. 

1. Falling particle receivers are commonly associated with redox systems, where particles are 

reduced under intense heat fluxes at up to 1700 C. These receivers employ solid particles 

in a falling curtain that is directly irradiated by concentrated sunlight from a field of 

heliostats. The particles are required to exhibit high thermal stability; however, this type of 

receiver requires solutions for abrasion and high-temperature materials handling. 

2. Fluidised bed (side-irradiated) receivers use a bed of small particles which are continually 

kept in movement by an upward flow of gases which can be either reactants or additional 

inert gases. The side irradiated version is currently being developed in Japan (Kodama et 

al., 2002). It has been demonstrated under artificial light conditions for coal gasification. 

3. Fluidised bed (upward facing) is a variation on the side-irradiated reactor concept, where 

concentrated radiation is introduced from above either though a quartz window or silicon 

carbide radiator plate. Recent work has used the concept for redox processes for water 

splitting (Gokon et al., 2010). 

4. In a membrane reactor (molten media), a selective membrane is used to modify the 

chemical equilibrium by separating hydrogen from other reaction products to allow lower 

temperature operation (Giaconia et al., 2008). This concept draws on progress made in 

molten salt technology widely used in CSP applications to provide thermal energy for 

chemical reactions.  

5. The molten media bath is a novel approach for the direct thermal cracking of methane or 

hydrocarbons to hydrogen and carbon. A high-temperature molten metal (tin or lead) is 

used to catalyse the pyrolysis of methane and provide an effective method for recovering 

the co-product carbon (Paxman et al., 2014). 

6. Packed bed (batch) is a concept for gasification processes. A fixed inventory of 

carbonaceous solids is converted to syngas under high-temperature conditions during a 

single operating session. Typically, a radiator plate is used rather than a window to 

transmit heat to the material to be gasified (Piatkowski et al., 2009). 

7. Quasi-continuous (switching redox mode) is the leading method of operating a redox 

system for water splitting (Roeb et al., 2011). Here, two reactors can be switched 

alternately between reduction and oxidation (water-splitting) modes to provide essentially 

continuous production of hydrogen.  

8. Rotary kiln involves solarisation of an existing process, where solar energy is directed 

within a rotary kiln to facilitate a reaction or drying process. A popular application is 

cement manufacture (Gonzalez and Flamant, 2014). 

9. Rotating recuperating reactors are a unique approach to the high-temperature 

recuperation challenge that redox processes present where solid wheels holding the redox 

material are rotated into and then out of the focal region. Use of counter rotating wheels 

in close proximity allows recuperation of heat between them (Diver et al., 2010). 

10. The tubular (directly irradiated) concept involves the direct irradiation of metal tubes 

containing catalysts and/or reactants; for example, the adaptation of the industrial process 

for SRM with unique geometry to allow solar capture (Benito et al., 2003). 
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11. The indirectly heated tubular concept (via a heat transfer fluid [HTF]) is a further 

adaptation of industrial SRM technology. The HTF transfers heat from the receiver to the 

reactor components, and it can also enable thermal storage (McNaughton et al., 2012). 

12. Volumetric (windowed, fixed media) receivers are a highly efficient method of solar 

capture. Radiation is transmitted through a quartz glass window to allow direct heating of 

the reaction (Tamme et al., 2001). 

13. Vortex (windowed cavity) pressurised receivers transmit solar energy through a window to 

allow energy to be adsorbed directly onto particles moving in a vortex (Hirsch and 

Steinfeld, 2004). 

Each of the reactor/receiver types listed above has differing advantages and suitabilities for 

producing a solar fuel. Selection is strongly dependent on the phase of the reactants and products 

for each reaction. Gaseous reactant/product combinations are suitable for flow reactors, such as 

tubular and volumetric; reactions involving solids are more suitable for fixed bed switching and 

moving bed designs. 

Indirect heat transfer systems for solar fuels and process industries 

In general, the process heat required for industrial chemical processes is provided by 
combusting a fuel. The heat input can be readily controlled, allowing it to be used across a 
wide temperature band. Solar thermal systems can also provide the correct temperature 
band but require an intermediate heat transfer medium to provide the necessary control. 

The vast majority of solar fuel systems that have been demonstrated rely on direct 
illumination of the reactor to thermally drive the chemical reaction, because of the extreme 
temperatures involved. Indirect systems use a heat transfer medium to move heat away from 
the focal area at very high temperatures to a reactor zone, where heat transfer can occur in a 
controlled and continuous manner. When used in combination with appropriately sized 
buffers, heat can be supplied 24/7 to the fuel reactor. Taking the heat buffer approach allows 
the chemical system to operate in a steady-state mode, increasing reliability and allowing 
product (syngas composition) distributions to be better controlled. This concept has been 

extensively proven in CSP plants where 590 C molten salt is used to store heat at efficiencies 
of 99% for 24/7 electricity generation. 

Solar fuels reactors operate above 750 C, with many above 1000 C; consequently, molten 
salt is not suitable for these systems. Alternative heat transfer media that have been 
demonstrated in solar thermal systems include gases, such as air, helium or CO2; liquids, such 
as sodium, tin, carbonate salts, or chloride salts; and solids, such as sand, graphite, silicon 
carbide and alumina. 

Each of the proposed new heat transfer media presents unique challenges. In particular, 
issues such as stability under thermal cycling conditions, operating temperature ranges, 
freezing points and pumping/handling capabilities all require novel solutions. 

Developing a suite of heat transfer solutions for high-temperature solar thermal systems 
would allow integration of solar energy into existing fuel synthesis plants, accelerating the 
uptake of solar-based fuels while demonstrating the technology on a more practical size. It 
would also open up solar thermal integration options to a much wider industry audience. 
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2.3 Solar reaction systems 

The fuels discussed in Section 1.2 all store energy in the form of chemical bonds. The energy can 

be released by rapid oxidation (combustion). Alternatively, in the case of hydrogen (and also under 

investigation for methanol and ammonia), a more controlled energy release – directly to electricity 

– can be achieved by fuel cell technology. 

Solar fuels are created when solar energy is used to chemically boost the amount of stored energy 

within a substance by an endothermic chemical reaction. The aim is to have a stable final product 

that can be transported for use at a later time. Chemical energy storage has many advantages; 

however, the most significant is its extremely high energy densities. This is demonstrated in Table 

4, where chemical fuels such as hydrogen and gasoline are shown to have mass-based energy 

storage densities several orders of magnitude higher than state-of-the-art batteries, such as 

lithium-ion. Combined with the relatively low cost, this will ensure that chemical fuels will remain 

the preferred choice for any applications requiring high energy density (such as transport) in the 

near future. 

Table 4: Selected energy storage densities 

Technology Energy density (kJ/kg) 

Hydrogen 142,000 

Gasoline 45,000 

Coal 24,000 

Sulfur 12,500 

Cobalt oxide redox-cycle 850 

Lithium-ion battery 580 

Molten salt (phase change) 230 

Molten salt (sensible) 155 

Elevated water dam (100 m) 1 

 

Producing the end-use fuels listed in Section 1.1 is usually a two-stage process. The initial solar-

driven endothermic reaction produces solar product gases, which are either mixtures of hydrogen 

(H2) and carbon monoxide (CO) (described as syngas) or pure hydrogen. Production of the basic 

solar process gas is followed by the synthesis of the desired end product fuel in a process that 

largely builds on industrially used existing technology, which could be located separately from the 

solar facility. As illustrated in Figure 10, chemical reactions suitable for the production of solar 

fuels can be broken into two classes: decarbonisation-based solar fuels and water/carbon dioxide 

(CO2)-splitting solar fuels. 



20 | Concentrating Solar Fuels Roadmap: Final Report 

 

Figure 10: Summary of solar fuel options 

Source: Paul Scherrer Institute 

Carbon-based solar fuels are similar to common fuels in use today, and are seen as short-term 

intermediate solar fuel products that will enable lower-emissions fuels to be produced without the 

need for large changes in infrastructure or technology. Because these fuels are produced using 

largely known chemical processes already used in industrial settings, they are therefore a more 

mature technology option. Short and midterm processes use conventional unprocessed fuels as a 

feedstock for energy upgrading of fuels by embedding solar energy into the products. 

Hydrogen-based solar fuels will require more development of solar reactor technology, the 

required infrastructure to distribute the fuel, and end-use applications (probably fuel cell based). 

They are therefore seen as longer-term CSF options, but do offer the promise of truly zero carbon 

emission fuels. Other longer-term options look to combined water and CO2-splitting processes. 

Common to all solar fuel products is that their production processes will enable subsequent 

synthesis of today’s fuels, such as diesel and gasoline, or recognised alternatives such as hydrogen. 

2.4 Solar fuels – chemical reaction pathways 

Chemical reaction pathways are characterised by endothermic reactions that adsorb thermal 

energy to create high-energy fuels. While many candidate reactions are theoretically possible, 

substantive screening processes (Kodama and Gokon, 2007) (Abanades et al., 2006) have 

identified a select few that have progressed to on-sun experiments. 

The chemical reaction pathways and current state-of-the-art developments for solar fuels options 

are presented in detail in Appendix A.1, and are summarised below within two high-level groups: 

hybrid solar-carbon fuel technologies and carbon-free solar fuels. 
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2.5 Hybrid solar-carbon fuel technologies 

This section covers the technologies that could enable the early adoption of solar hybrid fuels; that 

is, conventional fuels that have been modified through thermochemical processing to embed solar 

energy. Typically, endothermic reactions are used to capture solar energy, where the carbon-

based reactants are converted to syngas. A key feature of these systems is that the chemical 

products of the reactions contain more energy than the feedstock; this increase in energy content 

is effectively embedded solar energy. The majority of these reactions are based on well-known 

industrial chemistry and have been demonstrated at scales up to 600 kWth as solar thermal 

processes (Agrafiotis et al. (2014). 

The production of syngas in each of these reactions generates a range of H2/CO molar ratios, 

depending on the carbonaceous feed stock and reactor operating conditions. These need to be 

tailored to match both the downstream process and desired product. 

Although these reaction pathways in the short to medium term are targeted towards carbon-

based fuels, in the longer term all the reactions discussed in the section can be modified to include 

carbon capture systems. This effectively creates carbon-free processes for hydrogen production. 

Even when including the cost of carbon capture in these processes, they are still likely to be 

competitive with competing water-splitting technology (both redox and PV/electrolysis). 

The most common reactions are: reforming, gasification of coal and biomass, and direct methane 

cracking. Each of these is described below. 

2.5.1 Reforming 

Industrial reforming of methane (CH4) is used to produce more than 95% of the world’s hydrogen, 

and is therefore an extremely mature technology. Large commercial reformers produce more than 

200,000 Nm3/h of hydrogen in a single train. Solar methane reforming is perhaps the most widely 

studied solar thermochemical option, with extensive on-sun experience by Australian and 

overseas investigators using a variety of reactor types with solar inputs ranging from 25–600 kWth.  

The key reactions are: 

Steam reforming: H2O + CH4  3 H2 + 1 CO 

CO2 reforming (dry): CO2 + CH4  2 H2 + 2 CO 

Steam reforming has been more widely investigated than either mixed steam/CO2 or CO2 

reforming. It has the advantage of commercially available catalysts, whereas the latter types 

require some measure of catalyst development, which to date has only been done at the 

laboratory and small pilot-plant scales. Solar-driven steam reforming is therefore considered to be 

closer to commercialisation than the other two reforming modes. 

Reforming of methane with mixtures of CO2/H2O is possible, and is referred to as mixed reforming. 

Figure 11 shows a tubular reformer developed and successfully operated by CSIRO. 
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Figure 11: CSIRO 200-kW steam reformer 

Over the last 25 years or so there has been an extensive research and development (R&D) effort 

worldwide on the solar reforming of methane in all three modes (steam, mixed (H2O/CO2) and dry 

CO2), with more than 20 organisations/research groups contributing to the knowledge base. This 

work has recently been comprehensively reviewed (Sheu et al., 2015; Simakov et al., 2015; 

Agrafiotis et al., 2014). 

Outlook for solar reforming 

Worldwide, research groups have accumulated hundreds of hours of on-sun experience, 
making solar-based steam reforming the most demonstrated and advanced solar fuels 
technology. When combined with the close similarity to industry-based steam reforming, it is 
a standout as today’s most understood and scalable technology. 

Some technical risks remain for steam reforming; namely, quantifying the impact of daily 
thermal cycling on the receiver reactor components, including both catalysts and the tubular 
receiver materials. This can be addressed with operational experience in a demonstration 
facility as a precursor to commercial-scale operations. 

2.5.2 Gasification of coal and biomass 

The solar steam gasification of coal and other carbonaceous materials, such as biomass, to 

produce high-quality syngas is a potentially attractive industrial process. It can be represented by a 

generic, simplified net stoichiometric reaction (neglecting the relatively small amounts of sulfur 

and nitrogen in the coal and most biomass): 

C1HxOy + zH2O + Ash + (1-y-z)H2O → CO +(1-y+x/2)H2 + Ash 

The x and y in the feedstock formula are parameters that change according to the material. For 

example, black coal is dominated by carbon, while biomass has large amounts of hydrogen and 

oxygen (O2). Additionally, if the biomass is derived from a truly renewable and sustainable source, 

then gasifying it using solar thermal energy to provide the reaction enthalpy is a potentially 

attractive means of producing emission-free syngas. As with solarised coal gasification, using solar 
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energy as the heat source increases both the yield and quality of the syngas, since no internal 

oxidation (combustion) processes are required. 

Depending on the operating conditions, components such as tars and other volatile organics may 

also be formed, especially when using coal. 

In conventional autothermal gasification, about 35% of the feed stock is combusted internally with 

pure O2 to supply the high-temperature heat for this highly endothermic reaction. This inherently 

decreases the hydrogen and CO yield and contaminates the gas with significant amounts of CO2. 

When solar energy is used to provide the reaction heat, it offers the following benefits over 

conventional autothermal gasification: 

 It produces a higher yield of syngas (H2 and CO) per unit of feed stock, since no portion of 

the feed is combusted for process heat. 

 It avoids contamination of the syngas with combustion by-products (mainly CO2), and 

consequently reduces costly downstream gas cleaning and separation requirements. 

 It eliminates the need for an air separation plant for pure O2, since steam is the gasifying 

agent. 

 It offers a means of storing intermittent solar energy in a transportable chemical form. 

 As no portion of the feed stock is combusted for process heat, the chemical energy 

content of the feed can be upgraded by up to 33%. 

Outlook for solar gasification 

The world has significant expertise in traditional gasification processes, and several research 
groups have adapted it to solar thermal-based systems working at laboratory scale. Pilot-scale 
demonstrations are limited to two systems at 150 kW (Figure 12) and 500 kW with on-sun 
operations of tens of hours. 

The challenges remaining for solar-driven gasification are common across all of the 
carbonaceous feed stocks, including biomass materials. These include feeding solids or 
slurries into the gasification zone and removing solids (ash and unconverted carbon) from the 
reactor in a controlled manner. Continued work at pilot scale is required to develop a solution 
for these challenges. However, the potential to utilise low-cost feedstocks to produce low-
cost solar fuels makes solar gasification a promising approach. 
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Figure 12: Schematic of SolSyn two-cavity beam-down reactor (left) and installation of 150-kWth SolSyn reactor on 

solar tower at the Plataforma Solar de Almeria (right) 

Source: https://www.psi.ch/lst/kti-solsyn 

2.5.3 Direct methane cracking 

Methane can be directly decomposed to a mixture of hydrogen and solid carbon directly without 

any intermediates if the correct process conditions can be obtained: 

CH4  2 H2 + C 

Methane splitting is favoured by high temperatures and low pressures, driving receiver/reactor 

designs to windowed systems that enable direct heating of particles, while indirect systems 

require wall systems suitable for temperatures around 1700 C. A newer approach is the use of a 

liquid metal bath that catalyses the reaction, enabling lower-temperature operation. 

All systems aim to produce solid carbon. Depending on the system, this poses different issues, as 

particles stick to windows and walls, inhibiting heat transfer and potentially blocking reactors and 

destroying the quartz window. The efficient removal and collection of high-temperature carbon 

dust is also challenging. A market exists for high-quality ‘carbon black’; however, in the context of 

a large-scale solar fuels industry, most of the solid carbon would need to be buried. This form of 

sequestering is, however, likely to be easier and cheaper than CO2 sequestration, suggesting that 

methane cracking could be an attractive method for producing pure, emission-free hydrogen from 

a hybrid solar/fossil process. 

While the splitting of methane into carbon and hydrogen will occur under the correct process 

conditions, the presence of the reactive intermediates also favour subsequent formation of a wide 

range of undesirable polycyclic aromatic hydrocarbons. 

Outlook for direct methane cracking 

In theory, direct methane cracking produces hydrogen with a solid carbon by-product that is 
suitable for sale or sequestration. Research groups have shown some success in laboratories 
with capacities of 1–10 kWth. However, significant issues need solving for a commercial plant, 
due to the high temperatures, thermal cycling and recuperation requirements. Of critical 
importance is the control of unwanted by-products (polycyclic aromatic hydrocarbons), which 
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have been identified as carcinogenic and mutagenic, and are therefore considered pollutants 
of concern to human health. 

In the near term, work will be required to develop concepts that allow control of downstream 
reactions, and address the thermal requirements of the high-temperature reactor/receiver. 
As a result, the technology is expected to remain at laboratory scale until a breakthrough is 
made. 

2.6 Carbon-free solar fuel production 

Moving to net carbon emission-free fuels will require the development of both water and CO2- 

splitting pathways. The direct thermal dissociation of water requires very high temperatures of at 

least 2200 C for any appreciable dissociation. It also requires high-temperature oxygen–hydrogen 

separation using a membrane, making it an unlikely path for hydrogen production. CO2 splitting is 

equally challenging. Fortunately, several multistep reaction pathways have been demonstrated 

that can operate at lower temperatures and enable the efficient separation of oxygen from 

hydrogen. 

There are three basic reactions for using the metal oxide/redox system for the solar thermal 

production of hydrogen and CO via the splitting of water and CO2, as summarised below: 

 MO → M + 1/2O2 

 M + H2O → MO + H2 

 M + CO2 → MO + CO 

Overall, the net reactions are: 

2H2O + 572 kJ/mol → 2H2 + O2 

CO2 + 283 kJ/mol → CO + ½O2 

A solar thermochemical liquid fuel system based on these highly endothermic splitting reactions 

needs a source of CO2 and water; a suitable metal oxide working material (not consumed); a solar 

receiver/reactor, in which the reduction and re-oxidation reactions take place; and a fuel-

processing unit that converts the produced H2 and CO into the desired end product fuel. 

The metal oxide/redox systems can be classified into volatile and non-volatile metal oxide cycles. 

2.6.1 Volatile metal oxide cycles 

Since the temperatures required for thermal reduction are very high, they can in some cases 

exceed the boiling point of the reduced species. These are referred to as volatile metal oxide 

cycles. Those that have been investigated include the zinc oxide/zinc (ZnO/Zn), tin (IV) oxide/tin 

(II) oxide (SnO2/SnO), germanium dioxide/germanium oxide (GeO2/GeO) and cadmium 

oxide/cadmium (CdO/Cd) cycles. The ZnO/Zn cycle is by far the most investigated of these cycles; 

work on this is briefly discussed below. 

Zn (melting point 420 C; normal boiling point 907 C) has been widely studied because it is 

relatively non-toxic, cheap and a potentially attractive energy vector. 



26 | Concentrating Solar Fuels Roadmap: Final Report 

The first step in this cycle is the thermal dissociation of ZnO to gaseous Zn and oxygen using solar 

process heat at temperatures exceeding 1700 C, represented as: 

ZnO → Zn + ½ O2       

After quenching, the second non-solar step is the exothermic reaction of Zn with H2O and/or CO2 

to generate H2 and/or CO, represented as: 

Zn + H2O → ZnO + H2       

Zn + CO2 → ZnO + CO       

Zn + H2O + CO2 → ZnO + H2 + CO      

Alternatively, Zn can be reacted with air in a Zn-air battery to produce electricity (as demonstrated 

in the SOLZINC project, https://www.psi.ch/lst/solzinc): 

Zn + air → ZnO + electricity      

In all cases, ZnO is recycled to the first step, thus closing the cycle. 

Following the technical demonstration of the ZnO decomposition reaction with a 10-kWth solar 

reactor prototype, a 100-kWth solar pilot plant was designed, fabricated, and experimentally 

tested at the large-scale solar concentrating facility of PROMES-CNRS in Odeillo, France as part of 

the Solar2Zinc project. The project conducted by the Paul Scherrer Institute and the Swiss Federal 

Institute of Technology in Zurich with the financial support of the Swiss Federal Office of Energy. 

The solar reactor and peripheral components are shown schematically in Figure 13. During the 

experimental campaign, more than 60 hours of on-sun testing at the 1-MW solar furnace were 

achieved, with each experiment lasting between 3 and 9 hours. The reactor cavity lining exhibited 

good mechanical and thermal stability, and did not show any visible degradation at the end of the 

experimental campaign. 

 

 

 

 

Figure 13: 3-D layout of the 100-kWth solar pilot plant for thermal dissociation of ZnO (left) and view of the large 

solar furnace of PROMES-CNRS in Odeillo, France (right) 

 

The technical feasibility of using Zn to split both H2O and CO2 separately and simultaneously has 

been demonstrated in the laboratory (Loutzenhiser et al., 2010a; Loutzenhiser et al., 2010b; 

Loutzenhiser et al., 2011). The emphasis of this work has been on measuring the reaction kinetics 

and how this is influenced by factors such as temperature (700–1000 K), Zn particle size and 

conversion level. The use of aerosol reactors with sub-micron Zn particles in a flow of oxidant 

(H2O, CO2 or H2O/CO2) has received particular attention for this purpose. 
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Outlook for volatile metal oxide cycles 

Volatile metal oxide cycles have been demonstrated on sun at scales up to 100 kWth and 
operating times of up to 100 hours in several collaborative European projects. The required 

operating temperatures – over 1700 C – are relatively high, but promise the production of a 
relatively pure metal that can either be used for hydrogen production or directly in a metal-
air battery system. Significant challenges must still be solved in the system during the 
condensation of the metal vapour, where problems such as re-oxidation, side reaction or 
inappropriate condensation/solidification causing blockages could prevent long-term 
operation. As a method of storing solar energy, the condensation process also presents 
difficulties in recuperating heat: this is a vital component to efficient storage of solar energy 
in the product fuel. 

Although volatile metal oxide systems have been developed and operated at reasonable scale 
on-sun, they have to date only demonstrated very low conversion of solar to stored energy, 
predominately due to challenges in the condensation stage and recuperation system. In the 
near term, research will continue to be focused in this area, but there is little likelihood of a 
commercial-scale application of this technology until workable solutions are developed. 

2.6.2 Non-volatile metal oxide cycles 

As in the volatile metal oxide splitting cycles, non-volatile metal oxide cycles produce hydrogen 

and/or syngas from CO2 and water. The cycled oxide material however always remains in the solid 

phase. The general reactions for these cycles can be represented as: 

1

d
𝑀𝑂𝑥,𝑠𝑜𝑙𝑖𝑑

ℎ𝑒𝑎𝑡
→  

1

d
𝑀𝑂𝑥−d,𝑠𝑜𝑙𝑖𝑑 +  ½𝑂2  

1

d
𝑀𝑂𝑥−d + 𝐶𝑂2

1

d
𝑀𝑂𝑥 +  𝐶𝑂   

1

d
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where MO = metal oxide. In essence, the reduction reaction results in a partially reduced oxide 

with the parameter, ∂, representing the degree of reduction, non-stoichiometry or the reversible 

oxygen storage capacity. 

Cycles based on iron oxides/ferrites, ceria, perovskites and cobalt ferrite/hercynites are among 

those that have been most widely investigated to date, with the ceria cycle receiving the most 

attention. 

The ceria cycle 

The capacity of cerium oxides (Ce2O3/CeO2) to store and release O2 under varying 

reduction/oxidation atmospheres has been applied for decades in automobile catalytic convertor 

technology. However, it was not until 2006 that a group from French research unit, PROMES, 

proposed that a cycle based on this feature of cerium be investigated for solar-driven H2O or CO2-

splitting. The group demonstrated the reduction of CeO2 to Ce2O3 and O2 in a laboratory-scale 

solar reactor, followed by oxidation of the Ce2O3 back to CeO2 with steam to produce H2 

(Abanades and Flamant, 2006). However, the reduction step was conducted at pressures of 100–

200 mbar and temperatures higher than 1950 C, where the CeO2 was in the molten state. 
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To avoid the CeO2 melting problem, a research group at the California Institute of Technology 

(Caltech) proposed a non-stoichiometric cycle, to become known as the ceria cycle, involving the 

following reactions (Chueh and Haile, 2009): 

CeO2  CeO2-δ + (2-δ) O2 (>1773 K)  

CeO2-δ + δH2O  CeO2 + δH2 (900–1300 K)  

 CeO2-δ + δCO2  CeO2 + δCO (900–1300 K) 

Work on this cycle has been largely motivated by the following desirable characteristics of the 

ceria system: 

– CeO2 can be reduced to a significant degree of non-stoichiometry without any phase 

changes while retaining a cubic fluorite structure. 

– The cycle is capable of faster hydrogen and syngas production kinetics and high selectivity 

during the oxidation step. 

– Ceria has high thermal stability and maintains its oxygen transfer capability over repeated 

cycling between reduction and oxidation, largely due to its fluorite-type structure. 

However, the reduction step occurs at temperatures not lower than 1773 K, even when 

the O2 partial pressure is as low as 10-5 atm (Chueh et al., 2010; Chueh and Haile, 2010) 

Work on the ceria cycle has been conducted primarily in the following areas: 

– thermodynamic analyses to examine the effect of key process parameters on overall cycle 

performance 

– the use of metal dopants to lower the reduction temperature while increasing both the 

degree of reduction (non-stoichiometry) and thermal stability/cyclability 

– kinetic studies of the reduction and H2O- and/or CO2-splitting steps over a variety of Ce-

based materials 

– development of support structures/substrates to deposit ceria on for use in practical 

reactor systems in which there is efficient heat and mass transfer to maximise the 

performance of the cycle under real solar conditions 

– performance testing of the reduction and oxidation steps using laboratory and pilot-scale 

reactors integrated with concentrated solar energy. 

Outlook for non-volatile metal oxide cycles 

Non-volatile metal oxide cycles have seen large growth in the number of research groups 
investigating them worldwide over the past 10 years. The more established groups are now 
working on sun with systems up to 100 kWth, and are proposing to scale this up to 750 kWth in 
2016. Significantly, theoretical investigations show that conversion of solar energy to stored 
chemical energy could be higher than 40% (Ermanoski et al., 2014) under ideal conditions. 
Major challenges remain in achieving these efficiencies, with recuperation, material stability, 
very low reversible oxygen storage capacity and high inert material loads all keeping current 
system efficiencies well below 10%. 
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In the near term, the large R&D effort should begin to address these challenges, but we 
expect that systems suitable for commercial application are still some time away. This option 
does, however, offer the most likely technology to achieve direct water splitting. 

2.6.3 Sulfur cycles 

The other promising redox options for water splitting are sulfur-based cycles. Most of these 

processes are based on the thermal splitting of sulfuric acid into sulfur dioxide and oxygen. Even 

with efficient catalysts, this process requires temperatures above 850 C: 

 𝐻2𝑆𝑂4 → 𝐻2𝑂 + 𝑆𝑂2 +
1

2
𝑂2  

Sulfur cycles were primarily developed to be coupled with high-temperature heat from nuclear 

fission power plants. The main work has been carried out by General Atomics and Westinghouse 

in the United States, the European Joint Research Centre in Ispra, Italy and the Japan Atomic 

Energy Research Institute (now Japan Atomic Energy Agency). Since no very-high-temperature 

reactor is yet in operation, concentrated solar energy is the only available heat source that can be 

coupled to the cycles at a large scale. While we note that no industrial scale solar plant has yet 

been coupled to a chemical process either, the hurdles to overcome are considered to be lower 

than coupling to a very-high-temperature reactor. 

A major advantage of the sulfur-based processes is their close relationship to sulfuric acid 

production. Therefore, the high-temperature step – namely, the decomposition of sulfuric acid – is 

considered to be scalable, although has currently only been demonstrated with a solar input at the 

10-kW range. 

2.7 Carbothermic solar processes 

The carbothermic reduction of metal oxides is an alternative to the very high temperature 

dissociation processes discussed in Section 2.6.1. In carbothermic reduction, a carbon source is 

used to react with the metal oxide to reduce it to the elemental metal. The carbon source can be 

derived from traditional fossil fuels or an appropriate biomass. 

The key advantage of the carbothermic approach is that it lowers the temperature for reduction of 

the metal oxide by up to 1000 K. In the case of the Zn/ZnO process the operating temperatures for 

the reduction are close to 2000 K for the purely solar approach and below 1000 K for the 

carbothermic alternative. 

As with the processes discussed in Section 2.6.1, the pure metal product produced can be used 

either as a reactant in the splitting of water/carbon dioxide or in a metal/air fuel cell depending on 

the application required. 

While outside the scope of this report, it should be noted that a large number of industrial 

processes for the reduction of metals ores incorporate a carbothermic reduction step where the 

carbon source is used chemically to reduce the ore as well as being combusted to provide process 

heat (e.g. iron production in a blast furnace). These industrial processes also have the potential to 

incorporate solar thermal energy to displace the combustion of fossil fuels. 
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2.8 Solar fuels and synthesis 

Once a solar fuel gas (typically syngas or hydrogen) is produced, it needs to be processed to 

become a marketable product. Figure 14 illustrates the paths available for producing solar 

thermal-based fuels from the base solar product of syngas. All of the fuel synthesis options given 

in the figure are well-established chemical processes operations that are practiced on a large 

industrial scale around the world. 

 

Figure 14: Summary of solar fuels synthesis options 

2.8.1 Fischer–Tropsch synthesis of liquid fuels 

The Fischer–Tropsch (F–T) process involves a series of chemical reactions that convert syngas into 

a variety of alkane hydrocarbon molecules as follows: 

 (2n + 1) H2 + nCO → CnH(2n + 2) + nH2O 

The F–T reactions are exothermic and operate in a relatively narrow temperature range, placing 

high demands on heat removal and temperature control. Reactor designs (fixed and fluidised bed, 

and slurry phase) have been developed to usefully recover this heat. 

Most of the alkanes produced tend to be straight chain, making those in the diesel boiling range 

premium fuels. By contrast, those boiling within the gasoline range are of lower quality as a motor 

fuel, due to the absence of aromatics. In addition to alkane formation, competing reactions 

produce small amounts of alkenes, as well as alcohols and other oxygenated hydrocarbons. 

The process requires the use of a catalyst, with the most common being based on the transition 

metals iron, cobalt and ruthenium. 

As indicated by the above reaction, the synthesis gas feed requires a H2/CO molar ratio slightly 

higher than two. When based solely on the steam reforming of methane, there will be a surplus of 

hydrogen. If there is no market for this surplus H2, the production of solarised F–T synthesis feed 

gas will benefit by using some CO2 in the reforming step to provide the appropriate H2/CO ratio. 
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Generally, the F–T process is operated in the temperature range 150–300 C. Higher temperatures 

lead to faster reactions and higher conversion rates, but also tend to favour the undesired 

formation of methane. For this reason, the temperature is usually maintained at the low to middle 

part of the range. Increasing pressure leads to higher conversion rates and also favours formation 

of long-chain alkanes, both of which are favourable. Typical operating pressures are 20–30 bar. 

The F–T process can produce the full range of hydrocarbons, from methane to heavy waxes. 

Perhaps the most efficient commercially practiced operation of the F–T process produces waxes 

(to minimise the formation of methane), which can subsequently be refined by mild hydro-

cracking to produce liquid transport fuels. Waxes for non-fuel applications can also be valuable 

products in limited supply. 

The largest scale implementation of F–T technology is in a series of plants operated by Sasol in 

South Africa, a country with large coal reserves but little oil. The first coal-based plant commenced 

operation in 1952 and there are now three others, based on both coal and natural gas, producing 

a variety of synthetic petroleum products, including most of the country’s diesel fuel. Other F–T 

plants are located around the world, based largely on natural gas, and more are planned. 

F-T technology traditionally involves extremely large plants; an active area of commercial interest 

is the development of smaller more modular FT reactors systems. 

2.8.2 Methanol 

The conversion of synthesis gas to methanol over a Cu/Zn catalyst can be summarised by the 

following reactions: 

 CO + 2H2 ↔ CH3OH  ∆H298 K 50 Bar = –90.7 kJ/mol 

 CO2 + 3H2 ↔ CH3OH + H2O ∆H298 K 50 Bar = –40.9 kJ/mol 

Methanol synthesis is exothermic; hence conversion is increased by operating at low temperature 

(220–270 C) and high pressure (up to 100 bar). Thermodynamics, reaction mechanism, kinetics 

and catalyst properties are discussed in Hansen and Nielsen (2008). 

Unlike in F–T synthesis, methanol can be produced from CO2 as well as from CO. Methanol 

synthesis gas is characterised by the stoichiometric ratio (H2 – CO2)/ (CO + CO2), often referred to 

as the module M. A module value of two defines a stoichiometric synthesis gas for the formation 

of methanol by the above reactions. 

Methanol production involves the steps of synthesis gas preparation, methanol synthesis 

(including gas compression) and purification (Aasberg-Petersen et al., 2013). 

The challenge in the design of a methanol synthesis reactor is to remove the heat of reaction 

efficiently and economically – that is, at as high a temperature as possible – while at the same 

time equilibrating the synthesis reactions at low temperature to maximise the per-pass 

conversion. Three designs of methanol synthesis reactors have been used. 

Unlike F–T synthesis, methanol synthesis is highly selective, with carbon selectivity to methanol 

being as high as 99.9%. This is remarkable, since the by-products are thermodynamically more 

favoured than methanol itself. Typical by-products include dimethyl ether (DME), higher alcohols, 

other oxygenates and trace amounts of acids and aldehydes. 
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This is a very mature technology, with 2013 global methanol production reaching 65 million 

tonnes, primarily for chemical feedstock uses, rather than fuel. By volume, methanol is one of the 

top five chemical commodities shipped around the world each year. It can and has been used 

directly as a fuel or in combination with gasoline and diesel. 

Single-train methanol plants with capacities of greater than 5,000 tonnes/day of methanol are in 

operation today with plants double this capacity being planned for the future. Ferrostaal have a 

5000 tonnes/day plant in Trinidad1.  

Overall, methanol plants are lower in capital cost and available in smaller sizes than F-T plants. 

2.8.3 Dimethyl ether 

DME, also known as methoxymethane (CH3OCH3), is primarily produced by the catalytic 

dehydration of methanol using a silica-alumina catalyst: 

 2CH3OH ↔ (CH3)2O + H2O   ∆H298K = –23.3 kJ/mol 

This is a two-step (indirect) synthesis that starts with methanol synthesis (e.g. from natural gas) 

followed by methanol dehydration. The same process can be based any type of fossil fuel, organic 

waste or biomass. 

Alternatively, DME can be produced through direct synthesis from syngas, using a dual-catalyst 

system that permits both methanol synthesis and dehydration in the same process unit, with no 

methanol isolation and purification. By eliminating the intermediate methanol synthesis stage, the 

process licensors claim efficiency advantages and cost benefits (Sai Prasad et al., 2008). This one-

step process is endothermic and could in principle be solar driven, although no investigation of 

this appears to have been reported to date. 

DME is the sole fuel product. It is a promising fuel for diesel engines, owing to its high cetane 

number (55, compared with 40–53 for most diesel fuels) and clean-burning attributes. Only 

moderate modifications are needed to convert a diesel engine to burn DME. It can also be used in 

adapted spark ignition (petrol) engines (30% DME/70% liquefied petroleum gas) and gas turbines.  

The combustion of this simple short-carbon-chain compound results in very low emissions of 

particulate matter, oxides of nitrogen (NOx) and CO. For these reasons, as well as being sulfur-free, 

DME meets even the most stringent emission regulations in Europe, the United States and Japan. 

Both the one-step and two-step processes are commercially available. Currently, the two-step 

process is more widely applied, since it is relatively simple and has lower start-up costs. 

2.8.4 Methanol to gasoline 

Syngas can be converted to gasoline using methanol as an intermediate. This process is far more 

selective than the F–T synthesis, but is restricted to producing gasoline rather than diesel fuel. 

                                                           

 

1 http://www.ferrostaal.com/de/petrochemicals/methanol/ 

http://www.ferrostaal.com/de/petrochemicals/methanol/
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Methanol can be converted to hydrocarbons boiling in the gasoline range by reactions occurring 

over a synthetic zeolite catalyst (ZSM 5) thus: 

2CH3OH → (CH3)2O + H2O → light olefins → higher olefins + n/iso-paraffins + aromatics + naphthenes 

As can be seen from the reaction scheme, methanol is first dehydrated to DME. The equilibrium 

mixture of methanol, DME and water is then converted to light olefins (C2–C4). A final reaction 

step leads to a mixture of higher olefins, n/iso-paraffins, aromatics and naphthenes, to produce a 

gasoline that needs only minor further refining to attain the quality of unleaded premium gasoline. 

In the methanol-to-gasoline section of the process, methanol is vaporised and fed into the DME 

reactor, where it is catalytically equilibrated over a special alumina catalyst to a mixture of DME, 

methanol and water. The reaction takes place at a reactor inlet temperature of 310–320 C and a 

pressure of around 26 bar. Approximately 15–20% of the exothermic heat of reaction is released 

in this first step, which is controlled by chemical equilibrium. The DME reactor effluent is mixed 

with recycle gas to moderate the temperature rise over the second reactor, and then fed to the 

ZSM 5 reactor, the inlet temperature of which is 350–370 C. 

The most notable commercial application of this technology is the synfuel plant commissioned at 

Motonui, Taranaki, New Zealand in 1985. This plant, which included two 2,200 tonnes per day 

methanol production units, was capable of producing 570,000 tonnes per annum of gasoline 

(Maiden, 1987). It was successfully operated for about 10 years before the methanol-to-gasoline 

section was shut down and the plant was converted to chemical-grade methanol production. 

Mobil also developed a modified version of its process in an effort to produce diesel. This process, 

referred to as the Mobil olefins to gasoline and diesel process, was tested in a Mobil refinery in 

1981 to demonstrate the technology. Other processes that may merit evaluation for the 

conversion of methanol to liquid fuels in a solar context include the methanol to olefins (MTO) 

process developed by UOP/Norsk Hydro and Haldor Topsoe’s Topsoe Improved Gasoline Synthesis 

(TIGASTM) process (Keil, 1999). A 15,500 barrel per day plant using the TIGASTM process is planned 

in Turkmenistan. 

2.8.5 Ammonia 

Ammonia is a major industrial chemical produced in massive quantities worldwide primarily for 

the production of fertilisers and explosives. There is increasing interest, particularly in Japan, in 

using ammonia as both a liquid fuel and hydrogen storage medium. Worldwide production of 

ammonia was 198 million tonnes in 2012, and is predicted to increase by about 35 million tonnes 

by 2019. It is traded and shipped around the world. 

The Haber–Bosch ammonia synthesis process, which is used to produce the vast majority of 

ammonia today, involves the reaction of nitrogen from the air with hydrogen derived mainly from 

natural gas (methane) via the following reversible and exothermic reaction: 

 N2 + 3H2 ↔ 2NH3(g)  ∆H298K = –92 kJmol-1 

In existing commercial plants, ammonia synthesis feed gas is produced by a combination of 

primary (steam) reforming and secondary (catalytic partial oxidation with air) reforming of 

methane. After high and low-temperature water-gas shift, CO2 removal and methanation to 

convert any residual CO (an ammonia synthesis catalyst poison) to methane, this produces a gas 
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with the required H2/N2 molar ratio of 3/1. These process steps are conducted at pressures of 25–

30 bar, followed by compression of hydrogen/nitrogen to that required for ammonia synthesis. 

The synthesis reaction requires high pressure (150–200 bar), moderate temperatures (400–500 C) 

and a catalyst to proceed to any appreciable extent. Commercial ammonia synthesis catalysts are 

iron-based materials, consisting of a mixture of magnetite (Fe3O4), wustite (FeO) and metallic iron. 

They are generally promoted by the addition of potassium oxide (K2O), calcium oxide (CaO), 

silicon dioxide (SiO2) or aluminium oxide (Al2O3), all of which are resistant to reduction by 

hydrogen under ammonia synthesis conditions. 

Even under these conditions, only about 15% of the nitrogen and hydrogen react per pass through 

the synthesis reactor. With cooling and condensing of the product ammonia and recycling of the 

unconverted nitrogen and hydrogen, the overall conversion is approximately 98% (a small amount 

of gas needs to be purged from the synthesis loop to prevent the build-up of methane resulting 

from the unconverted methane and that generated in the methanation step). In some plants, the 

purge gas is treated to recover hydrogen, which is recycled to the synthesis loop. 

The process is very selective and ammonia is the only product. The only loss of N2/H2 is that with 

gas purged from the synthesis loop to prevent methane build-up. This gas is generally used within 

the process as part of the primary reformer fuel. 

The Haber–Bosch process is an extremely mature technology that has been used for ammonia 

production since 1909, with plants of 300–3000 tonnes/day capacity in operation. Australia has a 

number of plants in Western Australia, New South Wales and Queensland. 

2.9 Emissions reduction potential of solar fuels 

All solar fuels are based on the use of endothermic reactions to adsorb energy to drive a particular 

chemical reaction. In doing so, the products from a solar fuel process possess more stored energy 

than the reactants that feed the process. An example of this is the steam reforming reaction: 

 𝐶𝐻4 + 𝐻2𝑂 ↔ 𝐶𝑂 + 3𝐻2  ∆H298K = +206 kJ/mol 

For the reaction to proceed, 206 kJ of energy is required to be added for each mole of reactant. 

Looking at the combustion potential of the reactants compared to the products (syngas), there is 

an increase of 27.9% in energy content (higher heating value) for the products. From a carbon 

emissions viewpoint, a solar syngas combustion process would emit 78.1% of the CO2 per unit of 

heat produced by an equivalent-rated natural gas combustion process. These emissions are 

reduced even further when the combustion that would normally provide the energy for the steam 

reforming reaction is carried out at less than 100% efficiency, which is inevitably the case.  

This is examined the following case study. We established a simulation of a traditional steam 

reformer using the commercial process engineering package, UniSim (Figure 15). In the baseline 

simulation, the natural gas flow was standardised to 100 kg/hr, and the natural gas was split, with 

part being used to provide combustion heat for the process, and the remainder being used within 

the reforming reactor as a reactant. An optimisation subroutine was used to converge the ratio of 

flows to meet the temperature requirements in the reactor: in this case, at an operating 

temperature of 800 C. For the solar cases, the split is set to 0:100, indicating that no natural gas is 

required to heat the reactor. Heat recovery is also included in the simulation. 
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Figure 15: UniSim simulation of a natural-gas-fired primary steam reformer 
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Three cases were considered. The first is typical of ammonia production, where the primary 

reformer products are fed to a secondary reformer at the operating temperature of the primary 

reformer. In this case there is no heat recovery required, and hence up to 33% of the natural gas 

feed is diverted to combustion to fire the reactor. The second considers a case where the 

downstream processing is driving towards hydrogen production, so the heat recovery is limited to 

a temperature suitable for the water-gas shift reaction to occur. In the final case, syngas is the 

desired product, so we were able to maximise the heat recovery, and therefore minimise the 

required diversion of feed gas. 

The results are summarised in Table 5. It follows logically that in the first case, where solar thermal 

energy can make the greatest contribution, that the emissions savings are greatest. All are higher 

than the 21.9% reduction suggested by the simple change in HHV alone based on the reaction. 

Table 5: Emissions reduction potential of three scenarios for steam reforming 

Description Ammonia 
1 – 

traditional 
reforming/

no heat 
recovery 

Ammonia 
2 – solar 

reforming
/no heat 
recovery 

Hydrogen 1 – 
traditional 
reforming/ 

heat 
recovery to 
450 °C (to 

feed HTWGS 
reactor) 

Hydrogen 2 –
solar 

reforming/ 
heat 

recovery to 
450 °C (to 

feed HTWGS 
reactor) 

Syngas 1 –
traditional 
reforming/

heat 
recovery to 
150 °C (to 
maximise 

energy 
capture) 

Syngas 2 – 
solar 

reforming/ 
heat 

recovery to 
150 °C (to 
maximise 

energy 
capture) 

CO2 emissions 
(kg/hr) 

260.86 260.86 260.86 260.86 260.86 260.86 

Energy output 
as syngas 
(MW) 

0.963 1.455 1.025 1.455 1.07 1.455 

Solar input 
(MW) 

– 0.565 – 0.469 – 0.394 

Solar to 
chemical 
efficiency (%) 

– 35.6 – 43.6 – 51.8 

Heat recovery 
temp (oC) 

800 800 450 450 150 150 

Emission 
kg CO2/MW 

270 179 254 179 243 179 

Emissions 
reduction, % 

– 33.8 – 29.6 – 26.5 

HTWGS = high-temperature water-gas shift 
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Emissions-saving potential of solar thermal fuels 

Solar fuels can reduce emissions in several ways: 

 Embedding solar energy in the fuel to increase its calorific value reduces the need for 
carbon-based energy (e.g. in the solar steam reforming process).  

 Producing a concentrated CO2 product stream for sequestration. All hybrid solar-carbon 
fuels can be easily adapted to CCS technology, and provide advantages over conventional 
processes due to the production of nearly pure CO2 streams rather than dilute flue gas. 

 Displacing combustible fuel used to drive an endothermic chemical process with solar 
thermal heat has additional benefits in supply-constrained environments, when feedstock 
supply is expensive or not available.  

 Direct water splitting can produce hydrogen fuels with no carbon intermediate, resulting 
in emission-free fuels. 

In addition, solar fuel processes can consume carbon dioxide from other capture processes. 
For instance, dry or mixed reforming can consume CO2 and shift the carbon balance in the 
syngas mixture to better suit certain synthesis processes. Similarly, the metal oxide cycles 
have all been demonstrated as CO2-splitting technologies in the same way that they can split 
water.   
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3 Markets 

3.1 Oil and gas industry context 

The oil price has always been volatile (Figure 16). However, late 2014 saw a major and largely 

unexpected drop in the market price. The reasons for this downturn are difficult to determine, but 

are linked to the immediate supply and demand balance from existing production facilities, and 

the extent to which players in the market choose to vary their levels of production. The growth of 

unconventional oil production from oil shale fracking in the United States is a widely 

acknowledged source of increase in global production. The sudden drop in price is predicated on 

the fact that Saudi Arabia and the Organization of the Petroleum Exporting Countries (OPEC) did 

not decrease supply in a manner to deliberately hold the price high. 

 

Figure 16: Historical annual average oil price 
Source: (World Bank Commodity Price Data, 2015) 

The outcome of this low-cost supply of oil is the potential for oil prices to remain low for some 

time into the future. Therefore, most existing oil price projections have not taken into account this 

eventuality. This can be seen in Figure 17, showing a wide range of oil price projections from 

different studies, with a steady upward trend over time (Graham et al., 2015). 
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Figure 17: Variability in oil price projections 
Source: (Graham et al., 2015) 

Different oil reserves have different production costs and recoverable oil resources, which is 

shown in the supply curve in Figure 18. Middle East and North African oil is lowest in production 

cost, followed by other conventional oil resources and then unconventional oil resources. Gas-to-

liquid (GTL) and coal-to-liquid (CTL) synfuels have production costs ranging from $40–100/bbl. All 

biofuel types are within the range of $70–150/bbl, but are zero emission. Figure 18 shows that 

once demand increases and the lowest-cost resources are depleted, more expensive 

unconventional oil resources will need to be developed and used, which would be expected to 

increase the oil price. This possibility is included in the projections in Figure 17 and is an additional 

factor in the wide range of projected future oil prices. 

The costs for bitumen and kerogen (oil shale)-based production are suggested to fall in the $50–

100/bbl range. These technologies grew under the recent period of close to $100/bbl prices. A 

major complicating factor, however, is that once a field has been established, much of the 

investment is a sunk cost, and the marginal cost of production can be significantly lower than the 

fully amortised production costs indicated. Thus, a new resource will not be developed unless 

investors judge that future costs are likely to remain comfortably above the fully amortised 

production cost. However, once established, operators may well keep producing in an 

oversupplied market if they can at least cover their marginal costs of production. This situation 

almost inevitably leads to large unstable fluctuations in price superimposed on any long-term 

trend. 

Future oil demand is also factored into the oil price projections. Figure 19 shows the International 

Energy Agency (IEA)’s oil price and demand projections under various climate policy scenarios. 

Lower demand for oil, such as that seen in policies with more stringent climate targets, reduces 
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the price. Conversely, higher demand – as seen under the Current Policies Scenario – increases the 

oil price. 

 

Figure 18: Oil production costs for various resource categories 
Source: (International Energy Agency, 2013) 

Notes: Other conventional oil includes deep-water; biofuels include a refiner’s margin. bb = billion barrels; CTL = coal-to-liquids; EOR = enhanced oil 
recovery; GTL = gas-to-liquids; LTO = light tight oil; MENA = Middle East and North African 

Taking a long-term average view, the nature of the supply curve in Figure 19 suggests that if global 

demand were to continue to increase as it has been, prices would gradually return and could stay 

at around $100/bbl for an extended period, notwithstanding fluctuations around such an average. 

If a strong carbon price signal emerges, sufficient to align with a <2 C global warming target, then 

by definition, it will need to increase the price sufficiently to cover large levels of supply from the 

cheapest available low emissions sources. This may include biofuels, fossil plus carbon capture and 

storage (CCS), displacement by electrification or new concentrating solar fuels (CSF) technologies. 

 

Figure 19: World oil demand and price by scenario 
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Source: (International Energy Agency, 2015) 

Given recent oil price movements and the range in projections observed, it is difficult to pick the 

price projections of one study over another. Medium and low projections will be used for this 

study, as shown in Figure 20, which have included recent price drops and expected greenhouse 

gas (GHG) emission reduction measures (Graham et al., 2015). These projections have determined 

the diesel sale price assumed for this study (see Section 5.1.3). We deemed it appropriate to 

examine a low oil price scenario, as we assume that CSF may be especially needed in a world 

aiming to limit global warming to 2 C. 

 

 

Figure 20: Oil price projections assumed in this study 
Source: (Graham et al., 2015) 

Gas prices tend to fluctuate with the oil price. This can be seen by comparing the historical gas 

price index with the oil price index in Figure 21. We developed a formula linking the liquefied 

natural gas (LNG) price to the oil price because of the high degree of correlation. There is no global 

gas price, as there is with oil; rather, there are prices for the major markets, which are shown in 

Figure 22. In the future, as more LNG terminals come online, the gas markets should converge due 

to a greater degree of inter-regional trade. 
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Figure 21: Indices for commodities for comparison purposes prepared using World Bank Commodity Price data and 

United States Geological Survey data; data for ammonia begins in 1991 
Source: (World Bank Commodity Price Data, 2015) 

 

Figure 22: Historical annual average natural gas prices and gas price index 
Source: (World Bank Commodity Price Data, 2015). Note: mmbtu = 1 million BTU (British Thermal Unit); 1 mmbtu = 1.055056 GJ. 

With an increase in the number of climate policies around the world and in Europe in particular, 

there was high demand for gas as a substitution fuel for coal because of its lower emission 

intensity. Post-Fukushima Japan also saw a large increase in demand for gas due to the closure of 
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nuclear plants. The high oil price also drives countries that are still using oil for significant levels of 

power generation to move to gas. These factors have also helped to keep gas prices high until 

recently (International Energy Agency, 2012; International Energy Agency, 2015). 

Lately, gas prices around the world have fallen, which is due to several factors. An increased 

supply of LNG has come online since the shortfall, demand has fallen somewhat for gas as overall 

world economic growth has slowed, and the oil price has dropped. Also, once LNG facilities are 

brought online in the United States, the price should fall (or stay low) again for gas. This is because 

the United States will be a low-cost supplier (blue line in Figure 22), given the low price of gas in 

their domestic market. 

In Australia, the west coast has historically had higher domestic gas prices than the east coast. The 

west coast’s LNG facilities forced a linkage between international LNG market prices and the 

domestic market, even though Western Australia has a reservation policy that requires producers 

to reserve 15% of natural gas production for domestic use. The east coast was not exposed to this 

international market until late 2014, when LNG facilities in Gladstone, Queensland, first exported 

LNG to Asia (van Vonderen, 2015). There was a great deal of speculation that this would also 

increase domestic gas prices on the east coast. However, because of the fall in the oil price – and 

thus, gas price globally – domestic prices have so far not increased as much as expected. 

Global gas prices influence commodity prices downstream where gas is used as a feedstock for 

their production. In this study, such commodities of interest are methanol, ammonia and 

hydrogen. Since these commodities represent export opportunities for Australia, their future price 

will be linked to an Asian LNG price. The IEA’s World Energy Outlook (WEO) has provided 

projections out to the year 2040 of the LNG price in Japan, as shown in Figure 23. The forecast 

prices are lower than previous WEOs; this reflects the downturn in the oil price since the last 

projections were made. 

 

Figure 23: Projected liquefied natural gas (LNG) price into Japan 
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Source: (International Energy Agency, 2015) 

3.2 Existing commodities markets 

The majority of CSF under consideration in this roadmap are currently produced from fossil fuels 

and traded internationally; methanol, petroleum liquids and ammonia in particular. This means 

that in the early stages of a CFS industry, they could be sold into an existing market with a known 

market price. The potential advantage of CSF over existing, conventionally produced commodities 

is their more stable production cost, because the capital cost outweighs the feedstock cost and 

the capital repayments are known in advance. This reduces the variability in the final fuel price. 

Basic market data on each CSF commodity are shown in Table 6. 

Table 6: Relevant commodity data for concentrating solar fuels options 

Product Market price 
traditional 

units 

Market 
price 
AUD 

2015/GJ 

Global 
production 

Application Issues 

Methanol $386/t 20a 61 Mt/year Chemical synthesis 
(plastics), fuel blending 

Toxicity, hygroscopic 

Dimethyl 
ether 
(DME) 

$0.54/gallon 6b 4 Mt/year Fuel (LPG blend), 
propellant 

Volatile, requires 
engine modification for 
use in transport 

Petroleum 
liquids 

$1.10/L 20–21c 4,000 
Mt/year  

Transport, lubrication Plant scale, source of 
oil  

Hydrogen $3/kg 21d 50 Mt/year Ammonia production, 
refining, methanol 
production, fuel cells 
(vehicles) 

Disruptive, storage, 
transport 

Ammonia $740/t 40e  180 Mt/year Fertiliser, industrial and 
transport 

Competition with food 
industry for fertiliser, 
currently not used as a 
fuel, expensive to 
convert to hydrogen 

a December 2015 Asia–Pacific Price. Available from: https://www.methanex.com/our-business/pricing 
b United States Energy Information Administration, 2015. U.S. average wholesale propane. Available from: 
https://www.eia.gov/petroleum/heatingoilpropane/. [Accessed 29 November 2015]. 
c Australian Institute of Petroleum, 2015. Terminal Gate Prices [Online]. http://www.aip.com.au/pricing/tgp/index.htm. [Accessed 
29 November 2015]. 
d ACIL Tasman and Parsons Brinckerhoff, 2003. National Hydrogen Study. Available online at: 
http://www.industry.gov.au/Energy/Documents/national_hydro_study.pdf. 
e 2014 annual United States Gulf Coast price, from Apodaca, L.E., 2015. Nitrogen (fixed)-ammonia, US Geological Survey, Mineral 
Commodity Summaries, January 2015. Available online at: minerals.usgs.gov/minerals/pubs/commodity/nitrogen/mcs-2015-
nitro.pdf. 

 

In Table 6, methanol and ammonia in particular are classified as high-value chemicals, the current 

main use of which is in the chemical industry. As a whole, this industry is a large user of global 

energy. In 2010, it was responsible for 10% of global energy demand (largely petrochemical/oil) 

and 7% of global GHG emissions (IEA, 2013b). The ammonia and methanol production processes 

https://www.eia.gov/petroleum/heatingoilpropane/
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are energy intensive; in 2011, each tonne of methanol required ~17 GJ of energy, while each 

tonne of ammonia required ~20 GJ (IEA, 2014a). During ammonia production, all of the carbon is 

released as CO2 at the point of production. Therefore, solarising these production processes would 

reduce the GHG emissions and energy intensity of this part of the chemical industry. 

3.2.1 Methanol 

More than 90 methanol plants are in operation globally, with a combined production capacity of 

approximately 100 million tonnes. Methanol is a globally traded commodity, with 29 million 

tonnes shipped annually, although the majority of methanol is used where it is produced 

(Methanol Institute, 2011). Historical Asian Posted Contract Prices for methanol, converted to an 

index for comparison purposes, are shown in Figure 24. The methanol price follows both the oil 

and gas price, because gas is the feedstock used to make methanol, and the share of feedstock in 

the final cost is 31% (American Methanol Institute, 1991). As mentioned above, the gas price 

follows the oil price. Figure 24 shows that the recent drop in oil price has also reduced the 

methanol price, but not to the same extent. The prices of methanol and gas are highly correlated. 

 

Figure 24: Indices for crude oil, natural gas and methanol using monthly price data 

China is the largest importer and user of methanol; therefore, the projected methanol price needs 

to be appropriate for them. Given that the global commodity price of methanol follows the oil 

price, the projected methanol price is based on the oil prices shown in Figure 20, rather than the 

Japanese LNG price. The projected methanol prices used in this study are shown in Figure 25. 

Conventional methanol use is projected to increase globally, mainly in non-Organisation for 

Economic Co-operation and Development (OECD) countries, to 110 million tonnes by 2020 and 

130 million tonnes by 2025 (IEA, 2014a). 
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Figure 25: Projected methanol prices (AUD) 

3.2.2 Dimethyl ether 

The Asia–Pacific has 96% of global market share of DME, which is mainly due to China. DME is 

being used for LPG blending and in the chemical industry (MarketsandMarkets, 2015). A growth 

area for DME is as a transport fuel for trucks, particularly in the United States, where it can be 

produced using low-cost natural gas. DME can also be produced from coal, as is the case in China 

(Kauffman and Riedford, 2014). DME does not have a commodity price; however, as it is being 

used as a propane alternative in China, the propane price should be a good indicator of the 

expected DME price (US Energy Information Administration, 2015; Kauffman and Riedford, 2014). 

DME is made from methanol. Table 6 shows that the price of DME is much less than that of 

methanol, whereas in reality it should be higher. Because of the lack of reliable price data for 

DME, it will not be considered further in the financial analysis described in Section 5. 

Despite the lack of an apparent existing high value market for DME, it may still have a long-term 

potential as a future solar fuel. Its ability to be blended with LPG (propane) for vehicle use would 

make it a vector for introduction into the Australian transport fuel market. 

3.2.3 Hydrogen 

Hydrogen tends to be produced on-site from natural gas for various uses, including for ammonia 

production for fertiliser and explosives, oil refining and the chemical industry. Because of this, 

hydrogen does not have a global commodity price. Global production is 40–50 million tonnes per 

year. The largest hydrogen producers coincide with the largest ammonia producers (Global CCS 

Institute, 2014). 
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Hydrogen production prices are available, but these should be considered as the lowest possible 

price, because no transport is involved. The current price at a refinery in Australia is estimated to 

be from $2–5/kg ($14–35/GJ), but this will fluctuate with the natural gas price, since gas is used as 

a hydrogen production feedstock (ACIL Tasman and Parsons Brinckerhoff, 2003; Dolan et al., 

2015). 

A study examining potential hydrogen sale prices in Japan, where the hydrogen is sourced from 

overseas, has calculated a range of hydrogen prices (Kameyama et al., 2010). The prices depend 

on the method of hydrogen production and transport to Japan. The study found the price of 

hydrogen to be ~$6/kg ($42/GJ), when produced using a fossil fuel process with CCS and transport 

of hydrogen in liquid form. The price of hydrogen produced from renewables (mainly wind 

energy), as liquid hydrogen, was ~$8/kg ($56/GJ). However, using the same fossil fuel method of 

production but transporting as a liquid organic hydride reduced the price to ~$3/kg ($21/GJ). 

These prices are expected to increase in the future, because ~80% of the cost of hydrogen is based 

on the gas price (Dolan et al., 2015). Because the hydrogen is assumed to be exported to Asia, the 

Japanese LNG price trajectory is the most appropriate to use for future gas prices. The projected 

prices are shown in Figure 26, where the average price is shown as a blue line, and the ‘new 

policies’ and ‘low oil price’ LNG price trajectories form the upper and lower bounds. These 

projections assume that the capital and operating components of the price of hydrogen 

production remain fixed over time. Thus, the proportional contribution of the gas price to the 

hydrogen price increases as the gas price rises. The projection begins in 2020, because the 

hydrogen prices expected in Japan were aspirational and not current (Kameyama et al., 2010). 

 

Figure 26: Projected prices of liquid hydrogen imported into Japan. 1 kg = 0.142 GJ 
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3.2.4 Ammonia 

Currently, 80% of ammonia production is for either urea or other fertilisers. The remainder is used 

for industrial purposes, such as explosives (PotashCorp, 2015). However, ammonia is now also 

used in conjunction with diesel in modern trucks to comply with European emission standards. 

Ammonia demand has grown by ~2% per year over the last 10 years. Some have suggested that 

the ammonia commodity price will reduce or remain stable as new production capacity comes 

online in the United States, which can take advantage of low natural gas feedstock prices (Hazmat 

Management, 2014). Of the 180 million tonnes of ammonia produced per year, approximately 

22 million is traded. The United States and Asia are the largest importers of ammonia (PotashCorp, 

2015). 

Ammonia tends to be produced for local use, but unlike hydrogen, it is already sold as a global 

commodity. The 2014 average United States gulf coast commodity price was US$530/short tonne 

($40/GJ) (Apodaca, 2015). In this study, ammonia is considered as an export commodity to Asia, 

whether to be used as a source of hydrogen or combusted directly. Approximately 55% of the cost 

of producing ammonia conventionally is due to natural gas as feedstock (Sun et al., 2013). To 

project the price of ammonia into the future, we have used the approach for projecting the price 

of hydrogen: except in this case, 65% of the existing price will remain fixed throughout time, and 

the remaining portion (due to natural gas) will vary with the LNG price. The projected 

conventionally produced ammonia price begins in 2015 using the current price data. The resultant 

trajectories are shown in Figure 27. 

 

Figure 27: Projected price of ammonia 

Ammonia production is projected to increase to 200 million tonnes by 2020, and 210 million 

tonnes by 2025 (IEA, 2014a). 
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3.2.5 Petroleum liquids 

Petroleum liquids include diesel and gasoline (petrol). The global and Australian markets for these 

fuels are large, as shown in Table 6. In Australia, much of this is imported from Singapore due to 

closure of refineries in Australia. 

Since diesel is the main product of the Fischer–Tropsch process, this roadmap will focus on diesel 

as the CSF drop-in fuel product for Australia. The price of diesel in Australia is linked to the 

international oil price. As shown in Section 3.1, a wide range of projections of the future oil price 

are available. The appropriate diesel price to use for comparison purposes is the wholesale price 

(at refinery gate). Projected wholesale diesel prices are shown in Figure 28, where these 

projections have been made using the oil prices in Figure 20. 

 

Figure 28: Projected price of diesel in Australia. 1 GJ = 25.9 L 

3.3 The global future transport fuels market 

In 2011, ~50% of global petroleum demand (~100 exajoules, EJ) came from the transport sector. 

For individual fuels, there was steady growth in demand for middle distillates (diesel, kerosene 

and light fuels), which grew by 35% in 2011, up from 32% in 2001. This shift is due to increased 

demand for diesel trucks. Conversely, demand for gasoline decreased slightly, due to greater 

biofuel (ethanol) uptake and improved light duty vehicle economy standards. Biofuels contributed 

only 3.5 EJ to fuel demand in 2011. The IEA has projected conventional fuel and biofuel use into 

the future under various scenarios. The 2DS scenario, which limits global warming to 2 C by 2050, 

has a 30% decrease in demand for oil products. Of this, 90% is due to the transport sector, from 

increased fuel economy standards, fuel switching, travel avoidance and new vehicle types such as 

electric vehicles (EVs). The overall energy use in this scenario for 2050 for transport is the same as 

in 2011 (~100 EJ). Thirty per cent of transport energy is projected to come from biofuels, where 
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the majority (~45%) is from advanced biodiesel. Hydrogen from biomass is projected to provide a 

1.5% share. CCS is also included in ~30% of biofuel production processes under consideration (IEA, 

2014a). 

By 2050, the world is expected to have almost 160 million light duty vehicles. Fuel cell EVs are 

projected to increase in market share quite rapidly from 2030 onwards, reaching 29 million 

vehicles by 2050. Hydrogen will be required to power the fuel cells of these EVs (IEA, 2015a). The 

IEA state that significant policy intervention – and a high level of collaboration among stakeholders 

in terms of vehicles and refuelling infrastructure – will be needed to bring about any significant 

transition towards fuel cell EVs (IEA, 2015a). 

The IEA has not explicitly included CSF as fuel option in their modelling. However, we envisage 

that if competitive CSF would complement or contribute to biodiesel or hydrogen production 

processes, which would limit the use of expensive feedstocks and increase fuel supply. 

3.4 The Australian transport fuels market 

Australia is facing a growing shortfall between domestic oil supplies and increasing demand for 

liquid transport fuels. A CSIRO study into sustainable aviation fuels (CSIRO, 2011a) examined the 

balance of trade for all petroleum and oil products, and found the trade deficit for these 

commodities is projected to rise from $13 billion in 2010 to nearly $70 billion by 2030, as shown in 

Figure 29. 

 

Figure 29: Annual value of Australian net imports of crude oil and petroleum products 
Source: (CSIRO, 2011a) 

In addition to increasing demand in Australia, oil prices will recover and continue to rise, but will 

remain volatile into the future (see Section 3.1). Any renewable fuel that can compete with the oil 
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price alone – especially when produced locally, and not subject to market volatility – will find an 

immediate place in the market. 

Currently, the Australian liquid fuels market is dominated by diesel, closely followed by petrol 

(Hinkley et al., 2013). As can be seen from Figure 30, this is not currently projected to change a 

great deal in the future, even under forecast increasing oil prices. Petrol and diesel dominate 

future fuel use, with the addition of limited amounts of biodiesel and diesel produced by GTL, CTL 

and shale-to-liquid (STL) processes in use from 2030 onwards. Electricity is forecast to have less 

than a 5% share of the transport fuels market by 2050, and hydrogen is not used, at least under 

this baseline scenario. 

The baseline scenario consisted of mid-range estimates of the key drivers and existing and 

announced relevant policy measures for Australia. This includes the New South Wales biofuels 

target and fuel excise arrangements announced in the 2014-2015 Commonwealth Budget 

(Graham and Reedman, 2015). Under this scenario, the oil price is projected to rise from ~$70/bbl 

in 2015 to ~$110/bbl in 2050. 

 

 

Figure 30: Projected Australian transport fuel mix to 2050 
Source: (Graham et al., 2015). CTL = coal to liquid; GTL = gas to liquid; STL = shale to liquid 

This presents an opportunity for CSF. To reduce GHG emissions and fossil fuel use, solar resources 

– hybridised with coal, natural gas or shale – could be used to produce CTL, GTL or STL, 

respectively. Solar can also be hybridised with lignocellulosic biomass to produce zero-emission 

biodiesel. If the cost is low enough, solar hybrid fuels could potentially replace fossil diesel and 

petrol use as well. 

Pure CSF, in which water is split to produce hydrogen, would produce no GHG emissions. 

However, solar hydrogen production is relatively expensive, and thus only features in projections 

of future transport fuel use in Australia in modelling scenarios that feature deep emissions cuts 
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(and high carbon prices), such as those shown in Figure 31 and Figure 32 (ClimateWorks_Australia 

et al., 2014). 

As part of a global effort to limit temperature increases to 2 C by the end of the century, 

ClimateWorks_Australia et al. (2014) developed pathways for Australia to reduce its net GHG 

emissions to zero by 2050. The study examined abatement opportunities across all of Australia’s 

energy sectors. The abatement incentive for Australia was aligned with international efforts 

through the imposition of a global carbon price signal that reaches $60/tCO2 by 2020 and 

increases by ~4.3% per year until 2050. ‘Pillars’ of deep decarbonisation that formed part of the 

scenarios included energy efficiency (e.g. improved vehicle technologies), low carbon electricity, 

electrification and fuel switching (e.g. biofuels and hydrogen for transport fuels) and reduced non-

energy emissions. 

Emissions from energy combustion were projected to reduce by 82%. The modelling projects 

uptake of EVs powered by hydrogen, beginning in 2040 and increasing to the end of the modelling 

period, where they reach 20% market share. Hydrogen makes up 8% of Australia’s transport fuel 

use share by 2050. The modelling did not specifically include options for CSF. 

 

 

Figure 31: Projected Australian road transport fuel mix under deep greenhouse gas emission cuts 
Source: ClimateWorks et al., 2014 
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Figure 32: Projected Australian road transport engine types in vehicle kilometres travelled 
Source: ClimateWorks et al., 2014 

The substitution of one fuel with another does not only depend on the cost of producing the fuel. 

Because of the large scale required for a CTL or conventional GTL plant, a large capital investment 

is required of more than $15 billion, with typical plant sizes greater than 50,000 barrels per day. A 

great deal of uncertainty in the oil price (Figure 16) increases the risk involved in any future large 

capital investment in alternative fuel technologies, because the returns on that investment are 

more uncertain. This higher risk attracts a higher interest/discount rate, which can put off 

investors and thus delay these projects. This could potentially be an issue for any large-scale solar 

hybrid fuels project. 

Blended fuels as a transition to a low emissions future 

CSF technologies can produce a range of fuels that can substitute directly for conventional 
liquid fuels, such as diesel and gasoline, although these may not be the lowest cost CSF to 
produce. Alternative products such as methanol can be blended with gasoline at up to 20% by 
volume without adversely affecting fuel quality. Proving this to be the case will be important 
for society’s acceptance of CSF methanol blends, and a necessary precursor to establishing 
fuel mandates. Other potential blends to which CSF can contribute up to 20% are DME in LPG, 
and hydrogen in natural gas pipeline systems. 

It is clear from the experience with ethanol that the introduction of new fuels into the market 
needs to be managed carefully. While it is claimed that ethanol blends up to 10% have no 
detrimental impact on conventional internal combustion engines, much resistance remains in 
the community to E10 fuel, with the perception that it is somehow worse than normal 
unleaded petrol. Introducing new alternative blends of renewable fuels would need to be 
carefully managed to avoid similar pushback. 
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3.4.1 Regional opportunities: small-scale concentrating solar fuel facilities 

CSF technology is best suited to smaller-scale projects. Small-scale, hybrid solar GTL plants don’t 

require such a high upfront investment cost, and are thus lower risk to investors. For instance, 

small-scale GTL is currently being considered as an opportunity to turn stranded small gas assets 

into synthetic liquid fuels (Wood et al., 2012), and stranded gas can be used to power off-grid 

mines (AECOM, 2013). The addition of a small-scale solar GTL plant would allow for the production 

of liquid transport fuels for running the mine’s transportation fleet, while minimising emissions 

and maximising output through the use of solar energy. These fuels could be used in mining trucks 

or to supplement any on-site diesel power generation. However, this probably represents a limited 

opportunity. Alternatively, stranded gas could be converted to compressed natural gas (CNG) and 

used directly in CNG-converted mining vehicles. CNG vehicles are a commercial technology, unlike 

CSF. 

Another hybrid CSF opportunity is using solar as part of a small-scale, biomass-to-liquids (BTL) 

process. Lignocellulosic biomass could be sourced locally, thus minimising transport distances, and 

used to produce liquid transport fuels on a regional basis. Crawford et al. (2014) assessed the 

amount of biomass potentially available for sustainable bioenergy purposes, by statistical division 

within Australia, projected out to the years 2030 and 2050 (Figure 33). The types of biomass 

assessed included: 

– crop stubble 

– grasses 

– wood (pulp logs, in-field woody harvest residues, and wood processing residues) from 

plantations and native forests 

– bagasse 

– waste (municipal solid waste) 

– short-rotation tree crops. 

The study found that by 2050, more than 5000 kt biomass/year could be found in the Central West 

and Murrumbidgee regions of New South Wales and the Midlands region of Western Australia. 

The modal biomass availability across all statistical divisions is up to 1000 kt/year. 
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Figure 33: Spatial representation of the potential total biomass (kt) available annually in each of Australia’s 60 

statistical divisions in 2050 
Source: (Crawford et al., 2014) 

As an example, (Hayward et al., 2015; Murphy et al., 2015) have shown that substantial 

lignocellulosic biomass resources are in the Fitzroy region of Queensland (north of the Sunshine 

Coast and south of Townsville), which were not included in Crawford et al. (2014). These resources 

are regrowth, essentially woody weeds, which are a problem for the cattle graziers in the region. 

In addition, there are opportunities for the establishment of short-rotation tree plantations. These 

would consist of coppicing species of native trees that can be harvested and regrown in 10-year 

cycles. The average cost of using both types of biomass has been estimated to be $80/dry-t 

($4.44/GJ). While this cost is of the same order of magnitude as the cost of residues, regrowth is 

more plentiful (Rodriguez et al., 2011). 

The Fitzroy region, which includes the major industrial port of Gladstone, also has a high direct 

normal irradiance (DNI) (Figure 34). It was found that the Fitzroy region could supply more than 

5250 kt/year of lignocellulosic biomass, which could be used to generate 1.3 GL/year of 

hydrocarbon fuels. A fuels industry of such a large scale would have a positive impact on regional 

development. Hayward et al. (2015) estimated that this scale of industry would result in $7 billion 

of investment, return $400–500 million to the biomass suppliers and farmers, and potentially 

generate 3800 jobs at the conversion facilities and more than 6000 indirect jobs in the region. 

These figures are for BTL conversion facilities, without solar. 
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Figure 34: Direct normal irradiance across Australia 
Source: http://solargis.info 

The use of solar energy would potentially decrease the amount of biomass used (or increase fuel 

output), but result in greater investment in the region and the need for more labour to run the 

solar section of the conversion facilities. Based on 50 MWth solar power and 40 kt/year biomass 

energy use in a single hybrid solar BTL conversion facility, the number of direct jobs at the facility 

would be 53 (Graf et al., 2008; Hayward et al., 2015). There is sufficient biomass in the Fitzroy to 

build at least 131 such conversion facilities. This would result in 6926 direct jobs at the facilities, 

and more than 6000 indirect jobs in that region alone. A summary is shown in Table 7. The zero-

emission fuel produced could be used by local industry, such as mines, or exported from 

Gladstone. Gladstone will be discussed again as a case example for an Australian CSF industry in 

Section 5. 

Table 7: Summary of solar hybrid biomass fuels opportunity in the Fitzroy region of Queensland, Australia 

Parameter Value 

Amount of biomass potentially available 5250 kt/year 

Amount of hydrocarbon fuel produced  1.3 GJ/year 

Investment in region  >$7 billion 

Income for biomass suppliers $400–500 million 
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Parameter Value 

Number of 50 MWth + 40 kt/year conversion 
facilities 

131 

Direct employment  6926 jobs 

Indirect employment >6000 jobs 

 

3.5 Export opportunities 

Energy continues to be a major export item for Australia (Table 8). Coal is currently the second 

largest source of Australia’s export income, behind iron ore. LNG is the fourth largest source; 

however, this is expected to increase when the LNG facilities in Gladstone are brought 

continuously online. Once fully operational, 25.3 million tonnes of LNG is expected to be exported 

per year from Gladstone (Chambers, 2014). 

 

Table 8: Australian energy exports by fuel type for the 2013–2014 financial year 

Fuel Quantity exported 
(PJ) 

Value of 
exports 

($ billion) 

Specific fuel 
value ($/GJ) 

Share of energy 
export market (%) 

Black coal 10,605 40 3.77 68 

Gas 1,265 16.4 12.96 8 

Oil and liquefied 
petroleum gas  

615 11.1 18.05 4 

Refined products 25 2.4 96 0 

Uranium 3,149 0.9 0.29 20 

Total 15,658 70.8 4.52 100 

Source: (BREE, 2015; BREE, 2014) 

Currently, the vast majority of Australia’s LNG exports are sold to Japan, with China, South Korea 

and Taiwan making up the rest of the market. India is projected to be an important future market 

(APPEA, 2014). Similarly, the majority of Australia’s coal is exported to Japan, followed by South 

Korea, China and Taiwan. However, recent announcements by the Chinese and Indian 

governments mean that black coal exports to these regions will slow or even stop (as has been 

announced by India) before 2020 (Buckley, 2014). 

While Australia exports coal and LNG, as discussed in Section 3.3, it is a net importer of crude 

petroleum and refined petroleum products, which represent the second and fourth-highest import 

expense, respectively (after personal travel and passenger motor vehicles) (Department of Foreign 

Affairs and Trade, 2012). The growth trend in oil imports is expected to continue. If coal exports 

slow, Australia needs to look for other major, alternative energy export opportunities to offset its 

dependency on imports. 
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Given the high demand for energy from our major Asian trading partners, there may be an 

opportunity to export CSF to those trading partners with strong renewable energy policies but 

limited DNI (e.g. Japan, China, South Korea). Also, shipping energy-dense fuels to these countries is 

relatively inexpensive; the cost of shipping LNG to Asia (not including liquefaction) is ~$1–3.6/GJ 

(Core Energy Group, 2013; Jefferies, 2013). For an energy-dense, ambient-temperature liquid such 

as crude oil, it is less than $1/GJ. 

3.5.1 Japan 

When considering the potential for CSF energy exports from Australia, it becomes apparent that 

Japan may be the most obvious trading partner. This section examines the background to the idea 

of CSF trade with Japan as a case study. Table 9 provides some basic comparisons between 

Australia and Japan. 

Table 9: Comparison of Japanese and Australian parameters relevant to the concentrating solar fuel (CSF) trade 

Parameter Japan Australia 

Population 127 million 22 million 

Electricity installed capacity 293 GW 49 GW 

Land area 0.38 million sq. km 7.7 million sq. km 

Primary energy consumption 22,000 PJ/a 5,800 PJ/a 

Direct normal irradiance Around 1100 kWh/m2/year 

(10.5 MJ/m2/day) 

Around 2300 kWh/m2 /year 

(22.7 MJ/m2/day) 

Net energy flow Importer Exporter 

Policy drivers for solar Feed-in tariffs and other 

policies 

Renewable Energy Target: 

33,000 GWh/yr (20%) 

renewable by 2020 
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Figure 35: Japanese primary energy consumption (a) and sources for oil (b) 
Source: (US Energy Information Administration, 2014) 

 

As illustrated in Figure 35(a), Japan is very dependent on fossil fuels, virtually all of which are 

imported: it is the world’s largest LNG importer, second-largest coal importer and third-largest oil 

importer. Overall, Japan imports approximately 90% of its primary energy. Middle East is the 

major source of Japan’s oil, as seen in Figure 35(b). Within the coal and natural gas segments of 

this primary energy mix, supply by Australia is highly significant and represents a very major 

ongoing trading relationship for both countries. Figure 36 illustrates the state of trade in coal and 

indicates that Japan is Australia’s biggest coal customer; in turn, Australia is Japan’s biggest coal 

supplier. In 2012–13, 118 million tonnes were traded at a value of A$15.4 billion, equivalent to 

$4.7/GJ. 

 

Figure 36: Balance of trade between Australia and Japan 

 

LNG exports are similarly strongly linked, as shown in Figure 37. In this case, more than three-

quarters of all Australian LNG is destined for Japan. For Japan, this represents the biggest single 

source, but only by a small margin. It is estimated that the trade was worth $15.1 billion in 2013–

2014, equivalent to $14/GJ or more. 
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Figure 37: Liquefied natural gas (LNG) trade between Australia and Japan 

 

Japanese investment has played a large part in developing Australia’s coal, oil and gas projects. 

Table 10 lists some major investments in the oil and gas sector. 

Table 10: Japanese investments in Australian energy projects 

Project Japanese equity 

Ichthys LNG Project, Browse Basin, Western 
Australia 

Inpex, 66% Japanese electric utilities: 2.74% 

Pluto LNG Project Tokyo Gas, 5%; Kansai Electric, 5% 

Timor Sea Joint Petroleum Development Area Inpex, Tokyo Gas, and TEPCO, combined 20% 

Prelude LNG Inpex, 17.5%, acquired from Shell in 2012 

Darwin LNG Inpex, 11.3%; TEPCO, 6%; Tokyo Gas, 3% 

Wheatstone LNG Japanese electric & gas utilities, 9.5% 

Browse LNG Mitsubishi and Mitsui, 14.7% in LNG terminal; 16% in East 
Browse; 8% in West Browse 

Van Gogh and Ravensworth oil fields Inpex, 47.5% of Van Gogh; 28.5% of Ravensworth 

Timor Sea Joint Development Area Inpex, 35% of Kitan oil field 

NW Shelf Mutineer and Exeter fields JX Nippon, 25% 

 

Thus, there are very strong existing energy sector economic linkages and transport/shipping 

linkages between the two countries (US Energy Information Administration, 2013; Lovegrove, 

2014), together with a history of major co-investment in Australian-based energy projects. The 

relationship was discussed in a high-level group meeting between Japan and Australia in Brisbane 

in 2014. 

The concept of CSF export from Australia to Japan has been on the table for over a decade. One of 

the first to promote the idea was Professor Yutaka Tamaura of Tokyo Institute of Technology, one 

of the founders of CSF research and development (R&D) in Japan. The Pilbara in Western Australia, 

Darwin in the Northern Territory and Gladstone in Queensland are all current and future export 

ports for fossil fuels destined for Japan. Further, all three are conveniently located to access the 

world’s best solar resources. 
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Japan recently developed a strategic vision for energy supply and distribution (Government of 

Japan, 2014). This rests on three pillars: energy security, economic efficiency and environment. 

Energy security is seen as the biggest problem facing Japan. As stated above, it relies heavily on 

imported fossil fuels, which has only increased since the Fukushima nuclear accident in 2010. In 

particular, Japan’s reliance on the Middle East for 83% of its oil is seen as the largest security 

problem. Japan sees diversification of its energy supply (or ‘multilayered’ energy supply) as key to 

increasing energy security, which may mean returning to nuclear energy. However, it also provides 

an opportunity for alternatives to Middle Eastern oil for transport to enter the market. 

Another solution envisaged for increasing energy security, particularly in disaster situations, is to 

promote the use of distributed generation, such as fuel cells and photovoltaics; battery storage 

and smart grids. The use of methane hydrates, which are located in the oceans surrounding Japan, 

is seen as an opportunity for secure, domestic supply, even with the potentially high GHG 

emissions associated with this resource. 

Improving economic efficiency is the second pillar of Japan’s energy vision. Since the Fukushima 

disaster and the increasing reliance on LNG, Japan’s trade deficit has increased to a record high of 

11.5 trillion yen. In addition, because of the high cost of LNG, electricity prices in Japan are six 

times higher than in the United States. The concern is that industry will relocate from Japan to 

regions with lower-cost energy, making Japan’s economic situation worse. Therefore, energy 

efficiency and the use of cheaper forms of energy are being promoted. 

Removing energy sectoral barriers and increasing competition is also seen as an advantage. One of 

the cheaper forms of energy is coal, which Japan currently imports from Australia. Japan is 

promoting the development of efficient, integrated gasification combined-cycle coal technologies 

in its bid to continue domestic coal use. It is also examining projects in Australia that are 

converting low-cost brown coal to transport fuel for use in Japan (Lovegrove, 2014). 

The third pillar of Japan’s energy vision is the environment. The country remains committed to 

reducing its GHG emissions. It sees cleaner, advanced coal technologies as a key route to this, 

together with major initiatives in renewable energy. The main policy for the development of 

renewable energy in Japan is a feed-in tariff. Other measures include batteries and hydrogen as 

storage for smoothing wind and solar output, and assistance with development proposals. Japan is 

also actively promoting the use of hydrogen. 

The Japanese Ministry of Economy, Trade and Industry (METI), in collaboration with industry and 

other government bodies, produced a roadmap for the uptake of hydrogen in Japan (Tobe, 2014). 

Japan is interested in pursuing hydrogen for several reasons (IEA, 2012b): 

– Japan currently holds the majority of fuel cell patents, thus a push for hydrogen use in fuel 

cells (fuel cell vehicles in particular) will result in greater use of Japanese technology 

globally and improve Japan’s economy. By 2025, the IEA estimates that the fuel cell 

market will be worth five trillion yen, and that Europe, the United States and South Korea 

will have hydrogen and fuel cell programs. 

– The use of hydrogen diversifies energy resources and therefore increases energy security. 

It can be produced from both fossil fuels and renewable resources, and thus may be 

produced locally, reducing reliance on imported oil in particular. Hydrogen in distributed 
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fuel cells (i.e. in EVs) can also be used to supply local electricity in energy supply 

disruptions/blackouts. 

– Depending on the method of production, hydrogen has zero CO2 emissions at the point of 

use and potentially zero emissions overall. 

To reach Japan’s goal of at least 6000 hydrogen fuel cell vehicles on the road by 2020, hydrogen 

refuelling stations are being set up around the country, the costs of which are subsidised by up to 

one-third through a joint agreement between automakers (autoblog, 2015). It is envisaged that 

hydrogen will be produced centrally and distributed to the refuelling stations, and that hydrogen 

will be imported into Japan as well as being produced locally (Tobe, 2014). 

Japan has also promoted the idea of burning hydrogen directly in gas turbines, instead of using 

natural gas. Using hydrogen is more efficient and will have zero emissions. The largest future 

source of demand for hydrogen in Japan may result from this use (Hinkley et al., 2015a). 

Due to limited land availability and the desire to reduce GHG emissions, Japan will need to 

supplement its own domestic supply of hydrogen with imported hydrogen. Various means of 

transporting the fuel into Japan are under examination. A US$20 million ‘New Energy (hydrogen) 

carrier project’ was commenced as a joint effort by the Ministry of Education, Culture Sports, 

Science and Technology and METI in April 2013. Various hydrogen transport approaches are being 

considered. Chiyoda Corporation is promoting a hydrogen transport system based on the 

reversible hydrogenation of toluene. Kawasaki Heavy Industries favour the use of cryogenic liquid 

hydrogen for international transport. They are currently engaged in a detailed study for a project 

that intends to gasify brown coal from Victoria’s Latrobe Valley: converting all CO to CO2 to 

maximise H2 production, sequestering the CO2 as part of the Carbon Net project, and then 

liquefying the hydrogen for export in purpose-built ships. A system capable of 770 t/day of 

hydrogen production is targeted (Figure 38). 

 

Figure 38: Kawasaki Heavy Industries’ vision for the cryogenic liquid hydrogen market 
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The infrastructure needed for transport and storage of liquid hydrogen is conceptually similar to 

that used for LNG. Australia currently exports LNG to Asia from the North West Shelf, Darwin and 

Gladstone. However, the temperatures needed for hydrogen liquefaction are considerably lower 

and harder to achieve than for LNG. 

There may be an opportunity for hydrogen production using solar brown coal gasification, 

although the DNI in the Latrobe Valley is relatively low, and other deposits in South Australia may 

be more favourable (Lovegrove, 2014; Kodama, 2013). 

A third alternative is to use the Haber–Bosch process to synthesise ammonia from hydrogen and 

transport ammonia liquid. A large ammonia production facility in the Pilbara, Western Australia, 

already exports liquid ammonia around the world, including to Japan. Mitsubishi Corporation, a 

major ammonia customer/trader, is understood to have an interest in this approach to hydrogen 

trade. As discussed in Section 2.8.5, current conventional ammonia production uses steam 

reforming of natural gas to provide the input hydrogen for the Haber–Bosch process. This offers 

an immediate opening for solar-driven natural gas reforming as a route to a CSF hybrid that could 

address the Japanese hydrogen market. 

3.5.2 China 

The China Australia Free Trade Agreement (ChAFTA) that came into force on 20 December 2015 

Australia and China should increase the level of trade between the two countries. Although China 

is the world’s largest energy consumer, it meets much of its own energy needs. Relevant statistics 

comparing Australia and China are given in Table 11. 

Table 11: Comparison of Chinese and Australian parameters relevant to the concentrating solar fuel (CSF) trade 

Parameter China Australia 

Population 1,357 million 22 million 

Electricity installed capacity 1,174 GW 49 GW 

Land area 9.6 million sq. km 7.7 million sq. km 

Primary energy consumption 111,711 PJ/a 5,800 PJ/a 

Direct normal irradiance Extremely variable: 730–

3285 kWh/m2/year (7.2–

32.4 MJ/m2/day) 

~2300 kWh/m2 /year (22.7 

MJ/m2/day) 

Net energy flow Importer Exporter 

 

Figure 39 breaks down Chinese primary energy consumption by fuel type and crude oil import 

sources. The majority of China’s energy comes from coal, which was entirely sourced from within 

China until 2009, when demand outstripped supply and it began to be imported. Sixty-five per 
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cent of this imported coal came from Australia and Indonesia. Coal consumption peaked in 2013 

and declined by 11% in 2014 to 290 million tonnes. China aims to reduce coal consumption to 62% 

of primary energy supply by 2020. 

 

 

Figure 39: China’s primary energy consumption and source of crude oil imports 
Source: (US Energy Information Administration, 2014) 

China is the world’s largest oil consumer, and even though it has its own oil fields and refineries, it 

is the world’s largest oil importer. It currently produces 4.6 million bbl/day of petroleum and other 

liquids, and imports 6.1 million bbl/day. Diesel is the most consumed petroleum product, at 34% 

of demand, followed by gasoline at 23%. The diesel share is expected to decrease and the gasoline 

share to increase in the future, due to improved truck fuel efficiencies and newer fleets, decreased 

production from mining and an increase in demand for passenger vehicles. 

China has aimed to diversify its oil import sources to increase fuel security. It also aims to build 

significant oil storage capacity as a buffer against oil supply disruptions. 

Natural gas is only responsible for 5% of China’s primary energy consumption, but the size of this 

consumption makes China the world’s third-largest LNG importer (behind Japan and South Korea), 

even though it produces ~74% (4.452 exajoules (EJ)/year) of its natural gas domestically and 

imports gas through pipelines. Australia is the second-largest source of LNG for China, at 19%, 

behind Qatar at 34% (Figure 40). 

 



 

Concentrating Solar Fuels Roadmap: Final Report | 65 

 

Figure 40: Source of liquefied natural gas (LNG) imports into China 

China is building new LNG terminal capacity, with 12 currently operating and eight more under 

construction. While the country is cutting back on coal consumption for electricity generation, it 

plans to increase the share of gas used for electricity generation to reduce pollution. 

China is also pursuing CTL development, where the main product is methanol, currently used in 

China as a transportation fuel blend. Fuels containing 100% and 85% methanol are available, but 

these require engine conversion. As methanol is less expensive than petroleum, it is often blended 

illegally without the motorist’s knowledge. Some reports have the use of methanol in 

transportation as much as 5.8% of total fuel use (Yang and Jackson, 2012). The authors note that 

there has been discussion of introducing a 15% methanol blend, but this has not yet occurred. 

Methanol is also used in China as a base chemical for producing plastics, paint, solvents, 

refrigerants and pigments. 

Demand for methanol in China continues to increase, driving an expected increase in global 

demand from 60.7 million tonnes per year (in 2014) to 109 million tonnes per year by 2023 

(Meyers, 2014). 

The development of CTL plants has slowed in China, due to issues around water supply and 

contamination (Yang and Jackson, 2012). Therefore, Chinese companies are looking at investing in 

methanol plants outside China. Much of this growth is happening in North America, with access to 

cheap natural gas that can be used to produce methanol. 

One Chinese company has invested $CAD1.8 billion in construction of a GTL methanol plant in 

Canada, which will supply export methanol to China (Lystra, 2014). Another is looking to invest in a 

US$4.5 billion methanol manufacturing and exporting plant in Texas. This plant would produce 

7.2 million tonnes/year for export to China, becoming one of the world’s largest methanol export 

facilities. To put this into perspective, it is equivalent to 142 PJ, which is ~10% of the total yearly 

LNG exports from Gladstone – from just one methanol plant. 

There may be some interest in producing methanol from CO2 waste streams, as China holds many 

of the patents for this technology. This, combined with Australia’s solar resource, may provide an 

opportunity for a CO2/H2O-splitting CSF process to produce methanol in the longer term, as the 

technology matures (Faberi et al., 2014). Other opportunities for importing CSF to China may be 

limited. Currently, China does not import ammonia, and it has no transport policies focused on 

fuel cells/use of hydrogen or alternative fuel technologies. Even methanol, even though there is 

high demand, does not have a national policy for use in transport – rather, it is driven at a regional 

Japan, 80.7%

China, 16.0%

South Korea, 
2.8%

Taiwan, 0.4% Others, 0.1%

Australian 2013 LNG exports

Australia 19%

Brunei 12%

Indonesia 34%
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Other 2%

Russia 4%
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7%
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3.9 million tonnes 
= 208 PJ

$685 million
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level (Faberi et al., 2014). The study notes that China may be more interested in pursuing 

electrification of its fleet to reduce local GHG pollution. 

3.5.3 South Korea 

While South Korea and Australia are not as interlinked in terms of trade as are Australia and Japan, 

South Korea is still a large energy importer. This situation is unlikely to change, given the scarcity 

of resources and expected growth in the economy. Some relevant statistics comparing the two 

countries are given in Table 12. 

Table 12: Comparison of South Korean and Australian parameters relevant to the concentrating solar fuel (CSF) 

trade 

Parameter South Korea Australia 

Population 50 million 22 million 

Electricity installed capacity 93.2 GW 49 GW 

Land area 0.1 million sq. km 7.7 million sq. km 

Primary energy consumption 9,614 PJ/a 5,800 PJ/a 

Direct normal irradiance ~1100 kWh/m2/year 
(10.5 MJ/m2/day) 

~2300 kWh/m2/year 
(22.7 MJ/m2/day) 

Net energy flow Importer Exporter 

Policy drivers for solar Feed-in tariffs and other policies 
Renewable Energy Target 
33,000 GWh/yr (20% ) renewable 
by 2020 

 

 

 
 

Figure 41: South Korea’s primary energy consumption and source of crude oil imports 
Source: (US Energy Information Administration, 2014) 

South Korea imports 97% of its primary energy supply, the majority of which is petroleum and 

other liquids almost entirely from the Middle East (Figure 41). However, in contrast to Japan, 
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South Korea is one of Asia’s largest exporters of refined oil products: mainly middle distillates, 

such as gas oil and jet fuel. It has three of the world’s largest top ten oil refineries, with a total 

capacity of almost 3 million bbl/day. And, because of the lack of a domestic crude oil supply, South 

Korean oil companies invest heavily in overseas exploration and production. 

 

Figure 42: Source of liquefied natural gas (LNG) imports into South Korea 
(US Energy Information Administration, 2014) 

South Korea is the world’s second-largest importer of LNG, with consumption expected to grow by 

1.7% per year, mainly for electricity generation, to reduce GHG emissions in line with the country’s 

long-term energy plan. Despite its large reliance on LNG, it only receives 2% of its supply from 

Australia (Figure 42), but recently signed three major LNG contracts to secure supply from here. 

Once full production is complete, South Korea is expected receive 25% of its LNG supply from 

Australia, which should make Australia one of its major suppliers (Department of Foreign Affairs 

and Trade, 2014). 

The situation for coal is quite different from that of LNG. Australia is the largest supplier of coal to 

South Korea (Figure 43), exporting an estimated 16.4 Mt of coking and 28.3 Mt of steam coal in 

2011 (IEA, 2012a). In South Korea, 62% of the coal supply is used to generate electricity, with the 

remainder used in the industrial sector. 

 

 

Figure 43: Balance of trade in coal between Australia and South Korea 

 

45 million tonnes 
= 1252 PJ

AUD 7 billion = 
~5.6 $/GJ
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As can be seen from the above statistics, Australia has a strong energy trade relationship with 

South Korea, which is expected to grow rapidly in the near future. The prospect of increasing LNG 

exports to South Korea also opens up avenues for the export of other forms of energy. 

Since 2009, South Korea has had a suite of strategies aimed at reducing emissions based on its 

‘Low Carbon Green Growth’ policy (Ministry of Government Registration, 2010). This policy 

includes various incentives to encourage the use of renewable energy and increases energy 

efficiency, with the specific aims of: 

– fighting climate change and other environmental threats 

– creating a synergistic relationship between gross domestic product and environmental 

protection 

– increasing energy security by reducing dependence on imported fossil fuels 

– developing new green industries for the future 

– improving quality of life and increasing South Korea’s international standing. 

The policies are mainly aimed at reducing emissions from electricity generation, such as renewable 

portfolio standards, a solar roofs program and reducing energy use in new buildings through 

better design and energy efficiency. An emissions trading scheme will be introduced in 2015, with 

the aim of reducing emissions by 30% by 2020 (IEA, 2012a). 

Although South Korea is promoting the use of public transport, their renewable portfolio 

standards encourage the use of fuel cells in the home and in vehicles, with tax breaks, subsidies 

and low-interest loans available to assist with uptake. In February 2014, a 59-MW fuel cell park 

was commissioned as part of the Gyeonggi Green Energy Facility. The fuel cells use hydrogen 

(produced from methane) and provide power and district heating (Overton, 2014). There are plans 

to build more of these types of facilities around Seoul, as the capital also has its own emissions 

reduction targets of reducing GHG emissions by 25% by 2020, and 40% by 2030, from 1990 levels 

(City Climate Leadership Awards, 2014). 

Hyundai has been producing fuel cell vehicles since 2013 and plans to increase production, with a 

roll out of hydrogen refuelling infrastructure in South Korea, as well as pursuing opportunities in 

Europe and California (Shul, 2012; Szondy, 2014). As with Japan, there may be opportunities to 

export hydrogen produced using low-emission technologies to South Korea in the longer term. 

3.6 Summary 

The prices of energy commodities have always been volatile and will continue to be so. However, 

it is certain that the majority of commodities are linked to the oil price. We have therefore been 

able to project future commodity prices for CSF for export to Asia and domestic use in Australia by 

using future oil and LNG price trajectories as a basis. 

The use of the fuel determines its price in the market. For example, DME may be produced from 

methanol, but its price (on an energy basis) is lower, because its main use is as a propane 

alternative in China. For this reason, this fuel is excluded from further financial analysis in this 

study. 



 

Concentrating Solar Fuels Roadmap: Final Report | 69 

On the other hand, exporting hydrogen to Japan and South Korea – whether as ammonia or liquid 

hydrogen – looks to be a promising opportunity for CSF. Japan and South Korea are pursuing fuel 

cell technologies, and are thus looking for sources of hydrogen. Japanese companies have already 

drawn up plans to convert Victorian brown coal into hydrogen to export to Japan. Adding solar 

energy to this process would significantly reduce GHG emissions. Current opportunities are also 

available for exporting methanol to China, given that the country is developing large methanol 

production facilities in North America, and has now signed a free trade agreement with Australia. 

Locally, diesel as a CSF represents a strong opportunity. This is due to high demand, widely-

distributed use in remote regions in particular, and the fact that modelling shows that synfuel 

diesel alternatives are projected to be used by 2025. Blending of methanol with gasoline is 

another initial market that does not require infrastructure or vehicle changes. Addition of a 

modest fraction of solar derived hydrogen in the natural gas pipeline network would also be a 

means of contributing to non-transport energy use. 

Developing a CSF industry in Australia would also help regional development, particularly if 

biomass is used as a feedstock. Biomass feedstocks would also produce a zero-emission fuel. 

Within Australia, our reliance on imported oil has raised both energy security and economic 

concerns. Domestic CSF production would help to reduce our dependence on foreign oil. Australia 

has ample solar, coal and biomass resources to produce pure and/or hybrid CSF. The relative sale 

prices of (and demand for) fuels that can be produced using high-temperature solar energy – such 

as hydrogen, synthetic drop-in fuels or methanol – will determine which CSF technologies are 

most likely to become commercial. 
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4 Techno-economic analysis of options 

As outlined in Section 3, there is a significant opportunity for concentrating solar fuels (CSF), as 

long as they are economic. This section focuses on the techno-economic assessment of the large 

number of different CSF technologies considered in this study. The levelised cost of fuel (LCOF) for 

the most prospective technologies is presented at the end of this section. The aim of the techno-

economic analysis was to compare the possible options across a range of metrics including the 

LCOF. This comparison leads to rankings either by cost or by a weighted combination of the 

individual metrics. The intention with this approach is to provide direction to priority areas for 

effort and investment. It also provides a mechanism, for a particular option, to consider its 

apparent competitiveness and provide indications on how that might be improved. It is important 

to point out however, that the selected options are an approximate categorisation of an enormous 

range of possibilities and so the ranking should not be over interpreted. It is also the case that a 

new invention or improvement could completely change the future ranking of these options. 

4.1 Technical screening assessment 

As part of this project, the project team performed a detailed technical assessment of the state-of-

the-art for various solar technologies and research efforts in the area of CSF (Hinkley et al., 2013). 

This has been updated and forms the technical appendix of this study (Appendix A.1). Various key 

solar technical parameters (e.g. temperatures of reactions, exit conversions, recuperation 

efficiency) were estimated using consensus values agreed among the authors. The estimates were 

informed by knowledge of reported experimental results to date, as well as the approximate ideal 

limits. The values used are intended to be best estimates of ‘realistic/optimistic’ values that would 

be encountered during the early years of commercial operation. They have been examined for 

accuracy as part of the stakeholder assessment (Section 4.3). 

Besides using the material in Appendix A.1 to determine values of technical parameters, for input 

to performance and economic analysis, it has also been used to inform an evaluation of qualitative 

technical metrics on a consistent basis. The combination of receivers and reactions described in 

Section 2 results in a possible 160 permutations. As a primary method of screening, the expert 

panel eliminated any combinations of reactor/receiver/chemistry that are technically impossible. 

For example rotating recuperating reactors are a concept developed specifically for non-volatile 

metal oxide redox processes and so are not considered for volatile metal oxides or gasification 

systems with an inflow of solid reactants. This process eliminated 75 combinations, leaving 85 for 

further assessment. 

The qualitative technical selection criteria used and the reasons for choosing them were:  

 Greenhouse gas intensity: it is clearly important to reduce GHG emissions from fuel use. In the 

absence of a particular price on CO2 as an input to cost of energy calculations, the CO2 

intensity of final combustion products was used as a screening metric, and a scale factor was 

incorporated to allow a distinction between carbon of biomass or fossil origin. 
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 Technology readiness level:  the TRL scale (see Appendix A.2) is a commonly-used engineering 

metric to assess the technical maturity of a technology. Technologies that have a higher TRL 

are more mature and thus more likely to become commercial before those with a lower TRL.  

 Current Level of R&D effort: if an area has a great deal of research and development (R&D) 

activity, a breakthrough is more likely, and thus the technologies move up the TRL scale faster. 

Therefore, identifying the current level of R&D activity helps to determine the future maturity 

of the technology, or opportunities where increased investment could make a large difference. 

 Difficulty of unsolved hurdles: the project team worked with the expert panel to identify and 

evaluate the technical hurdle(s) that need to be overcome. Solutions to these issues would 

greatly improve the maturity and efficiency of the technology while reducing costs.  

The summary tables from the qualitative screening analysis are presented in Appendix A.4. 

4.2 Economic assessment 

The most appropriate economic performance metric for a solar fuels system is the Levelised cost 

of Fuel (Energy) (LCOF / E). This is a cost per unit of fuel produced that represents break-even 

operation by amortisation of capital investment over the project lifetime using the appropriate 

discount rate, plus O&M costs and the cost of any inputs. 

In this study, we used a two-part economic assessment. The first is an assessment of the LCOE of 

solar product gas (syngas) production from each of the many different solar options considered. 

Taking the most prospective solar options from the technical assessment, the second economic 

assessment calculates the LCOF of different CSF from various fuel conversion technologies 

identified in Section 2. 

The method used is detailed in more detail in Appendix A.3. Key financial parameters used 

included a weighted average cost of capital 6.4% and a 30 year plant life, consistent with 

assumptions in the recent Australian power generation technology report (CO2CRC, 2015). 

Analysis began with a solar field calculation that assumed a fixed thermal input to the receiver for 

all CSF options and worked backwards to determine a solar field size based on a receiver efficiency 

calculation with operating temperature as a key input. Plant capital costs were estimated using 

cost parameters by plant area or component (e.g. tower, receiver). Time based cost de-escalation 

allowed construction in different future years to be evaluated.  

The capital cost of receiver units is important. For this purpose the specific cost of a molten salt 

receiver from previous studies of CSP systems was taken as a baseline. Part of the technical 

assessment involved the expert panel separately using qualitative judgement to estimate a 

receiver complexity scale factor to be applied to this baseline for each basic receiver approach. 

The views of the experts were average. Thus a tubular directly irradiated receiver was considered 

to be approximately equal cost to a molten salt receiver, whereas a more complex rotating 

recuperating reactor for redox processes was judged to be 2.5 times more expensive. 

A major determinant of syngas LCOE and the main source of relative differentiation between the 

options is the solar to chemical conversion efficiency. While many of the references cited in 

Appendix A.1 attempt to estimate this for particular reaction systems, they typically use different 
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assumptions and are difficult to compare. As part of this project a comprehensive first principles 

analysis has been used to attempt to compare the options on a consistent basis.   

The major determining mechanism is that in each case reactants and other mass flows must be 

heated to the operating temperature of the reaction, reacted and then products and inert masses 

must be cooled back to ambient conditions. Recovery of heat between cooled products and 

heating of reactants is key to improving solar to chemical conversion efficiency, but it is always 

imperfect. High operating temperatures, incomplete conversion of reactants and presence of 

amounts of inert material all work to lower solar to chemical conversion efficiency.  

Thus the analysis as detailed in Appendix A.3 carries out a complete energy balance analysis of an 

arbitrary process using mass flows, completeness of reaction, presence of excess reactants, 

presence of cycled inert materials and efficiency of recuperation as inputs. These more basic input 

parameters were estimated on an ‘optimistic/realistic’ basis by consensus of the panel of experts. 

The results gave efficiencies of conversion of thermal energy at the receiver to stored chemical 

energy that ranged from around 30% to 70%, a major differentiating factor. Receiver thermal 

efficiency in addition to this, was determined from a simple thermal loss model based on 

operating temperature. 

Building on the results for the solar product gas LCOE, a further calculation was carried out to 

determine the LCOF of end use fuels. For this purpose the LCOE of the solar product gas for each 

option was used as an input energy stream to a process that then counted the capital costs of gas 

storage and the synthesis plant, considering also the estimated efficiencies and other parameters. 

Options considered were: 

 Diesel production from a Fischer Tropsch based plant 

 Methanol production 

 Ammonia synthesis using the Haber Bosch process. 

To assess the future opportunities of these overall CSF technologies, the future capital costs need 

to be determined. For any technology, future cost reductions besides those due to economies of 

scale could be achieved through technological learning effects or ‘learning-by-doing’ in the 

components that are immature. 

Learning-by-doing describes the relationship between cost reductions and cumulative output or 

capacity that has been observed in industrial processes, where for every doubling in cumulative 

output, the cost of production reduces by a fixed percentage known as the learning rate (LR) 

(Ferioli et al., 2009; Grübler et al., 1999). This relationship is represented by the learning curve 

equation: 

  

where K is the capital cost of the technology, K0 is the capital cost of first unit or initial cumulative 

capacity of the technology, CC is the cumulative number of units or cumulative capacity, b is the 

learning index, related to the LR by , where LR is expressed as a percentage. 

However, according to the equation, determining potential future cost reductions requires the 

future uptake of the technology over time to be estimated. 

0

bK K CC 

 100 1 2bLR  
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The future uptake, and thus capital cost reductions, for the solar components (solar field, receiver 

and tower) and for the electricity generation equipment have been taken from the Australian 

Energy Technology Assessment. The assessment used a model developed by CSIRO (BREE, 2013). 

Projections of the global uptake of the fuel conversion technologies have been based on 

projections of global uptake of coal-to-liquid (CTL) and gas-to-liquid (GTL), where a 20% LR has 

been applied to the immature components of those processes (IEA, 2012c). 

4.3 Stakeholder assessment 

During the three workshops held during this study, experts and stakeholders from academia, 

experts, industry, government and non-government organisations had the opportunity to critique 

and provide input into our technical and economic assessments. This included technical maturity 

and conversion efficiency, impacts on markets, export opportunities, and potential for financing 

real solar fuels projects. Adjustments were made to reflect this valuable input. 

4.4 Screening of solar process options 

Due to the large number of solar process options researched and discussed in the literature, a 

screening process has been used to rank these options. This screening process used the outcomes 

of the technical, economic and stakeholder assessments. The key decision metrics were thermal-

to-chemical conversion efficiency, TRL, current level of R&D effort, difficulty of unsolved hurdles, 

and LCOF of syngas as described in sections 4.1 and 4.2. Table 13 shows the results of the initial 

analysis, sorted by LCOF of syngas. In addition to the columns that indicate the calculated LCOF 

and the estimated values key technical metrics parameters, the table shows columns for: 

– receiver cost complexity factor 

 a qualitative estimate of receiver cost relative to the baseline of a standard molten 

salt thermal receiver 

 for a particular reaction, this factor is in many cases the only differentiator 

between the options for a given reaction 

– inverted normalised LCOF score 

 takes the actual calculated LCOF of syngas and normalises it to a scale of 1–10, 

such that a high number is a desirable outcome indicative of a low actual LCOF 

 creates a more manageable variable for use with the others in the actual screening 

– normalised GHG intensity 

 a similar score to the above, based on the CO2 emissions per GJ of the fuel after 

complete combustion 

 before normalisation, the value is multiplied by a scale factor that is 1 for fossil 

fuel, 0 for biomass or reaction systems that do not release CO2, and 0.5 for waste 

material that is treated as 50% organic in origin.  

– screening score 

 a multi-criteria assessment based on weighting the various parameters; a positive 

or negative weighting is used for desirable or undesirable attributes (Table 13).  
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Table 13: Techno-economic analysis results for all systems, sorted by decreasing levelised cost of solar product gas 

(LCOE) 

Reaction Receiver / reactor type 
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Weighting in screening evaluation – – – 1 1 -1 1 -1 – 

Waste gasification Tubular (directly 
irradiated) 

68.1%  $3.12  1 1 1 4 9.55 1 1.76  

Waste gasification Packed bed (batch) 68.1%  $3.30  1.3 3 2 4 9.53 1 4.75  

Brown coal gasification Tubular (directly 
irradiated) 

70.5%  $3.45  1 2 2 4 9.51 2 2.72  

Waste gasification Vortex (windowed 
cavity) 

68.1%  $3.47  1.6 1 1 4 9.50 1 1.73  

Waste gasification Molten media bath 68.1%  $3.59  1.8 1 1 4 9.49 1 1.73  

Waste gasification Tubular (indirect via 
HTF) 

68.1%  $3.59  1.8 1 1 4 9.49 1 1.73  

Brown coal gasification Packed bed (batch) 70.5%  $3.60  1.3 3 2 4 9.49 2 3.71  

Waste gasification Falling particle receiver 68.1%  $3.65  1.9 1 1 4 9.48 1 1.72  

Waste gasification Volumetric (windowed, 
fixed media) 

68.1%  $3.65  1.9 1 1 4 9.48 1 1.72  

Brown coal gasification Vortex (windowed 
cavity) 

70.5%  $3.74  1.6 3 3 4 9.47 2 4.70  

Brown coal gasification Molten media bath 70.5%  $3.84  1.8 1 1 4 9.45 2 0.69  

Brown coal gasification Tubular (indirect via 
HTF) 

70.5%  $3.84  1.8 2 2 4 9.45 2 2.69  

Waste gasification Rotary kiln 68.1%  $3.88  2.3 1 1 4 9.45 1 1.71  

Brown coal gasification Falling particle receiver 70.5%  $3.89  1.9 1 1 4 9.44 2 0.69  

Brown coal gasification Volumetric (windowed, 
fixed media) 

70.5%  $3.89  1.9 1 1 4 9.44 2 0.69  

Brown coal gasification Rotary kiln 70.5%  $4.09  2.3 1 1 4 9.42 2 0.67  

Waste gasification Fluidised bed (side 
irradiated) 

52.5%  $4.42  1.8 1 1 4 9.37 1 1.67  

Waste gasification Fluidised bed (upward 
facing) 

52.5%  $4.42  1.8 1 1 4 9.37 1 1.67  

Brown coal gasification Fluidised bed (side 
irradiated) 

51.6%  $4.94  1.8 1 1 4 9.29 2 0.61  

Brown coal gasification Fluidised bed (upward 
facing) 

51.6%  $4.94  1.8 3 2 3 9.29 2 4.61  

Black coal gasification Packed bed (batch) 52.2%  $8.13  1.3 3 2 4 8.84 2 3.38  

Black coal gasification Tubular (directly 
irradiated) 

49.3%  $9.15  1 1 1 4 8.69 2 0.31  

Biomass gasification Packed bed (batch) 67.2%  $9.74  1.3 3 2 4 8.61 0 5.30  

Biomass gasification 
(cellulose) 

Packed bed (batch) 65.5%  $9.75  1.3 3 2 4 8.61 0 5.30  

Biomass gasification Falling particle receiver 68.0%  $9.88  1.9 1 1 4 8.59 0 2.29  

Biomass gasification Tubular (directly 
irradiated) 

66.0%  $9.89  1 3 2 4 8.59 0 5.29  

Biomass gasification Vortex (windowed 
cavity) 

67.2%  $9.91  1.6 1 1 4 8.58 0 2.29  

Black coal gasification Vortex (windowed 
cavity) 

49.3%  $9.94  1.6 3 3 4 8.58 2 4.25  

Biomass gasification Molten media bath 67.2%  $10.02  1.8 3 2 4 8.57 0 5.28  

Biomass gasification Tubular (indirect via 
HTF) 

67.2%  $10.02  1.8 1 1 4 8.57 0 2.28  

Biomass gasification Volumetric (windowed, 
fixed media) 

67.2%  $10.08  1.9 1 1 4 8.56 0 2.28  
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Reaction Receiver / reactor type 
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Black coal gasification Fluidised bed (side 
irradiated) 

49.3%  $10.20  1.8 3 2 4 8.54 2 3.24  

Black coal gasification Fluidised bed (upward 
facing) 

49.3%  $10.20  1.8 3 2 3 8.54 2 4.24  

Black coal gasification Molten media bath 49.3%  $10.20  1.8 1 1 4 8.54 2 0.24  

Black coal gasification Tubular (indirect via 
HTF) 

49.3%  $10.20  1.8 2 2 4 8.54 2 2.24  

Natural gas reforming Tubular (directly 
irradiated) 

60.1%  $10.29  1 6 2 2 8.53 1 9.25  

Biomass gasification Rotary kiln 67.2%  $10.30  2.3 1 1 4 8.53 0 2.26  

Black coal gasification Falling particle receiver 49.3%  $10.34  1.9 1 1 4 8.52 2 0.23  

Black coal gasification Volumetric (windowed, 
fixed media) 

49.3%  $10.34  1.9 1 1 4 8.52 2 0.23  

Natural gas reforming Vortex (windowed 
cavity) 

60.1%  $10.70  1.6 1 1 4 8.47 1 1.22  

Natural gas reforming Tubular (indirect via 
HTF) 

60.1%  $10.83  1.8 3 2 4 8.45 1 4.21  

Black coal gasification Rotary kiln 49.3%  $10.86  2.3 1 1 4 8.45 2 0.19  

Natural gas reforming Volumetric (windowed, 
fixed media) 

60.1%  $10.90  1.9 6 2 2 8.44 1 9.21  

Natural gas reforming Rotary kiln 60.1%  $11.17  2.3 1 1 4 8.40 1 1.19  

Biomass gasification Fluidised bed (side 
irradiated) 

47.2%  $11.27  1.8 1 1 4 8.39 0 2.20  

Biomass gasification Fluidised bed (upward 
facing) 

47.2%  $11.27  1.8 2 1 4 8.39 0 3.20  

Biomass gasification 
(lignin) 

Packed bed (batch) 73.9%  $11.40  1.3 3 2 4 8.37 0 5.19  

Natural Gas Cracking Volumetric (windowed, 
fixed media) 

68.8%  $17.17  1.9 1 1 4 7.55 0 1.77  

CO2 +H2O splitting by 
other redox 

Packed bed (batch) 60.9%  $18.72  1.3 1 1 4 7.33 0 1.66  

CO2 +H2O splitting by 
other redox 

Vortex (windowed 
cavity) 

60.9%  $19.72  1.6 1 1 4 7.18 0 1.59  

CO2 +H2O splitting by 
other redox 

Falling particle receiver 60.9%  $20.71  1.9 1 1 4 7.04 0 3.52  

CO2 +H2O splitting by 
other redox 

Volumetric (windowed, 
fixed media) 

60.9%  $20.71  1.9 1 1 4 7.04 0 1.52  

CO2 +H2O splitting by 
other redox 

Quasi-continuous 
(switching redox mode) 

60.9%  $21.04  2 1 1 4 6.99 0 1.50  

CO2 +H2O splitting by 
other redox 

Rotary kiln 60.9%  $22.03  2.3 1 1 4 6.85 0 1.43  

CO2 + H2O splitting by 
metal oxide redox 

Packed bed (batch) 61.5%  $22.45  1.3 1 1 4 6.79 0 1.40  

CO2 +H2O splitting by 
other redox 

Rotating recuperating 
reactors 

60.9%  $22.69  2.5 1 1 4 6.76 0 1.38  

CO2 + H2O splitting by 
metal oxide redox 

Vortex (windowed 
cavity) 

61.5%  $23.64  1.6 1 1 4 6.62 0 1.31  

CO2 + H2O splitting by 
metal oxide redox 

Falling particle receiver 61.5%  $24.83  1.9 1 1 4 6.45 0 1.23  

CO2 + H2O splitting by 
metal oxide redox 

Volumetric (windowed, 
fixed media) 

61.5%  $24.83  1.9 3 4 5 6.45 0 5.23  

CO2 + H2O splitting by 
metal oxide redox 

Quasi-continuous 
(switching redox mode) 

61.5%  $25.23  2 5 4 4 6.40 0 3.20  

CO2 + H2O splitting by 
metal oxide redox 

Rotary kiln 61.5%  $26.42  2.3 1 1 4 6.23 0 1.11  

H2O splitting by other 
redox 

Packed bed (batch) 42.9%  $26.57  1.3 1 1 4 6.20 0 1.10  

CO2 +H2O splitting by 
other redox 

Fluidised bed (side 
irradiated) 

46.4%  $26.75  1.8 1 1 4 6.18 0 1.09  

CO2 +H2O splitting by 
other redox 

Fluidised bed (upward 
facing) 

46.4%  $26.75  1.8 1 1 4 6.18 0 1.09  
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Reaction Receiver / reactor type 
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CO2 + H2O splitting by 
metal oxide redox 

Rotating recuperating 
reactors 

61.5%  $27.21  2.5 1 1 4 6.11 0 1.06  

H2O splitting by other 
redox 

Vortex (windowed 
cavity) 

42.9%  $27.98  1.6 1 1 4 6.00 0 1.00  

Natural Gas Cracking Vortex (windowed 
cavity) 

68.8%  $28.78  1.6 1 1 4 5.89 0 0.94  

CO2 + H2O splitting by 
metal oxide redox 

Fluidised bed (side 
irradiated) 

47.0%  $29.12  1.8 1 1 4 5.84 0 0.92  

CO2 + H2O splitting by 
metal oxide redox 

Fluidised bed (upward 
facing) 

47.0%  $29.12  1.8 1 1 4 5.84 0 0.92  

H2O splitting by metal 
oxide redox 

Packed bed (batch) 44.5%  $29.36  1 1 1 1 5.81 0 3.90  

H2O splitting by other 
redox 

Volumetric (windowed, 
fixed media) 

42.9%  $29.38  1.9 4 3 4 5.80 0 5.90  

H2O splitting by other 
redox 

Quasi-continuous 
(switching redox mode) 

42.9%  $29.85  2 1 1 4 5.74 0 0.87  

H2O splitting by metal 
oxide redox 

Packed bed (batch) 44.5%  $31.00  1.3 1 1 4 5.57 0 0.79  

H2O splitting by other 
redox 

Rotary kiln 42.9%  $31.26  2.3 1 1 4 5.53 0 0.77  

H2O splitting by other 
redox 

Rotating recuperating 
reactors 

42.9%  $32.20  2.5 1 1 4 5.40 0 0.70  

H2O splitting by metal 
oxide redox 

Vortex (windowed 
cavity) 

44.5%  $32.64  1.6 1 1 4 5.34 0 0.67  

H2O splitting by metal 
oxide redox 

Falling particle receiver 44.5%  $34.28  1.9 1 1 5 5.10 0 -0.45  

H2O splitting by metal 
oxide redox 

Volumetric (windowed, 
fixed media) 

44.5%  $34.28  1.9 5 4 4 5.10 0 7.55  

H2O splitting by metal 
oxide redox 

Quasi-continuous 
(switching redox mode) 

44.5%  $34.83  2 5 4 4 5.02 0 7.51  

H2O splitting by metal 
oxide redox 

Rotary kiln 44.5%  $36.47  2.3 1 1 4 4.79 0 0.39  

H2O splitting by metal 
oxide redox 

Rotating recuperating 
reactors 

44.5%  $37.57  2.5 4 2 4 4.63 0 4.32  

H2O splitting by other 
redox 

Fluidised bed (upward 
facing) 

29.2%  $42.53  1.8 1 1 4 3.92 0 -0.04  

H2O splitting by metal 
oxide redox 

Fluidised bed (side 
irradiated) 

29.5%  $46.46  1.8 1 1 4 3.36 0 -0.32  

GHG = greenhouse gas; HTF = heat transfer fluid; TRL = technology readiness level 

Table 13 shows that the lowest LCOF is projected for waste material in a tubular or packed be 

reactor, with the third-lowest being brown coal (also converted in a tubular reactor). This is an 

understandable result, given that these options have the lowest feedstock costs – assumed to be 

zero for waste and $1/GJ for brown coal. The tubular reactor has also been estimated as the 

cheapest reactor option in principle. 

The other brown coal and waste receiver processing options appear variously down the list in a 

rank order that approximately follows reactor cost estimates. Note that there is nothing definitive 

about this ordering between reactor types. R&D developments with any one of those reactors or 

indeed new reactor concepts could easily see a new ‘front runner’ reactor type. Note also that at 

this stage, the assessed inputs of operating temperature do not distinguish between reactor types 

for a particular reaction. Thus, technical developments that allow a particular reactor design to 

operate at a lower temperature could reduce the LCOF enough to outweigh a more expensive 

receiver reactor. 
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An exception to this, however, is the appearance of the fluidised bed options at the bottom of the 

rank order for brown coal and waste conversion. Use of a fluidised bed is associated with the 

assumption that a significant inert gas stream is needed to maintain the fluidisation of particles. 

The imperfect recuperation of sensible heat from this stream of inert gas has lowered the thermal-

to-chemical efficiency to pull this option down the rank order. This indicates that pursuit of the 

fluidised bed option requires other benefits – such as better heat transfer, leading to lower 

operating temperatures – to outweigh the energy cost of recycling the inert gases. 

Biomass gasification in a packed bed reactor is the lowest cost option (~$10/GJ) that also has a 

greenhouse gas intensity score of zero. Natural gas cracking also has a zero GHG score based on 

the assumption that the pure carbon produced is never combusted, but is considerable more 

expensive ($17/GJ of H2). It is the only hybrid fossil fuel option that can claim zero GHG emissions 

without complex sequestration of CO2. Running counter to this, however, is a potential 

commercial market for carbon black, which could offer a lower LCOF. This is probably only possible 

at a niche scale, however, since large-scale production would soon swamp the existing carbon 

black market. The expert panel also noted that carbon black from solar methane cracking may be a 

difficult product to either sell or bury in land, fill due to concerns about hydrocarbon contaminants 

such as polycyclic aromatic hydrocarbons. 

The remainder of the solar hybrid options appear in an order that reflects the combination of their 

input fuel costs, receiver reactor cost and any extra energy recuperation challenges. The ordering 

of these alternatives should not be taken as in any way absolute, but rather used as an indicator of 

the areas requiring more effort in R&D activities. 

The lowest-cost pure solar option comes in at $19/GJ and the highest at $46/GJ. Considerable 

differences have been identified in the levels of secondary reactants and gas phase material 

requiring thermal recuperation. Again, the order is subject to change as R&D continues. However, 

it seems unlikely that the highest cost options would ever be able to catch up with the lower-cost 

ones in this way, so some major pragmatic issues would need to come into play to favour them. 

Ranking the options on the calculated weighted screening score changes the ordering 

considerably, as can be seen in Table 14, which shows the 25 top ranked options. 

 

Table 14: Highest ranked technologies from techno-economic analysis screening 

Reaction Receiver / reactor type 
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Natural gas reforming Tubular (directly 
irradiated) 

60.1%  $10.29  1 6 2 2 8.53 1 9.25  

Natural gas reforming Volumetric (windowed, 
fixed media) 

60.1%  $10.90  1.9 6 2 2 8.44 1 9.21  

CO2 + H2O splitting by 
metal oxide redox 

Quasi-continuous 
(switching redox mode) 

61.5%  $25.23  2 5 4 4 6.40 0 8.20  

H2O splitting by metal 
oxide redox 

Volumetric (windowed, 
fixed media) 

44.5%  $34.28  1.9 5 4 4 5.10 0 7.55  

H2O splitting by metal 
oxide redox 

Quasi-continuous 
(switching redox mode) 

44.5%  $34.83  2 5 4 4 5.02 0 7.51  

H2O splitting by other 
redox 

Volumetric (windowed, 
fixed media) 

42.9%  $29.38  1.9 4 3 4 5.80 0 5.90  
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Reaction Receiver / reactor type 
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Biomass gasification Packed bed (batch) 67.2%  $9.74  1.3 3 2 4 8.61 0 5.30  

Biomass 
gasification(test 
Cellulose) 

Packed bed (batch) 65.5%  $9.75  1.3 3 2 4 8.61 0 5.30  

Biomass gasification Tubular (directly 
irradiated) 

66.0%  $9.89  1 3 2 4 8.59 0 5.29  

Biomass gasification Molten media bath 67.2%  $10.02  1.8 3 2 4 8.57 0 5.28  

CO2 + H2O splitting by 
metal oxide redox 

Volumetric (windowed, 
fixed media) 

61.5%  $24.83  1.9 3 4 5 6.45 0 5.23  

Biomass 
gasification(test lignin) 

Packed bed (batch) 73.9%  $11.40  1.3 3 2 4 8.37 0 5.19  

Waste gasification Packed bed (batch) 68.1%  $3.30  1.3 3 2 4 9.53 1 4.75  

Brown coal gasification Vortex (windowed 
cavity) 

70.5%  $3.74  1.6 3 3 4 9.47 2 4.70  

Brown coal gasification Fluidised bed (upward 
facing) 

51.6%  $4.94  1.8 3 2 3 9.29 2 4.61  

H2O splitting by metal 
oxide redox 

Rotating recuperating 
reactors 

44.5%  $37.57  2.5 4 2 4 4.63 0 4.32  

Black coal gasification Vortex (windowed 
cavity) 

49.3%  $9.94  1.6 3 3 4 8.58 2 4.25  

Black coal gasification Fluidised bed (upward 
facing) 

49.3%  $10.20  1.8 3 2 3 8.54 2 4.24  

Natural gas reforming Tubular (indirect via 
HTF) 

60.1%  $10.83  1.8 3 2 4 8.45 1 4.21  

H2O splitting by metal 
oxide redox 

Packed bed (batch) 44.5%  $29.36  1 1 1 1 5.81 0 3.90  

Brown coal gasification Packed bed (batch) 70.5%  $3.60  1.3 3 2 4 9.49 2 3.71  

Black coal gasification Packed bed (batch) 52.2%  $8.13  1.3 3 2 4 8.84 2 3.38  

Black coal gasification Fluidised bed (side 
irradiated) 

49.3%  $10.20  1.8 3 2 4 8.54 2 3.24  

Biomass gasification Fluidised bed (upward 
facing) 

47.2%  $11.27  1.8 2 1 4 8.39 0 3.20  

Brown coal gasification Tubular (directly 
irradiated) 

70.5%  $3.45  1 2 2 4 9.51 2 2.72  

GHG = greenhouse gas; HTF = heat transfer fluid; LCOF = levelised cost of fuel; TRL = technology readiness level 

 

Natural gas reforming is the highest ranked option, irrespective of reactor type, as a result of the 

high score for TRL and low score for unsolved hurdles. The LCOE of syngas is close to the median 

of hybrid fossil options (and of course sensitive to the input cost of gas). It benefits from a much 

lower GHG intensity score than the coal options. 

Biomass gasification scores above the coal options based on the weight given to GHG intensity. It 

clearly has a higher input fuel cost, so would not be favoured on a simple cost basis. It does offer 

the lowest-cost 100% renewable energy option. 

Of the 100% pure solar options, CO2 and water splitting with non-volatile metal oxide in a quasi-

continuous reactor ranks highly. As well as having zero GHG impact, it is favoured by a high TRL 

and a high level of international effort on R&D due partly to projects being led by DLR on this 

concept at laboratory and pilot scale. 
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4.5 Results of techno-economic analysis – levelised cost of fuel for key 
options 

The LCOF of end use fuel has been determined for a range of CSF technologies and is shown in 

Table 15. For this comparison we assume that the end product of the carbon-based processes is a 

synthetic diesel made using an F–T-like process, while the product from water splitting and 

photovoltaics (PV)/electrolysis is hydrogen at moderate pressure. Note that if solar steam 

reforming is used to produce hydrogen, the 2020 cost is expected to be around $2/kg H2, similar to 

the costs of conventional production. This is reflected in the rather moderate increase in the cost 

of the solar syngas relative to the natural gas feed ($10.30 compared to $8.50). 

The carbon-based processes all appear capable of producing CSF products with a final fuel cost 

comparable to that of conventional crude-oil-based production at $100/bbl. Naturally, the 

uncertainty over the future oil price affects the value proposition for CSF; however, they have the 

potential to be finished fuels that can be drop-in substitutes or blend components for 

conventional fuels. This means that in an Australian context, CSF should be compared to the 

wholesale price, which includes refining and exchange rate components and is less sensitive to the 

oil price. 

Table 15: Projected 2020 levelised cost of fuel (LCOF), technology readiness level and greenhouse gas (GHG) 

emission intensity for key concentrating solar fuel technologies 

Process Input fuel 
cost 

Solar 
product gas 

LCOF 

Final 
fuel 

LCOF 

Final fuel 
LCOF 

Technology 
readiness 

GHG 
intensity 

Conventional crude oil at 
$100/barrel 

$16/GJ – $20/GJ $0.56/L Current 
technology 

High 

Solar gasification of brown 
coal 

$1/GJ $3.45/GJ $11/GJ $0.31/L Medium High 

Solar reforming of natural 
gas 

$8.4/GJ $10.30/GJ $17/GJ $0.48/L High Medium 

Solar gasification of 
biomass 

$8/GJ $9.75/GJ $17/GJ $0.48/L Medium Zero-low 

Solar water splitting Zero $29–46/GJ $34-51 
/GJ 

$4-6/kg 
H2 

Low Zero 

Photovoltaic/electrolysis 
(2020)a 

Zero – $94/GJ $11/kg High Zero 

a Based on 2020 solar field costs estimated at $173/m2 for heliostats, 6.4% discount rate, 30 year amortisation 

We also explored the projected LCOF for ammonia as an example of the potential future cost 

trajectory for CSF. All CSF products show the same behaviours into the future, with the LCOF 

decreasing relatively rapidly until 2020 as the greatest learning is seen in the underlying capital 

costs. After 2020, while the capital cost continues to decline, the rate of capital cost reduction 

decreases, since the technology is assumed to mature through deployment. Further gains are 

offset by increases to the expected cost of the natural gas feedstock, leading to a nearly constant 

LCOF, as seen in Figure 44. Importantly, the gap between the sale price and the LCOF increases 
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with time, indicating that a CSF industry can expect to be more profitable in the future. Figure 44 

also shows the impact of providing on-site storage for the product ammonia, as well as the 

incremental cost of capturing and sequestering the CO2 produced to provide a zero-emission 

product (about $3/GJ). 

 
Figure 44: Projected levelised cost of fuel for ammonia compared with expected market price 

Note: CCS = carbon capture and storage; NH3 = ammonia 
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5 Case studies of potential business opportunities 

Solar steam reforming of methane (SRM) is currently the most advanced solar fuel technology, 

and therefore represents the most prospective commercial opportunity. We performed a case 

study financial analysis on this technology coupled to various fuel conversion technologies that 

can produce a range of fuel products. 

Solar SRM requires both a good direct normal irradiance (DNI) and a source of natural gas, both of 

which are in abundance in the Fitzroy region of Queensland; in particular, in the port of Gladstone, 

where natural gas is being converted to LNG for export to Australia’s Asian trading partners (see 

Section 3.5). Therefore, our case study will focus on using solar SRM in Gladstone. 

We assume that all products will be sold in export markets, except for diesel, which is suitable for 

local use and has a market value in Australia (Section 3.3). While the analysis involves a single solar 

SRM facility, the number of facilities can be scaled up to provide a regional industry perspective. 

Higher DNI is available away from the coast, in the Fitzroy; however, Gladstone has the advantage 

of port facilities with access to utilities, feedstocks and a considerable workforce. If the industry 

was to be scaled up, then it would make economic sense to locate the solar facilities in the regions 

with the best DNI and provide any infrastructure necessary for transporting the solar fuel to the 

port for export. 

5.1 Capital, operating and maintenance cost and production assumptions 

We have assumed that the solar SRM facility that produces syngas is common to all processes. 

However, the fuel conversion processes (from syngas to a final fuel) differ, as described in 

Section 2.8, and thus have different cost assumptions. The solar capital and operating and 

maintenance (O&M) costs have been described in detail previously, and thus are only summarised 

here in Table 16 (Hinkley et al., 2015b). The costs are for a 50-MWth solar facility in the year 2020. 

They do not include indirect costs or contingency, which are 25% of capital. These costs need to be 

included for the financial analysis and levelised cost calculations. 

Daily syngas production has been calculated to be 2170 GJ. Syngas storage is included, allowing 

the fuel production facility to run with a 75% capacity factor. This has been assumed so that the 

fuel production facilities can run continuously, albeit with much lower production at night. Fuel 

production facilities need to run continuously, because start-up and shutdown procedures can 

take several hours, which will affect both output and lifetime of plant components due to material 

fatigue (Saw, W 2015, pers. comm. Nov. 2015) 

Electricity generation has also been included in the cost, to take advantage of the waste heat from 

several of the fuel processes and generate additional revenue. We have assumed that electricity is 

sold to the grid for $80/MWh. 
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Table 16: Summary of solar cost components used in the financial analysis 

Component Cost ($ million) 

Solar field capital 17.6 

Tower and receiver capital 8.3 

Solar balance of plant capital 1.4 

Syngas storage capital  9.5 

Solar operating and maintenance total (paid annually) 1.5 

Electricity generation capital 2.4 

Electricity generation operating and maintenance  0.2 

 

5.1.1 Liquid hydrogen production 

Although hydrogen is a component of syngas, carbon monoxide needs to be converted to 

additional hydrogen by the water-gas shift reaction for the hydrogen to be usable. Hydrogen will 

also require storage in a liquid form so it can be loaded onto ships for export. The major cost 

components of hydrogen production are a water-gas shift reactor, pressure swing adsorption and 

hydrogen storage. The costs and parameters assumed for hydrogen production are shown in Table 

17. The costs were adapted from (Sun et al., 2013; Dolan et al., 2015), while (Nexant Inc, 2006) 

quoted the quantity of hydrogen produced (efficiency). 

Table 17: Assumed liquid hydrogen production parameters used in the financial analysis 

Parameter Value Unit 

Capital cost  22 $ million 

Operating and maintenance cost  445 $ thousand/year 

Quantity of hydrogen produced 640 PJ/year 

Hydrogen storage capacity 4 days 

Capital cost hydrogen storage 75 $ million 

CO2 emissions captured and stored 45 kt/year 

 

5.1.2 Ammonia production 

Ammonia is assumed to be produced from the same process that is used to produce pure 

hydrogen in Section 5.1.1, followed by the Haber–Bosch process, which is by far the most widely 

used method of ammonia production. Hydrogen storage is not needed, because it is converted to 

ammonia. Ammonia is assumed to be stored in liquid form ready for transport by ship. The costs 

and other parameters were adapted from (Sun et al., 2013) and are shown in Table 18. The costs 

include the costs of hydrogen production. 
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Table 18: Assumed ammonia production parameters used in the financial analysis 

Parameter Value Unit 

Capital cost 38 $ million 

Operating and maintenance (O&M) cost 1 $ million/year 

Quantity of ammonia produced 600 PJ/year 

Ammonia storage capacity 4 days 

Ammonia storage capital cost 8 $ million 

Ammonia storage O&M cost 310 $ thousand/year 

CO2 emissions captured and stored 45 kt/year 

 

5.1.3 Diesel production 

Diesel (and potentially other ‘drop-in’ fuels) are produced from syngas using the Fischer–Tropsch 

(F–T) process. This process is exothermic; the excess heat can be used to produce electricity and 

thus generate additional revenue for the plant. Therefore, costs of electricity production have 

been included. Because we assume that the diesel is sold locally, diesel storage has not been 

included in the cost estimates. The costs and other parameters are shown in Table 19 and were 

developed by harmonising costs from various F–T liquid studies (Shuster, 2013; Van Bibber et al., 

2007; Swanson et al., 2010). 

Table 19: Assumed diesel production parameters used in the financial analysis 

Parameter Value Unit 

Capital cost 21 $ million 

Operating and maintenance (O&M) cost 410 $ thousand/year 

Quantity of diesel produced 600 PJ/year 

Electricity generation capital cost 2 $ million 

Electricity generation O&M cost 180 $ thousand/year 

Quantity of electricity produced 15 GWh/year 

 

5.1.4 Methanol production 

Methanol is produced from syngas using a process used in the petrochemical industry. As for the 

F–T process, the methanol process is exothermic, and thus excess heat can be used to produce 

electricity. The costs and other parameters are shown in Table 20, except for the electricity 

generation costs, which are the same as those in Table 19. The parameters were developed by 

harmonising results from different studies (Phillips et al., 2011; Worley Parsons, 2014). 
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Table 20: Assumed methanol production parameters used in the financial analysis 

Parameter Value Unit 

Capital cost 17 $ million 

Operating and maintenance cost 345 $ thousand/year 

Quantity of methanol produced 600 PJ/year 

 

5.2 Financial assumptions 

The equity net present value (NPV) and equity internal rate of return (IRR) were calculated for 

each solar SRM and fuel production process. A summary of the financial assumptions is shown in 

Table 21. The equity NPV is calculated by taking the net present value of the cash flows minus the 

cost of debt, using the rate of equity. This is then added to the NPV of the cost of debt, using the 

rate of debt. The equity IRR is also calculated using the rate of equity, and shows the expected 

return on equity financing of the project. 

Table 21: Financial assumptions used for calculating net present value and equity internal rate of return for the 

different cases 

Parameter Assumed value 

Share of equity 30% 

Share of debt 70% 

Tax rate 30% 

Period of debt repayment 15 years 

Rate of debt 5.4% 

Plant operating life 30 years 

Rate of equity 8.8% 

Days of operation 365 per year 

 

All capital costs were depreciated over the assumed amortisation period of 30 years, and there 

was no salvage value. We used the depreciation function in Microsoft Excel to calculate straight 

line depreciation. 

Annual taxes were based on the corporate Australian tax rate of 30%. Tax offsets were allowed 

against interest payments on debt. 

The expected revenue from the sale of the solar fuels is given by the commodity prices presented 

in Section 3.2. 

5.2.1 Natural gas feedstock 

Two likely gas price trajectories, running from the year 2015 to 2050, have been used as shown in 

Figure 45. ‘Input fuel LNG’ is the estimated price that liquefied natural gas (LNG) producers would 
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have to pay before liquefying the gas (Wagner, 2014). The second trajectory is the projected 

wholesale price of gas. This is the price that local users of gas, such as electricity generation plants, 

would have to pay (Graham et al., 2015). These are different from the LNG prices shown in Figure 

23, because they represent local prices rather than exported prices. Local prices are appropriate as 

a feedstock price, since that is what a local industrial buyer would pay for their gas supply. 

 

Figure 45: Projected gas price used in the financial analysis 

5.2.2 Shipping 

The export commodities analysis includes shipping, the expected prices of which are based on 

those of LNG (Jefferies, 2013; Core Energy Group, 2013). The prices have been scaled to take into 

account the different energy contents and shipping requirements of the different fuels, and are 

presented in Table 22. The maximum value for shipping liquid hydrogen is consistent with that 

being proposed by Kawasaki Corporation, which includes the cost of building new ships (Kodama, 

2013). 

Table 22: Shipping prices for solar fuels used in the financial analysis 

Fuel Minimum ($/GJ) Maximum ($/GJ) Average ($/GJ) 

Liquefied natural gas (for reference) 1.00 3.61 2.31 

Liquefied hydrogen 2.61 9.42 6.02 

Ammonia 1.93 6.97 4.45 

Methanol 1.42 5.13 3.28 
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5.2.3 CO2 transport and storage 

Japan wants to have zero-emission hydrogen and ammonia. Therefore, because solar SRM still 

produces CO2, it will have to be transported and sequestered for the liquefied hydrogen and 

ammonia processes. CO2 pipeline and storage costs of $30–40/tCO2 were calculated recently for 

the Eromanga and Galilee basins in Queensland, which have good injectivity (CO2CRC, 2015). The 

costs include O&M costs such as monitoring. 

5.3 Results 

The equity IRRs are shown in Table 23 and the equity NPVs are shown in Table 24 for the various 

fuels and cases examined. The cases are: 

– Base case 

 input fuel wholesale gas price trajectory 

 average shipping cost 

 average CO2 transport and sequestration cost 

– Minimum case (most favourable) 

 input fuel LNG gas price trajectory 

 maximum fuel commodity price trajectory 

 minimum shipping cost 

 minimum CO2 transport and sequestration cost 

– Maximum case (least favourable) 

 input fuel wholesale gas price trajectory 

 minimum fuel commodity price trajectory 

 maximum shipping cost 

 maximum CO2 transport and sequestration cost. 

 

Table 23: Equity internal rate of return (%) for concentrating solar fuels under various cases 

Fuel Base case  Minimum case  Maximum case 

Liquid hydrogen 1.2 7.1 < –10 

Ammonia 3.2 4.6 –2.3 

Diesel 4.0 6.4 –1.5 

Methanol 1.6 5.7 –6.2 
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Table 24: Equity net present value ($ million) for concentrating solar fuels under various cases 

Fuel Base case  Minimum case Maximum case 

Liquid hydrogen –117 –27 –271 

Ammonia –52 –41 –100 

Diesel –34 –18 –66 

Methanol –48 –22 –85 

 

These results mean that under all cases, an equity investor looking for a return on their investment 

of 8.8% will receive less than what is expected. However, they will still receive a return; that is, 

they will not be out of pocket. 

These scenarios do not include any subsidies that would normally be associated with a first-of-a-

kind plant such as this, and the financial parameters assume that debt will be sourced from a bank 

and equity from an investor. In reality, investors in such an enterprise would probably look for 

subsidies (given that the export fuels are produced without any emissions) and may be able to 

source equity finance from the Clean Energy Finance Corporation. 
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6 Challenges and strategies 

6.1 Introduction 

All new energy technologies face a range of different challenges. In this study, we used the energy 

sector technology dissemination model proposed by Haas  (Haas, 2002) and illustrated in Figure 46 

to classify and discuss each of the conditions necessary for successful dissemination of solar fuels. 

 

Figure 46: Energy technology dissemination model 

Our analysis has lead to suggested actions in the short, medium and long term across a range of 

stakeholders. There is naturally a degree of overlap between these conditions, particularly in the 

area of market development and customer demand. 

We have chosen to separate these conditions given in Figure 46 as follows: 

– Market development includes the identification of suitable products and the development 

of the necessary infrastructure, i.e. the technology push in terms of fit to the market 

– Customer demand refers to the desire of consumers and stakeholders, including 

government and regulatory bodies, for these products; it includes a discussion of policy 

measures that can help provide market pull. 

6.1.1 The relationship between concentrating solar fuels and concentrating solar power 

A large fraction of a concentrating solar fuels (CSF) plant has in common all of the solar field – and 

much of the balance of system – of an equivalently sized concentrating solar power (CSP) plant. 

The CSP industry involves technologies that are reaching good levels of commercial maturity. 

Utility-scale trough plants have been operational for nearly 30 years, and multiple, commercially 
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operated, utility-scale tower plants have been built, with operational experience exceeding eight 

years for the earliest of these. 

As illustrated in Figure 47, the global deployment of CSP continues to grow strongly. It closely 

mirrors the exponential growth in deployment seen previously for wind and photovoltaics (PV), 

with an offset of approximately 10 years evident between each technology. 

 

Figure 47: Global deployment of wind, photovoltaic (PV) and concentrating solar power (CSP) technologies 

The CSP industry is confident that it is beginning to significantly reduce costs. Within the industry 

is a general consensus that CSP’s greatest value lies in is its ability to include large-scale, thermally 

based energy storage of many hours as a natural component of systems that are configured for 

the lowest cost of energy. As long as this higher-value proposition can be successfully 

communicated to key stakeholders, prospects for continued growth seem secure. 

Given this situation, the future of CSF is best considered as an evolution and a future market for 

concentrating solar thermal (CST) technology in general, in a situation where electricity production 

is the first market to be addressed. 

6.2 Technology development 

The analysis of CSF options in Section 4 shows that they all produce fuels that are, at best, 

comparable in cost with incumbent fossil fuel options. In this situation, without external drivers 

and mechanisms such as carbon pricing, companies have little incentive to invest in new 

technologies that have higher risk than conventional ones. To provide a profitable industry, 

technology development needs to address cost reduction as a high priority. To address risk, and 

build investor and end-user confidence, particular CSF technologies also need to progress through 

the stages of technical and commercial readiness via appropriately sized steps. 

6.2.1 Overcoming the cost challenge 

Regarding direct costs of system elements, Figure 48 illustrates the concept of technology 

implementation costs, varying with technology maturity and the experience of local providers. A 

general trend of cost expectations is typically seen, increasing from the early R&D through to the 
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first commercial pilots. This reflects the almost universal experience that as detail is further 

explored, more cost contributions come to light: in other words, things are usually harder than 

they first seem. Once the data from the first commercial system is available, technical 

improvement and efficiencies in manufacture continue from that starting point. A learning-curve-

based cost reduction trajectory can be expected, with an approximately constant fractional cost 

reduction with every doubling of installed capacity. Eventually, costs are expected to level off at a 

point that is determined by materials and physical constraints. 

 

Figure 48: Typical cost variations for commercialising new power technologies 
Source: Electric Power Research Institute, 2009 

In the context of CSF, this picture is made more complex by the key cost-determining subsystems, 

described below, all being at different stages of development. 

Solar field 

Solar field components are now quite mature, since they form the major part of commercially 

deployed CSP systems. They are at the beginning of what is expected to be a consistent cost 

reduction trajectory following a learning curve model. This cost reduction is expected from 

technical improvements and more efficient manufacturing, with scale and costs savings from 

increasingly larger systems being deployed. 

Receiver reactor 

The receiver reactor subsystem is the heart of a CSF process. As has been described, much of the 

work in this area is still in the laboratory phase, with a few systems now having progressed to the 

point of small pilot installations. 

Solar product gas storage 

Storage of solar product gas at some level would be needed to moderate the variability of 

production from solar input. Whilst pressurised gas storage is available in a number of forms, it is 

expensive and can be a major contributor to LCOF. Innovative ideas exist for low cost underground 

storage of gases. These have been applied to analogous purposes such as natural gas storage, 

however work is needed to confirm the best approach for hydrogen and syngas mixtures. 

Fuel synthesis 

In most approaches,  fuel synthesis technologies are an adaptation of technologies from existing 

chemical and petrochemical industries. In this sense, they are quite mature; however, many 
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aspects of these approaches need to be modified or re-optimised for CSF applications. The main 

challenges for fuel synthesis are achieving high conversion to saleable product at a comparatively 

small scale, coupled with flexible throughput to allow for the likely variability in a solar syngas. 

Another important, indirect effect is the efficiency of the various subsystems. A more efficient 

subsystem requires less input energy from the preceding subsystems for the same output 

production, and so reduces costs overall. The receiver/reactor is arguably the most important 

subsystem. Key efficiency issues arise from thermal losses when a receiver operates at high 

temperature. In addition to this – and of potentially higher impact – are losses from the imperfect 

recuperation of energy from mass flows, which must be heated to receiver temperature and then 

cooled on a continuous basis. The analysis of the levelised cost of fuel (LCOF) described in 

Section 4 explored these effects in detail. 

6.2.2 Establishing demonstration systems 

One of the tensions that is frequently evident in the debate surrounding renewable energy policy 

in general is the relative merit of driving deployment of technologies that are not yet cost 

effective. The case against deployment is that it is costly to the economy, and that money could be 

invested in research and development (R&D) ‘until costs come down’. Experience in the wind and 

PV sectors, however, serves as a good illustration of the error in such an argument. Once a certain 

level of development is reached, deployment is essential for cost reduction. In such situations, it is 

the experience of ‘doing’ that provides the lessons needed to reduce costs of manufacture and 

continued operation. R&D in institutions becomes much more targeted to solving actual problems 

identified in industrial practice. R&D funding alone cannot reduce costs, because innovative ideas 

cannot be tested in the real-world conditions that finally test their merit. 

This argument does not yet apply to fundamental CSF processes that are still in laboratory or early 

pilot scale, but it will apply in the next 5–10 years. In the interim, the argument definitely applies 

to the heliostat fields deployed in CSP systems. Australia has not so far begun serious deployment 

of this technology. If it were to do so, it would contribute to the global effort to reduce solar 

concentrator costs, while at the same time building capability and reducing the Australian-specific 

costs of implementation. Action in CSP deployment in Australia now would effectively prepare for 

a future CSF industry, since the key plant subsystem would have been de-risked, reduced in cost 

and prepared for a smooth transition to a CSF application. 

6.2.3 Research, development and demonstration requirements and support 

Typically, research, development and demonstration (RD&D) projects look at an aspect of 

individual subsystems. While this is valuable and essential, the challenges of full-system 

integration are significant and should be addressed progressively. 

An important aspect of solar-driven systems is the management of solar input variability. Issues 

include the: 

– start-up time for receiver reactors, and effect on annual operation efficiency 

– maintenance of receiver reactor operation parameters during intermittent solar input 

– effect of thermal stress and cycling on lifetime of key components 
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– ability of final fuel systems reactors to deal with day–night cycles of solar product gas, 

either with or without product gas storage. 

Noting these points, the greatest learning value comes from demonstrations that include all steps, 

including final fuel synthesis. Apart from testing variable operation, incorporating final fuel 

synthesis clearly demonstrates the principles to potential investors, the general community, the 

media and politicians and other decision makers. This is an extremely valuable aspect for a new 

technology that is dependent on building customer demand and societal acceptance. It is also 

often overlooked by R&D funding agencies seeking to reduce budgets and scope and spread 

taxpayer dollars further. 

A major problem with pilot/demonstration systems is that once completed, resources are often 

unavailable to operate them for sufficient time to gain the maximum level of learning. This often 

happens when initial estimates of construction budget and time are overrun. Demonstration 

systems that produce a fungible end product (i.e. one that is exchangeable or replaceable for 

another product) may be able to generate some level of revenue from sales. Ideally, 

demonstration systems should be large enough to generate sufficient revenue from sales to cover 

ongoing O&M costs. In such a system, many years of operation can be sustained once the initial 

investment has been made. 

6.2.4 Timelines for development 

The European-funded INNOHYP study surveyed potential large-scale pathways for hydrogen 

production, with a goal of identifying a staged approach to zero-emission processes (Ewan et al., 

2007). The project reviewed literature and activities on various thermally driven, hydrogen 

production processes and categorised them in order of technical readiness as: 

– enhanced current state-of-the-art processes (including hybrid) 

– CO2-free processes that could be industrially feasible by 2020 

– quasi-second-generation, CO2-free processes possibly feasible in the longer term. 

The time scale for the key development steps is reproduced in Figure 49. Significant progress has 

been made since the report was published, with R&D efforts largely consistent with the proposed 

schedule and prioritisation, although no prototype demonstration plant has yet been constructed. 
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Figure 49: Time scale for the development steps of hydrogen production processes 
Source: INNOHYP study, (Ewan et al., 2007) 

The present roadmap broadly supports these suggested timelines by recommending that a range 

of CSF technology options be developed in parallel for sequential deployment, with progressively 

greater GHG emission reductions. We also expect the range of CSF products to grow as the market 

dynamics change with time. Initially, we expect that fully fungible fuels will be the most 

prospective, due to the lack of disruption to existing infrastructure. Certain CSF-derived 

commodities, such as ammonia, could also be early deployment options. In the medium to longer 

term, these commodities may prove to be the best vectors for transporting hydrogen to overseas 

markets. Alternatively, other carriers such as methylcyclohexane may take over, as depicted in 

Figure 50. 

 

Figure 50: High-level concentrating solar fuels (CSF) roadmap 

However, the ability to deploy a solar fuel technology commercially in the medium to longer term 

will be dependent on it having been proven at smaller scale in previous years. Developing a CSF 

technology to commercial implementation requires a continuous investment in the staged 

progression along the technology readiness level (TRL) scale, as shown in Figure 51. This staged 

development allows the technology to develop the necessary track record in terms of operability, 

cost and bankability. 
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Figure 51: Detailed roadmap for commercialisation of concentrating solar fuels based on solar reforming 

6.2.5 Research and development priorities 

This section describes the current R&D priorities for solar fields, receiver reactor systems, storage 

of product gas and fuel synthesis. 

Solar fields 

Research in this area, which is aimed at reducing costs and improving efficiency and annual yield, 

is being conducted within the Australian Solar Thermal Research Initiative. Projects are looking at 

a range of ways to reduce the cost of energy supplied to the receiver – work that is naturally 

synergistic with the future development of a CSF industry. The other major potential reduction in 

solar field costs will come from the ‘learning through doing’ that accrues from deployment. CSF 

will benefit greatly from deployment of CSP in Australia and the establishment of supply chains. 

Given Australia’s premium solar resource, we have an opportunity to take a worldwide lead in 

solar field development by dedicating a demonstration-scale (5–10 MWth) tower system with high-

concentration optics suitable for high-temperature operations (up to 1500 C). The tower would 

be a unique enabling facility, allowing research groups worldwide to take experiments from their 

national 100–800 kWth tower systems to the next level of scale. 

Receiver reactor systems 

Research is needed into materials identification, evaluation and proof. This includes reactor 

materials, such as the steel alloys for tubular reforming reactors, which are yet to be properly 

evaluated in long-term trials on sun. It also includes the development of new materials with good 

properties for redox cycles, since existing materials are generally limited in terms of reversible 

oxygen content, cycle temperatures, reaction rates or long-term stability. 

Reactor design is another research priority. While tubular reactors appear the most suitable and 

scalable technology for solar SRM, a great deal of development is still required for other types of 

reactors. Challenges include solids handling in gasification, and reactor configuration for redox 
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cycles. The existing concepts struggle to efficiently cycle materials through the required pressure 

and temperature changes while ensuring good recuperation of sensible heat. 

Product gas storage 

Product gas storage provides the interface between the solar receiver reactor and the synthesis 

plant. The gas-to-liquid (GTL) process, for example, must be operated under relatively stable 

conditions. New solutions are needed that are more cost effective than high-pressure storage in 

canisters. 

Fuel synthesis 

As indicated above, conventional GTL processes run continuously on very stable syngas supplies, 

at very large scale. This technology is ill-suited to adapt to the variability likely to be inherent in a 

solar syngas. This was explored recently in a SolarPACES paper (Hinkley et al., 2015c), which found 

that a significant reduction in feed rate (to 25% of design capacity) and the addition of substantial 

amounts of syngas storage (19 hours) was needed to adapt to seasonal variability. Microchannel 

reactors may be capable of achieving this degree of variation in feed rate, but they are at an early 

stage of commercialisation. Small-scale GTL synthesis is widely recognised as a key technology for 

monetising stranded natural gas assets (see Section 3.4.1), and further development in this area 

can be expected. 

Table 25 summarises the current status of the key technologies and recommended RD&D 

activities to help establish and support a CSF industry. 

Table 25: Recommended research, development and demonstration (RD&D) activities to support development of 

concentrating solar fuels 

Topic Solar reforming Solar gasification Solar redox 

Current technology 
readiness level (TRL)  

6 – pilot scale to 
600 kWth, 100s of hrs on 
sun 

5 – pilot scale to 
200 kWth, 10s of hrs on 
sun 

4 – pilot scale at 
100 kWth, 10s of hrs on 
sun 

Current status  Pilot systems proven 

Ready for demo/scale-
up 

Reactor design and 
optimisation 

Parallel pilot and 
materials discovery 

German Aerospace 
Research Centre (DLR) 
constructing 750-kWth 
demo at the Plataforma 
Solar de Almeria  

Barriers Non-technical: need 
long-term operational 
experience for 
bankability 

Materials handling (e.g. 
window, bed material, 
molten salt, feed stock) 

Char conversion 

Tar formation 

Long-term stability of 
reactor and operational 
experience 

Long-term stability of 
reactor materials 

Low thermal efficiency 

R&D priorities (2 years) Lifetime of alloys Solar integration to the 
gasification reactor 

Fundamental material 
investigations 
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Materials handling 

 Mixed reforming 
catalyst development 

Pilot-scale on-sun 
performance 
assessment 

Overall system concepts 

R&D priorities (5 years) Support demonstration-
scale (+5 MW) 
requirements 

 Laboratory verification 
of material performance 

 Innovative microchannel 
reactor/receivers 

 On-sun performance 
assessment 

R&D priorities (10 years) Integrated sun to fuel 
systems  

 Scale-up to 
demonstration-scale 
systems integrated with 
downstream syngas 
cleaning and upgrade 
systems  

Scale-up to pilot-scale 
systems 

Pilot system priorities Proof of concept 
complete 

Long-term 
demonstration facility  

Materials handling 

Recuperation systems  

 

Pilot system Now 5 years  5–10 years  

Demonstration  4–5 years 10 years  10 years  

Pre-commercial  5–10 years 10–15 years 10+ years 

Ancillary system 
development (cross-
cutting) 

Cost-effective syngas storage 

Small-scale fuel synthesis (fuel/methanol/ammonia) 

Fuel flexible synthesis processes 

Hydrogen transport systems (Liquid hydrogen, ammonia, methylcyclohexane) 

 

International collaboration 

International collaboration in RD&D offers potential efficiencies. A key looming issue for CSF 
may be the desirability of international collaboration and coordination to establish market 
rules and certifications. 

For instance, the petroleum industry and the transport technology industries are truly global 
in nature. Any changes to vehicle engine design will be much more efficient if carried out for 
multiple national and international markets. The adoption of renewable fuels in aviation also 
clearly requires international coordination. And, for the case of international trade in 
alternative (hydrogen-rich) fuels, multilateral cooperation will greatly accelerate progress. 
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6.3 Societal acceptance 

While solar energy in the form of PV has been enthusiastically adopted by the Australian 

community, significant challenges remain for the commercialisation of CSF. Some of these issues 

are discussed below. 

Society now generally recognises that global warming is occurring and that we must make 

structural changes and decarbonise our energy supply. The acceptance of more sustainable fuels 

for this process will be critical. There has been a considerable backlash to the use of ethanol in 

gasoline, rightly or wrongly. To avoid the same fate, any CSF product needs to be appropriately 

verified to ensure it meets the necessary quality standards. Risks associated with ‘new fuels’ are 

regarded much more critically than existing fuels, so the regulatory and approvals process will 

need to be carefully managed. Synthetic diesel or gasoline is therefore likely to be considerably 

easier to deploy than any truly novel fuel, since it has essentially the same composition as existing 

fuels. It is also unclear whether consumers will be prepared to pay a premium for using a more 

sustainable fuel option. 

In the stakeholder workshop held in Sydney as part of this project, participants expressed some 

concern over the public acceptance of new projects based on coal. Coal is undeniably the cheapest 

feedstock in terms of $/GJ, and remains abundant. However, coal gasification technologies are less 

well developed than natural gas reforming technologies. 

Solar reforming of natural gas is the most readily deployed CSF technology, but still provides only a 

partial reduction in carbon emissions: around 30%. The question in this case is whether this is 

significant enough to contribute to global emissions reduction. 

The uncertainty regarding the environmental and social sustainability of biofuels is a key non-

economic barrier to their use. Introducing a solar component to produce solar/biomass hybrid 

fuels would help the case for sustainability overall. In contrast, a solar/fossil hybrid approach will 

face major issues of social acceptability regarding its sustainability credentials. 

For example, a benefit of solar/biomass hybrids is their potential to significantly increase biofuel 

yield while decrease their impact on land use. The IEA Biofuels roadmap suggests that by 2050, 

biofuels could provide 37% of total global demand for transport fuel: and in particular, target 

replacement of diesel kerosene and jet fuel (IEA, 2011). But this target has major implications for 

land use, with the 65 exajoules (EJ) of biofuel feedstock needed per year estimated to require 

around 100 million hectares of land area in 2050. The 65 EJ for transport would be in addition to a 

projected 80 EJ of biomass for future heat and power processes, competing further with 

production of food and fibre. Overall, the roadmap suggests that all these demands could be met 

in a sustainable manner. The combination of carbon capture and storage with biomass energy 

sources offers the possibility of negative emissions systems. Adding a solar component to such a 

configuration would increase the overall benefit. 

6.4 Market development 

As noted in Section 3, we have defined market development as the identification of suitable 

products, and the development of the necessary infrastructure to deliver these products to 

consumers. In some ways, market development is therefore the technology push in terms of fit to 
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the market, whereas customer demand includes aspects of the market that can be manipulated to 

provide the market pull. 

6.4.1 The challenge of low oil prices 

Since 2014, the oil price has dropped significantly – and to many observers, unexpectedly. A low 

oil price without any significant measures to reduce GHG emissions naturally reduces the incentive 

to develop alternatives. But as yet, it is unclear whether the current situation is a short-term 

anomaly or a trend to low oil prices in the long term. 

Oil price projections are widely variable, ranging from as low as $60/bbl to $200/bbl in 2030 

(Figure 17). With such low prices, demand for oil should increase, which will lead to the eventual 

rebalance of supply and demand. When this happens, the oil price is expected to move upwards to 

prices seen in more recent years. Under high demand, investment in new, more expensive sources 

of oil will be required, which will thus increase the price of oil over $80/bbl. 

Historically, the price of oil has always shown major fluctuations around an underlying increasing 

trend, and that seems likely to continue. Given that oil prices could rise again within much shorter 

time frames than the development trajectory of alternative fuels, it is important that effort is not 

delayed by the current low prices. Added to this is the uncertain, but likely, observation that the 

intended strong efforts to limit global warming to less than 2 C must by definition create a CO2-

emissions cost – either direct or indirect – for fossil fuels. 

6.4.2 Most prospective markets 

In Sections 3 and 5, the most promising potential markets for CSF were identified as follows: 

 export of hydrogen (or ammonia as a hydrogen carrier) to Japan and South Korea 

 export of methanol as a globally traded commodity to China 

 domestic production of ammonia as a commodity chemical 

 domestic production of diesel or gasoline as a substitute transport fuel in Australia 

 domestic production of methanol for blending with gasoline. 

Overall, while the uncertainty around the global energy future does make major investment 

decisions more difficult, we can also argue that a major initiative in solar and other renewable 

fuels is an effective way of insuring against such uncertainty. 

For the users of transport fuel in Australia, exchange rates, refining and distribution costs are all 

important factors that dilute the effect of crude oil price fluctuations. This suggests that a CSF 

strategy that can directly produce a usable transport fuel is preferable to a strategy that produces 

a crude oil substitute. 

Looking at the Asian export markets, continued demand growth for some form of transport fuel, 

plus a trend to reducing emissions, seems fairly certain. Once again, a solar fuel that is in a direct 

end-use form, rather than a form that competes with the most volatile international crude oil or 

gas markets, seems the wisest. 
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From the point of view of a roadmap to commercial maturity, a parallel argument suggests that 

producing a product with an immediate market as a chemical commodity could be a good 

strategy. In this regard, the following points are pertinent: 

 Large-scale ‘conventional’ Fischer–Tropsch plants have the disadvantage of very large sizes 

needed for economic operation with consequent high investment needs; the fuel they 

produce also requires considerable post-processing. 

 Methanol plants are smaller and more modular, and methanol has an existing international 

market. It can be added directly to gasoline at low percentages, even if it cannot substitute 

directly without technical modifications. 

 Microchannel Fischer–Tropsch reactors potentially offer lower cost and higher modularity 

than large systems, and may be able to be customised to directly produce a drop-in 

gasoline or diesel substitute. These are still in the R&D phase, but could be commercial 

within the same timescale as overall solar-driven systems. 

 Ammonia is also an internationally traded commodity and is already produced at multiple 

sites in Australia. While it does not offer a direct entry to the Australian transport market, 

it could prove to be a good vector for international energy exports. 

6.5 Customer demand 

Customer demand refers to the desire of consumers and stakeholders, including government and 

regulatory bodies, for CSF products. The drivers for different stakeholders will vary significantly. 

From a state and federal government perspective, a likely key driver is emissions reduction. 

However, when consumers have to decide between different products, cost is the dominant 

factor. This section discusses policy measures that can help meet the needs of all stakeholders by 

establishing the market pull that will lead to the commercialisation of CSF technologies. 

Two main types of barriers need to be addressed: 

– cost barriers, where CSF are more expensive (or at least not substantially cheaper) than 

their conventional fossil competitors 

– legislative barriers, such as fuel standards. 

6.5.1 Options for developing markets with a cost gap 

Our analysis suggests that once the technology is established and deployed at reasonable scale, 

CSF can be produced for about the same price as conventional fossil derived alternatives. The first 

plants constructed will naturally face a far tougher challenge, due to the higher costs of ‘first-of-a-

kind’ and early-stage commercial projects. As the technology matures, the cost of CSF is expected 

to decrease, while the price of conventional fuels is expected to slowly increase in real terms. 

 Support mechanisms must therefore be put in place to support the construction of early-phase 

projects, and to ensure that the market dynamics can provide a long-term return for subsequent 

corporate investors. Early-stage projects can be initiated with grant funding, while the ongoing 

viability of the industry will require some form of support that can gradually decrease. 
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Typically, Australian governments favour technology-neutral market mechanisms. Experience 

gained from other industries, such as biofuels and renewable energy, can help shape effective 

policies that support a CSF industry. Examples of such policies are discussed below. 

Removing fossil fuel subsidies 

Fossil fuel subsidies are a contentious issue, with debated topics including what constitutes a 

‘subsidy’ vs a ‘tax rebate on business input’. In any case, the policy measures in place that help the 

fossil fuel industry do not advance the cause for moving to renewable alternatives. 

One case often raised is the diesel excise rebate for mining or primary producers. We could argue 

that fuel excise of any kind might best be replaced by a price on carbon, and that if a particular 

industry sector is deserving support, it should not be via a mechanism that implicitly encourages 

fossil fuel use. 

Blending mandates 

Blending mandates or targets for biofuels are a suitable measure to drive production and have 

already been adopted in 50 countries. Biofuel mandates and targets represent a good precedent 

for CSF, and such measures could be generalised to cover fuels from any renewable resource. 

A more challenging philosophical discussion would be needed to argue that such mandates be 

extended to solar/fossil hybrid fuels. Arguably, extension of such a fuel mandate could be 

accompanied by a GHG penalty applied specifically to qualifying ‘new’ fuels. This would also send 

useful market signals regarding sustainability to the biofuels sector, since some biofuel production 

systems use much more fossil fuel than others. Queensland has recently introduced a biofuels 

mandate and New South Wales is currently considering their options. 

Carbon pricing 

When this roadmap project began, the price of oil was in excess of $100/bbl and Australia had a 

price on carbon. Subsequently, the price of oil has halved, Australia no longer has a price on 

carbon and the Australian dollar has fallen considerably against the United States dollar. Current 

indications are that global initiatives on reducing carbon emissions are likely to strengthen, even if 

the policies in any individual country are subject to sudden changes. 

If Australia moves to strengthen its efforts in line with international trends, some form of carbon 

pricing needs to emerge. This should provide a major boost for lower-emission fuels. However, 

note that under the previous carbon-pricing legislation, transport fuels were exempt, which was 

an unfortunately perverse outcome of the political process. 

Building on the Renewable Energy Target 

The Australian Renewable Energy Target currently addresses renewable electricity production. It is 

similar to many such ‘renewable energy portfolio’ standards around the world. A state blending 

mandate is, in a sense, also a location and technology-specific renewable purchase obligation. The 

Renewable Energy Target has worked well for electricity, and could readily be duplicated to create 

a parallel ‘Renewable Fuels Target’ (or Zero-Emission Fuels Target), using the same basic legislative 

and administrative approach. 

Such a national target could be fuel, technology and end-use neutral. Arguably, if implemented in 

a consultative manner, it could replace ad hoc, state-based biofuels mandates. The currently 
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available biofuels would likely be the first to benefit, but the target would provide a market that 

CSF could then progressively enter. Target certificates could be earned for any fuel product 

entering an existing retail supply chain. Therefore, blending fuels, drop-in fuels, or addition of gas 

to natural gas networks could all earn certificates on an energy content basis. 

Feed-in tariffs 

Feed-in tariffs have played a major role in the emergence of PV technology worldwide. A 

predetermined tariff for sale of energy into the ‘traditional’ marketplace gives great certainty to 

investors in new technology. And, when sufficiently high, the tariff drives very rapid deployment. 

This concept could equally be applied to fuels. One criticism is that overly generous tariffs 

represent a greater than necessary impost on the economy, and don’t sufficiently encourage cost 

reduction. A reverse auction process to establish a tariff could address this. 

Contracts for difference 

The Australian Capital Territory government has used a process of reverse auctions for ‘contract 

for difference’ tariffs to drive supply outcomes for itself. Such a contract is designed to provide 

overall tariff certainty by covering the gap between the agreed tariff cap and the variable income 

obtained for existing market processes. 

 

Direct subsidies 

Grants offered by organisations such as the Australian Renewable Energy Agency (ARENA) can 

clearly drive deployment up to the budget limit of the organisation. They are very effective for 

early-stage technologies; however, tax payer funds are not likely to be the best means of support 

once an industry has grown beyond a certain size. 

Low-cost finance 

Loan guarantees and low-interest finance – or even finance provided without technology risk 

penalties – reduce risk for project developers with high capital cost projects. This is a role that the 

Clean Energy Finance Corporation (CEFC) already usefully fills in Australia. 

Tax benefits 

In the United States in particular, renewable energy technologies have been supported via the tax 

system. Income tax credits are production-based credits that act very much like a feed-in tariff. 

Accelerated depreciation schemes assist with high capital costs and encourage corporations with 

high tax liabilities to engage with new technologies. 

6.5.2 Addressing non-economic barriers 

The lack of overall infrastructure for a new fuel is a large barrier to some CSF options. This is very 

fuel-specific, and must form a major consideration in setting solar fuels strategies. A fully fungible 

drop-in fuel, such as a Fischer–Tropsch diesel product, clearly suffers no impediment other than 

the primary production infrastructure. At the other extreme, switching to a pure hydrogen-based 

transport system has major infrastructure implications, and represents an important factor in 

choosing whether such a route is desirable. 
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For other fuels, some factors allow early introduction to be relatively easy, but production then 

reaches a bottleneck. For example, the biofuels roadmap refers to the ‘blending wall’ for ethanol, 

which is the 10–15% limit on blending in gasoline for unmodified engines (IEA, 2011). Tax 

incentives to encourage ‘flexible fuel vehicles’ are suggested in the roadmap as a possible 

response. 

Much of the strategic analysis in the Australian hydrogen roadmap provides useful input to the 

consideration of CSF (Wyld Group, 2008). The barriers identified – and in some cases, also relevant 

to CSF – are categorised as regulatory, public, cost, technical, market entry, policy and programs. 

Regulatory barriers deserve particular mention in the context of CSF. In this roadmap, we have not 

attempted to examine the relevant regulations in any manner. However, the long history of 

engagement with oil and gas, gas transmission and distribution, supply and retail of gasoline, and 

diesel and chemical commodities production, reveals a detailed set of regulations specific to each 

application. This is in addition to planning requirements for project construction in general. None 

of this historic base of regulation has anticipated the new aspects associated with CSF and 

renewable fuels in general. A thorough audit of these aspects would therefore be extremely 

valuable. 

6.5.3 A vision for deployment 

Our study has found that CSF represents a very attractive opportunity for Australia. As an industry, 

we suggest that CSF should be seen as an extension of a concentrating solar industry that is 

currently focused on power generation. We feel it is of great interest to ask what could realistically 

be achieved in terms of deployment, if all necessary policy measures and market signals were put 

in place. 

By the end of 2016, if the Kogan Creek Solar Boost project in south-west Queensland2 is 

completed, Australia would have approximately 140 MWth of installed solar field capacity. Since 

2006, the global CSP industry has sustained compound growth rates between 30 and 40% per 

year; therefore, growth rates of that magnitude are clearly technically feasible. 

If Australian CSP growth were to continue from 2016 onwards at 30% per year, and CSF capacity 

were to begin with a first commercial installation of 50 MWth in 2020 and then grow at a slightly 

faster rate of 35% per year, the resulting deployment trajectory would be as shown in Figure 52 

and Figure 53 (note the differing time scales). 

                                                           

 

2 http://kogansolarboost.com.au/ 
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Figure 52: Potential deployment of concentrating solar thermal (CST) technologies for power and fuel to 2030 
Note: CSF = concentrating solar fuels; CSP = concentrating solar power 

 

 

Figure 53: Potential deployment of concentrating solar thermal (CST) technologies for power and fuel to 2050 
Note: CSF = concentrating solar fuels; CSP = concentrating solar power 

 

The figures show that CSP begins to make a noticeable contribution to Australia’s electricity 

demand by 2030 and then subsequently levels off at around 20% of electricity demand by 2050. By 

2030, CSF systems would be providing substantial input to the national economy and by 2050, CSF 

systems would overtake CSP as the driver for CST deployment. 

6.6 Actions needed from stakeholders 

The discussion above leads to this roadmap’s following general recommendations: 

– CSF R&D should be a priority, and should target 

 reactor lifetimes 
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 recuperation of heat from reactants to maximise efficiency 

 low-cost underground storage of hydrogen/syngas mixtures. 

– State mandates for biofuels could be generalised to include all renewable fuels. 

– The Renewable Energy Target could be expanded or replicated to include renewable fuels. 

– Fossil fuel subsidies (e.g. diesel excise rebates) should be removed and/or appropriate 

carbon-pricing measures be considered. 

– A pipeline of Australian CSP deployment is needed to build capability and supply chain 

that can be leveraged for a future CSF industry. 

– A regional test platform should be established at 5–10 MW scale for a range of CST 

technologies, including a demonstration of solar steam methane reforming. 

– Bilateral government negotiations with Japan and others could establish international 

renewable fuels trade. 

To build a progressive Australian CSF industry, a range of stakeholders could contribute to the 

actions required. The key stakeholders are: 

 Australian federal government 

 ARENA and/or similar funding agencies 

 state governments 

 CST industry 

 petroleum and other industry 

 research organisations. 

The general recommendations above lead to a range of more detailed, specific actions that each 

of the key stakeholders could take. The various roadmaps and strategic studies in aligned fields 

reviewed in Section 1.4 and referenced throughout this study offer valuable actions and 

responses, which are in many cases directly relevant to CSF in Australia. The following suggested 

actions (Table 26) include ideas that have been directly modified from these sources, as well as 

those that have become apparent during this study. 

 

 

Table 26: Recommended actions for various stakeholders to establish and grow a concentrating solar fuels (CSF) 

industry in Australia 

Stakeholder Action item 

Australian federal 
government  

Provide long-term targets and support polices that stimulate investments in 
sustainable renewable fuels production, and ensure that advanced 
renewable fuels such as CSF reach commercial production 

 Pursue bilateral agreements with Japan and others to establish trade in 
renewable/emission-free fuels 

 Establish a firm clear price mechanism for greenhouse gas (GHG) emissions  

 Progressively eliminate subsidies to fossil fuels  
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 Implement sound sustainability criteria for advanced renewable fuels based 
on internationally agreed indicators 

 Set minimum GHG reduction targets and integrate the environmental and 
social performance of renewable fuels in national support schemes 

 Audit regulations and fuel standards and remove barriers to renewable fuel 
implementation 

 Develop international standards for new renewable fuels 

 Establish market rules for renewable gas injection to pipelines 

 Consider government procurement of renewable fuels for the Australian 
Department of Defence, as done in the United States, to provide pull 
through for CSF 

 Review the Renewable Energy Target and establish a similar or extended 
mechanism for a Renewable Fuels Target that mandates a growing fraction 
of renewable fuel use in overall end-use traded fuels 

 As future GHG policy and legislation emerges, ensure there are no negative 
perverse outcomes for renewable fuels such as exclusion of transport fuels 

 Link financial support schemes to the sustainability performance of the fuel; 
this could include a GHG emissions price subtracted from production 
incentives over and above any GHG emissions price in the wider community 

Australian 
Renewable Energy 
Agency or similar 
funding agencies 

Provide increased and sustained research, development and demonstration 
(RD&D) funding to promote cost and efficiency improvements for advanced 
renewable fuels such as CSF 

 When allocating R&D funding, ensure successful projects involve 
interdisciplinary teams spanning chemical engineering, mechanical 
engineering and economics 

 Continue and increase involvement in the International Energy Agency (IEA) 
SolarPACES, Hydrogen Implementing Agreement and Bioenergy programs, 
and United States Department of Energy Solar Thermochemical Hydrogen 
program, and encourage collaborative action among these activities 

 Support the construction of a first utility-scale CSP tower system in Australia 

 Support collaborative workshops e.g. Japan–Australia 

 Support the establishment of an Australia/Asia solar thermal test facility 
that prioritises pilot-scale demonstration of near-commercial CSF systems 

State governments Review existing biofuels mandates and generalise to renewable 
fuel-blending mandates in all fuel commodities for domestic use to include 
CSF 

 Establish a one-stop shop for project approvals to streamline the currently 
protracted project development process 

 Establish large areas as solar precincts, pre-approved for large-scale solar 
projects 
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Concentrating solar 
thermal (CST) 
industry 

Adopt CSF as part of long-term strategy for the growth of the concentrating 
solar industry  

 Demonstrate reduced costs for solar concentrator systems through 
continued deployment 

 Establish/strengthen an Australian CST industry association 

 Continue to lobby and educate governments on the sources of value offered 
by CST beyond that of variable renewable generation (e.g. grid stabilisation) 

Petrochemical and 
other industries 

Embrace advanced renewable fuels as part of a long-term vision for 
continuing the industry while progressively reducing GHG emissions 

 Directly engage with research organisation and share relevant data to 
facilitate R&D 

  Seek opportunities to deploy CST technologies in existing plants 

Research 
organisations 

Seek partnerships with established CSP or petrochemical industry players to 
pursue technology development in CSF with strong prospects for 
commercialisation 

 Demonstrate the full production chain in RD&D pilot projects to include a 
final fuel synthesis step and maximise outreach and educational value 

 Prioritise CSF R&D on areas where fundamental efficiencies, materials and 
component lifetimes will enable commercial viability 

 Establish national inventories of underground storage opportunities for 
renewable hydrogen and hydrogen containing gas mixes 

The Australia–Asia Concentrating Solar Test Facility (AACSTF) 

A key recommendation of the roadmap is the establishment of a demonstration-scale CSF 
facility. In the order of 5–10 MWth, the facility would encompass high-quality heliostats 
capable of operation at high solar concentration ratios suitable for a wide range of CSF 
receiver reactor systems. 

The facility would also provide a location for private companies to build and test pilot systems 
in an area with supporting and shared infrastructure. 

We suggest that this be a collaborative effort between Australia and Japan in the first 
instance, with possible involvement of other countries such as South Korea or China also 
under consideration. 

While the receiver system should be interchangeable to suit a chosen technology, the solar 
field, downstream processing and fuel synthesis and clean-up could all be standardised to suit 
a wide range of reactors and products. 

As worldwide research efforts lead to maturing CSF technologies, the facility would establish 
itself as the premium site for scale-up, attracting the world’s best research groups as well as 
industrial and commercial partners looking to become part of the next wave of solar 
technology. The facility could also include other CST technology demonstrations and act as a 
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regional hub, in the way that the Plataforma Solar de Almeria in Spain (Figure 54) provides a 
critical piece of infrastructure for European research. 

Solar steam reforming is the recommended foundation technology for the facility, as it is the 
most technically mature and is ready to be demonstrated on a day-to-day basis under real-
world conditions. 

The choice of location for the facility should be the subject of investigation, but will ideally 
consider solar resource, ease of access by air, and availability of supporting regional 
infrastructure, gas and water supplies. 

 

Figure 54: Plataforma Solar de Almeria (Spain) – the European Union’s key concentrating solar thermal test 

platform 
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7 Conclusions and recommendations 

Oil provides approximately 30% of global primary energy and is the largest single contributor to 

greenhouse gas (GHG) emissions. More significantly, trade in oil accounts for around 70% of the 

financial turnover in the energy sector as a whole, reflecting the high value that follows from its 

versatility, high energy density and key role in transport. To date, world efforts to expand 

renewable energy contributions have largely been in the electricity sector, where rapid progress is 

being made. However, if international efforts to limit global warming to below 2 C are to succeed, 

then emission-free solutions to replace fossil oil and natural gas, particularly for transport, are 

urgently needed. 

Electrification of transport via passenger vehicles and trains will increase over time and contribute 

to reduced emissions. However, the advantages of liquid fuels – high energy density storage, quick 

refuelling and efficient distribution infrastructure – make their continued use attractive and 

arguably essential for air travel and long-distance freight. 

Options for producing liquid fuels in an emission-free manner include fossil fuels combined with 

carbon capture and storage (CCS), biofuels, renewable-electricity-driven electrolysis, and 

concentrating solar fuels (CSF). 

This roadmap has examined the CSF options in detail. We conclude that hybrid options are 

attractive in the medium term, while pure solar-driven thermochemical processes for water and 

CO2-splitting appear promising in the long term. 

CSF technologies will be deployed as a natural evolution of the growth and diversification of a 

concentrating solar thermal (CST) sector, which is currently almost exclusively devoted to 

concentrating solar power (CSP). CSP globally is growing strongly, with the same growth trajectory 

as photovoltaics (PV), but about one decade behind. Growth in CSP will drive cost reductions in 

solar field components, which will make CSF competitive as the new receiver technologies mature. 

As part of this roadmap, we have carried out the most complete review of the published literature 

on CSF to date. During our study, we reviewed 1322 publications, examining factors such as key 

operating parameters, technology readiness level (TRL), and limits to conversion efficiencies. The 

technologies reviewed range from hybrid solar plus gas, biomass or coal options, with TRLs in the 

range 1 to 6, to advanced, multistep water-splitting processes with TRLs in the range 1 to 5. 

The process of creating a CSF for market involves a primary solar-driven stage that produces either 

pure hydrogen or a mixture of hydrogen, carbon monoxide and carbon dioxide (syngas). This is 

followed secondary processes that produce saleable fuels. Many different solar-to-syngas and 

syngas-to-fuel technologies are available. However, many are still in the demonstration or 

research and development (R&D) phase, and thus require support become a commercial reality. 

We have developed an innovative, comprehensive approach to evaluating the levelised cost of the 

solar process gases, followed by the final synthesised CSF. This approach has been applied to an 

extensive, generalised range of solar receiver reactor plus reaction system combinations. Aside 

from the cost of feedstock, the key driver of cost effectiveness is the solar-to-chemical conversion 
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efficiency. Our calculation method uses key parameters of operating temperature and overall 

mass-flow rates of species passing through the reactor system to evaluate ‘optimistic/realistic’ 

values that could be achieved from each receiver/reaction system combination. By doing this in a 

consistent manner, a meaningful ranking of technologies was produced. The method clearly 

demonstrated the importance of minimising thermodynamically unnecessary mass-flow streams 

and maximising the recuperation of sensible heat. 

We also conducted a systematic screening process that combines the solar levelised cost of fuel 

with criteria that determine the relative prospects for commercialisation, such as the current TRL, 

the difficulty of unsolved hurdles, and the GHG reduction potential. 

The highest ranked process was steam reforming of natural gas. This was due to its good 

economics ($10–15/GJ for solar syngas), current high TRL and relatively low score for unsolved 

hurdles. Developing this technology to a higher TRL will require significant investment in a plant 

that can operate on a more or less continuous basis, to build up the hours of operation needed to 

make the process ‘bankable’. 

Water splitting with redox cycles also scored well in the screening. Despite its much higher syngas 

production cost (~$30/GJ), it has a reasonable TRL score, having been demonstrated at 100 kWth 

scale; a significant amount of international R&D; and most importantly, zero GHG emissions. 

Coal and biomass gasification scored slightly lower than water splitting, due to higher GHG 

intensity (CCS was not considered), lower R&D effort, and a higher score on the unsolved hurdles 

associated with the difficulty of handling solid material instead of gas. However, brown coal did 

have a low syngas production cost (~$3.5/GJ), due to its low feedstock cost. 

Gasification technologies and redox cycles require more work at the laboratory and pilot 

demonstration scale before they can be built at the pre-commercial demonstration plant scale. 

However, continued development in these technologies is possible, in parallel with demonstration 

of natural gas reforming at a larger scale. Parallel development of various promising options at 

different scales moves all of them progressively along the TRL scale towards commercial 

realisation. 

The key potential markets for solar fuels are offsetting oil imports for transport fuel in Australia, 

and export opportunities to Japan, China and Korea. In Australia, net oil imports are one of the 

most significant import costs for the country. This cost is growing rapidly as a result of declining 

domestic production and growing demand, together with what was an upward trend to 

international oil prices and will likely be so again in future decades. 

Australia has ample solar, coal and biomass resources to produce pure solar fuels and/or solar 

hybrid fuels. The transport costs of final fuel products to international markets are more than 

justified by our superior resources. 

Japan is Australia’s most important trading partner for energy, and is the largest destination for 

the coal and LNG exports that are a major share of Australia’s export income. Because Japan is 

dependent on imported energy, it is actively looking to diversify, improve efficiency, reduce its 

dependence on Middle East oil and reduce its GHG emissions. It is also actively promoting a 

hydrogen economy and developing supply chains for renewable hydrogen. Japan has no significant 

solar resource compared with Australia’s world-leading position. Together, these factors make it 

an ideal target market for our solar fuels. 
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Ammonia and methanol are two key chemical commodities already traded globally, which may in 

future grow to become major fuel vectors. The projected costs for ammonia and methanol 

production based on solar-driven reforming suggest that a solar-derived product could be 

competitive by 2020, even before consideration of GHG costs. 

Domestically, near-term markets could be created with suitable government action via blending. 

Additions of 20% methanol to gasoline, blending of dimethyl ether (DME) with liquefied petroleum 

gas (LPG) and additions of up to 20% hydrogen to natural gas can all be contemplated without 

vehicle and end-use infrastructure changes. We expect that this blending approach would 

gradually evolve and that eventually, new emission-free standard fuels may completely replace 

diesel and gasoline. 

We have also examined the challenges and solutions to implementation of a CSF industry in 

Australia, considering technology development, societal acceptance, market development and 

customer demand. From this, we have developed a detailed list of R&D priorities. The successful 

establishment of an Australian CSF industry would be aided by suitable actions across stakeholder 

groups including research organisations, state and federal governments, funding agencies and 

industrial players. 

The list of suggested actions for each stakeholder group can be broadly summarised as: 

– CSF R&D should be a priority, and should target 

 parallel development of multiple technology options to enable a staged approach 

to reducing carbon intensity 

 materials discovery for redox metal oxide systems 

 reactor design and development for gasification based processes 

 reactor lifetimes 

 recuperation of heat from reactants to maximise efficiency 

 full CSF production evaluation to final products 

 low-cost underground storage of hydrogen/syngas mixtures 

 high temperature storage and heat transfer fluids. 

– State mandates for biofuels could be generalised to include all renewable fuels. 

– The Renewable Energy Target could be expanded or replicated to include renewable fuels. 

– Fossil fuel subsidies (e.g. diesel excise rebates) should be removed and/or appropriate 

carbon-pricing measures be considered. 

– A pipeline of Australian CSP deployment is needed to build capability and supply chain 

that can be leveraged for a future CSF industry. 

– A regional test platform should be established at 5–10 MWth scale for a range of CST 

technologies, including a demonstration of solar steam methane reforming. 

– Bilateral government negotiations with Japan and others could establish international 

renewable fuels trade. 

Our cost analysis suggests that CSF approaches to pure solar hydrogen production are likely to be 

less than half the cost of PV plus electrolysis. Competitiveness against advanced biofuels options 

will depend on the cost of available biomass; as there is only a limited supply potential for cheap 
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biomass, both approaches have a role. Competiveness against fossil fuels plus CCS is difficult to 

determine at this stage. Overall, we suggest that major policy initiatives should be made in a 

technology-neutral manner, such that all approaches can compete in new zero-emission fuel 

markets. 

With suitable strategic initiatives in these directions, an Australian CSF industry established over 

the next two decades could grow to be of equal or larger value to the economy than today’s fossil 

fuel industry. 
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A.1 Appendix 1: Review of the current status of solar 
thermochemical fuels production technologies 

This material is contained in a separate document, due to the length of this section: 

Edwards J, Hinkley J, and McNaughton R (2015) Review of the current status of solar 

thermochemical fuels production technologies. CSIRO, Australia. 
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A.2 Appendix 2: Technology readiness level scale 

Technology readiness level (TRL) is a widely used concept to gauge and compare the maturity of 

different technologies. There are several variants, but the following table shows the system used 

by the United States Department of Energy (https://www.directives.doe.gov/directives/0413.3-

EGuide-04a/view). 

Technology 
readiness 
level (TRL) 

Description 

TRL 1 
Scientific research begins translation to applied R&D – Lowest level of technology 
readiness. Examples might include paper studies of a technology’s basic properties 

TRL 2 
Invention begins – Once basic principles are observed, practical applications can be 
invented. Applications are speculative and there may be no proof or detailed analysis to 
support the assumptions. Examples are limited to analytic studies 

TRL 3 
Active R&D is initiated – This includes analytical studies and laboratory studies to 
physically validate analytical predictions of separate elements of the technology. Examples 
include components that are not yet integrated or representative 

TRL 4 
Basic technological components are integrated to establish that the pieces will work 
together 

TRL 5 

Fidelity of breadboard technology improves significantly – The basic technological 
components are integrated with reasonably realistic supporting elements so it can be 
tested in a simulated environment. Examples include ‘high-fidelity’ laboratory integration 
of components 

TRL 6 

Model/prototype is tested in relevant environment – Representative model or prototype 
system is well beyond that of TRL 5. Represents a major step up in a technology’s 
demonstrated readiness. Examples include testing a prototype in a high-fidelity laboratory 
environment or in simulated operational environment 

TRL 7 
Prototype near or at planned operational system – Represents a major step up from TRL 6, 
requiring demonstration of an actual system prototype in an operational environment 

TRL 8 
Technology is proven to work – Actual technology completed and qualified through test 
and demonstration 

TRL 9 
Actual application of technology is in its final form – Technology proven through 
successful operations 

 

  

https://www.directives.doe.gov/directives/0413.3-EGuide-04a/view
https://www.directives.doe.gov/directives/0413.3-EGuide-04a/view
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A.3 Appendix 3: Levelised cost of fuel method 

A.3.1 Economic evaluation method 

The most appropriate economic performance metric for a solar fuels system is the levelised cost of 

fuel (energy) (LCOF/E). This is a cost per unit of fuel produced that represents break-even 

operation by amortisation of capital investment over the project lifetime using the appropriate 

discount rate, plus operating and maintenance (O&M) costs and the cost of any inputs. 

If a single simple discount rate can be identified (via an appropriate weighted average cost of 

capital) and if complex tax issues are not considered, then a simple determination of LCOE is given 

by: 

 

where: 

P is the nameplate capacity of the system 

Fc is the annual average capacity factor 

is the cost per unit of input energy 

 is the efficiency of conversion of input energy to output energy 

Co is the total initial capital cost of the system being analysed 

is the 'capital recovery factor' and is dimensionally the same as the discount rate 

(DR). The capital recovery factor represents a rate of repayment that covers 'interest' plus paying off the capital 
in the system’s lifetime. 

A complex system for producing solar fuels can be considered as a series of subsystems, each of 

which produces an energy output stream that serves as the input to the subsequent subsystem. 

An appropriate high-level subdivision for a solar fuels system is: 

1. solar field up to the receiver aperture, including tower and any balance of plant 

2. solar fuels receiver reactor 

3. product gas storage or thermal energy storage, if used 

4. final product fuel synthesis 

5. power generation from any recuperated reaction heat. 

An LCOE calculation can be carried out for each of these subsystems. The generalised LCOE 

formula for subsystem i, with the annual O&M expressed as a fixed proportion of the capital cost, 

is: 

 


in

iable

c

fixedR c
MO

PF

CF
LCOE 






var&

inc

















n

n

R
DR

DRDR
F

i

i

cii

ifixedR

i

LCOE

FP

CF
LCOE


1






 

Concentrating Solar Fuels Roadmap: Final Report | 125 

where is the conversion efficiency or ratio of outlet energy to inlet. (Additional similar terms 

could be added in the case of multiple energy inputs.) 

The analysis was carried out on the basis of commercial construction of mature systems at some 

future time. To consider such activity in various future years, annual de-escalation rates have been 

estimated based on predicted deployment and learning curve cost reductions experienced by 

analogous technologies. The key financial and cost reduction parameters used are shown in Table 

27. 

Table 27: Financial and cost reduction parameter assumptions used for levelised cost of energy analysis 

Parameter  
Value 
used 

Unit Comment 

Year of construction 2020  – 

2020 has been chosen because it represents a realistically 
achievable earliest date for commercial application. In this time 
scale, real cost reductions in solar field components can be 
expected. It is not so far in the future that empirical learning 
curve based cost reduction prediction would be too uncertain 

Discount rate  6.4 
% per 
year 

This represents an overall estimate of the weighted average cost 
of capital including any tax issues. It is consistent with values 
used in other recent studies (CO2CRC, 2015). It is, however, 
lower than the value used by the Bureau of Resources and 
Energy Economics for the Australian Liquid Fuels Technology 
Assessment (ALFTA) study (Worley Parsons, 2014) 

Construction period  2  years Estimate based on concentrating solar power (CSP) experience 

% CAPEX yr 1 30 % Estimate based on CSP experience 

% CAPEX yr 2 70 % Estimate based on CSP experience 

Amortisation period  30 years 
Consistent with the period often used for CSP installations and 
the recent CO2CRC study (2015). The ALFTA study used a 20 year 
amortisation period. 

Solar system annual 
de-escalation from 
2014 to 2025 

5.3 
% per 
year 

CSIRO estimate used in Energy Futures Scenario Modelling 

Fuel synthesis annual 
de-escalation from 
2014 to 2025 

7.9 
% per 
year 

CSIRO estimate used in Energy Futures Scenario Modelling 

Operating & 
maintenance 
improvement rate – 
emerging technologies, 
to 2025 

2.50 % ALFTA April 2004 report, p23 

A.3.2 Solar field 

For the techno-economic evaluations, we determined a number of parameters to enable an 

equitable comparison of different technologies. These are summarised in the tables below. 

The National Renewable Energy Laboratory (NREL)’s system advisor model (SAM) has been used to 

simulate a generic solar field. All of the receiver/reactor systems have been based on a common 

i
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50-MWth solar thermal field design. This layout is suitable for a cavity type receiver. The key design 

point parameters are shown in Table 28. The output of the solar field subsystem is the 

concentrated solar radiation that enters the solar receiver. The key input boundary condition for 

the calculation is the design point thermal power level for this radiation. Inputs of design point 

direct normal irradiance (DNI), solar field capacity factor and design point midday solar to 

concentrated radiation efficiency allow a required solar field mirror area to be determined. 

Table 28: Design point information for the solar field 

Parameter  Value 
used 

Unit Comment 

Design point radiation 
to receiver 

50,000  kWth 

This represents a solar field at the small end of utility scale 
commercial operation for the concentrating solar power (CSP) 
industry. It is a realistic capacity for the first commercial 
concentrating solar thermal (CST) fuel plants 

Design point direct 
normal irradiance (DNI) 

 900  W/m2 
This number is consistent with values used by the CSP industry 
for good solar locations 

Solar multiple 1.33  – 

This is a solar field multiplier that is applied to the field size 
needed to provide the design point radiation to the receiver at 
design point DNI. Increasing the field size increases the 
achievable capacity factor. Note that it is referenced to the 
receiver, not the power block, as is done for CSP systems (or in 
this case, to the fuel synthesis plant capacity). It consequently 
does not need to be increased when syngas storage is added. 
The value chosen is an estimate of a likely economic optimum  

Solar field capacity 
factor 

28.8 % 

This value is the result of the chosen solar multiple. It has been 
derived from modelling using the NREL SAM model for a 
100-MWe system modelled for a site at Geraldton in Western 
Australia 

Solar field optical 
efficiency at midday 

80 % 
This is a design point value, not an annual average. Annual 
average would be lower, but this effect is captured by the 
capacity factor 

Ambient temperature 20  C Standard 

 

Costs for the solar field have also been based on data provided by NREL in SAM, summarised in 

Table 29. The sensitivity of the final solar fuel cost to these inputs will be examined in the techno-

economic evaluation. 

Table 29: Cost of solar field components (in 2014 AUD) 

Parameter Value 
used 

Unit Comment 

Solar field plus site 
costs 

240 $/m2 
Based on previous study for nth-of-a-kind CSP plants in 
Australia under 2014 conditions (Lovegrove et al., 2012) 

Tower cost 51.0 $/kWt As above 

Receiver (molten salt) 150.8 $/kWt As above 

Solar balance of plant 
cost 

35.1 $/kWt As above 

Solar operating & 
maintenance as 
fraction of capital 

5.00 % per year Conservative estimate 
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Installed capital cost is determined from the sum of: 

– (required mirror area) x (cost per unit area heliostat field cost factor) 

– (required thermal power) x (thermal power based cost factor for the tower) 

– (required thermal power) x (thermal power based cost factor for the solar balance of 

plant). 

The LCOE for the concentrated solar flux is determined by the amortisation of this capital cost, 

plus recovery of an O&M cost expressed as a % of capital cost per year, divided by the annual 

production of energy, as shown in Table 30. The input energy stream for the subsystem (incident 

solar) is considered zero cost. Thus: 

 

 

Table 30: Summary of solar field energy cost calculation (2020), costs in 2014 AUD 

Parameter Value used Unit 

Net escalation factor for solar 0.723  – 

Net escalation factor for solar operating & maintenance (O&M) 0.859  – 

Design point radiation to receiver 50,000 kWt 

Total daily energy to receiver 1,244  GJ 

Design point direct normal irradiance (DNI) 900 W/m2 

Solar field capacity factor 28.80 % 

Solar field     

Efficiency at midday 80 %  

Solar multiple 1.33  –  

Area 92,361  m2 

Cost 16,683,200  $ 

Tower     

Cost 1,842,427  $  

Solar balance of plant     

Cost 1,268,024  $  

SUBTOTAL solar pre-receiver 19,793,651  $  

Daily capital charge pre-receiver (including indirect costs) 7,070  $ 

Daily O&M pre-receiver 4,436  $ 

Levelised cost of radiation input to receiver 9.25  $ per GJ 

A.3.3 Solar fuels receiver reactor 

The receiver reactor initially converts the intercepted concentrated solar flux to an enthalpy 

increase in the reactants flowing through it, with a change in composition and an increase in 

temperature. High-temperature exiting products are then subject to thermal recuperation and 

cooling. The final result is a solar product gas stream at ambient temperature. 

Key input parameters are the thermal efficiency of the receiver and the thermal-to-chemical 

conversion efficiency of the reactor system after recuperation. The product of these is an overall 

concentrated solar-to-chemical energy efficiency of the whole receiver reactor unit, incorporating 

recuperation heat exchangers: 
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The exit energy stream is the sum of the energy value of the initial feedstock and the solar input 

that is converted. It is useful to define energy flows based on the steady state design point flows 

and enthalpies of reactants at ambient temperature as follows: 

 

 

 

The enthalpies are essentially the enthalpies of combustion. X is the exit conversion from the solar 

reactor (<= 100%). 

Note that in the case of water-splitting reactions, for example,  is zero, but for hybrid 

systems, it represents a major energy input stream. 

These energy flux quantities can be related linearly as: 

 

Which could also be expressed as: 

 

The energy balance for the system also implies: 

 

Thus, the LCOE of the final ambient temperature solar product gas is calculated with both the 

concentrated radiation and the feedstock energy as inputs.: 

 

where cFeedstock is the cost per unit energy of the feedstock. 

In this calculation, the efficiency of conversion from concentrated solar to chemical determines 

the relative amount of input energy per output, and also is a factor in the amount of output 

energy over which the incremental capital cost and O&M contribution of the receiver system must 

be amortised. 

The thermal efficiency of the receiver quantifies the efficiency of conversion of the intercepted 

concentrated solar radiation to an enthalpy increase (both chemical and sensible heat) in the 

reactant stream prior to recuperation and cooling: 
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Receiver thermal efficiency is thus determined by energy losses due to: 

– reflection of incident radiation 

– thermal re-radiation (proportional to ) 

– convection (proportional to ) 

– cyclic heating of receiver mass (proportional to ) 

– conduction through receiver walls (proportional to ). 

In reality, receivers have complex geometries and varying temperature distributions across their 

surfaces. For the approximate modelling of receiver thermal efficiency, a semi-empirical approach 

was taken. Noting that  is a fixed input for this analysis, the efficiency is assumed to be a 

combination of components proportional to a single representative temperature, plus a term 

proportional to temperature to the fourth power: 

 

The coefficients A and B are inputs chosen to match a baseline, known receiver thermal efficiency. 

Temperatures are absolute. In this approach, reflection losses are ignored. 

Thermal to chemical efficiency 

The efficiency of conversion of the overall enthalpy increase within the receiver to the enthalpy 

increase at ambient temperature can be expressed as: 

 

 

The receiver reactor system can be considered as having two mass flow streams entering it: 

– Stream 1, a stoichiometric mixture of reactants 

– Stream 2, any excess of a subset of reactants or other non-reacting species (e.g., inert 

sweep gas). 

The exit mass flows can be characterised as: 

– Stream 3, the fraction of the stoichiometric mix that is converted 

– Stream 4, the fraction that is unconverted 

– Stream 5, the excess/non-reacting material that is unchanged. 

Streams 1 and 2 must be heated from ambient to reactor temperature, either by recuperation of 

heat from the exit streams or from the solar input. The exit streams are all cooled to ambient 

temperature by a combination of recuperation and the loss of any residual sensible heat to the 

environment. The recuperation process itself will have a nominated thermal efficiency, which is 
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determined by a combination of the quality of the heat exchanger, any mismatch in 

temperature/enthalpy relationships, and any pragmatic considerations, such as a need for rapid 

quenching to avoid reverse reactions. The overall thermal to chemical efficiency is determined by 

the overall level of thermal loss from the recuperation process compared with the amount of 

energy absorbed by the reaction. 

The net thermal energy input to the receiver must be balanced by the increase in chemical energy 

from feedstock to products after they are cooled to ambient temperature, plus the sensible heat 

that is lost due to imperfect recuperation: 

 

where the energy lost from imperfect recuperation is: 

 

and hence: 

 

 

 

A.3.4 Product gas storage or thermal energy storage (if used) 

The possible addition of solar product gas storage to allow final fuel synthesis to operate at higher 

capacity factor is assumed to have an efficiency of unity, but to add a capital cost component. 

Thus: 

 

A.3.5 Final product fuel synthesis 

Final product synthesis is characterised by a potentially independent capacity and capacity factor. 

However, we assume that all the solar product gas is processed by the fuel synthesis plant over an 

extended time, such that: 
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The thermal energy stream is: 

 

which is the energy loss from fuel synthesis. This is assumed to be recoverable at a nominated 

efficiency for steam raising for power generation, at a nominated conversion efficiency. The 

electricity produced is valued at a nominated market value and acts to define a credit value for 

recovered heat to reduce the overall LCOE of the final product fuel (for parameter values, see 

Table 31). Thus: 

 

Table 31: Key parameters for syngas storage and gas-to-liquid synthesis 

Parameter  
Value 
used 

Unit Comment 

Solar product gas storage 
hours 

10 hours 

This is an estimate of the level of storage that should 
minimise the levelised cost of energy, based on 
findings in the concentrating solar power (CSP) 
industry. It is assumed that fuel synthesis plant has the 
ability to turn down (or shutdown) as stored gas is 
expended 

Capacity factor for fuel 
synthesis 

75 % 
Estimate based on the storage hours, the solar multiple 
and the assumption that a good solar site is used 

Fuel synthesis chemical 
energy ratio 
products/reactants 

0.75 – Property of the process 

Fuel synthesis product heat 
recovery steam generator 
efficiency 

80 % Estimate 

Syngas storage 9475 $/GJ 
Based on syngas storage costs in National Renewable 
Energy Laboratory report (Apt et al., 2008) 

Gas clean-up 10,718 $/bbl/day  
Cost per unit of installed capacity, based on various 
literature sourcesa 
Note: this could vary depending on the syngas source   

Fischer–Tropsch (FT) 19,293 bbl/day  (see footnote) 

Methanol synthesis 8,886 bbl/day  (see footnote) 

Balance-of-plant fuel 
synthesis 

17,149  bbl/day   (see footnote) 

Input fuel preparation 16,016 bbl/day   (see footnote) 

FT fuel synthesis total 63,176 bbl/day   (see footnote) 

Methanol fuel synthesis 
total 

52,769 bbl/day   (see footnote) 

FT fuel synthesis operating 
& maintenance (O&M) 

1,264 
$/yr/bbl/day 
capacity 

 (see footnote) 

Methanol fuel synthesis 
O&M 

1,055 
$/yr/bbl/day 
capacity 

 (see footnote) 

Total project indirect costs 25 % 
Based on previous study for nth-of-a-kind CSP plants in 
Australia under 2014 conditions 

Additional refining cost 1.87 $/GJ (see footnote) 
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a Shuster, E. 2013. Analysis of natural gas-to-liquid transportation fuels via Fischer–Tropsch, National Energy Technology 

Laboratory. 

Swanson, R. M., Satrio, J. A., Brown, R. C., Platon, A. & Hsu, D. D. 2010. Techno-economic analysis of biofuels production based on 

gasification, National Renewable Energy Laboratory (Golden, CO). 

Van Bibber, L., Shuster, E., Haslbeck, J., Rutkowskik, M., Olson, S. & Kramer, S. 2007. Technical and economic assessment of small-

scale Fischer–Tropsch liquids facilities, National Energy Technology Laboratory. 

A.3.6 Power generation from recuperated fuel synthesis reaction heat 

Power generation is considered in reverse. If a market value of electricity can be identified, then 

any recuperated heat that is available for raising steam for power generation has a value per unit 

that can be deduced from the power cycle conversion efficiency and generating plant capital cost 

(for parameter values, see Table 32). This is calculated by inverting the basic LCOE equation by: 

 

thus: 

 

and: 

 

Table 32: Key model parameters for electricity generation from recuperated energy 

Parameter Value 
used 

Unit Comment 

Power generation 
efficiency 

25 % Estimate 

Power generation 
capacity factor 

75 % Since power generation follows fuel synthesis, capacity factors 
are the same 

Tariff for electricity 80 $/MWh This estimate is based on an assumption that any electricity 
generated attracts both standard wholesale value and renewable 
energy certificates or similar green energy incentive. There is an 
implicit assumption that a solar fuels plant is only likely to 
proceed if there is a strong renewable energy incentive policy in 
place both for fuels and electricity  

Power generation 1025 $/kWe Based on previous study for nth-of-a-kind concentrating solar 
power plants in Australia under 2014 conditions (Lovegrove et 
al., 2012) 
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A.4 Appendix 4: Summary tables from screening analysis 
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