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Concentrating solar thermal power and thermochemical fuels
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Concentrated solar energy provides a virtually unlimited source of clean, non-polluting, high-

temperature heat. This article reviews the underlying principles of concentrating solar radiation and

describes the latest technological advances and future prospects of solar thermal power and

thermochemical fuel production.
1. Introduction

For over a century devices have been designed to convert

concentrated solar energy into useful work.1–5 The oil crisis trig-

gered R&D on solar energy and pilot plants were built during the

1980s.6 Since 2007, the industrial implementation of concen-

trating solar power (CSP) is rapidly increasing, with commercial

projects already totalizing several GWs. Future applications

include the production of solar fuels for the transportation sector.

Solar thermal and thermochemical approaches inherently operate

at high temperatures and utilize the entire solar spectrum, and as

such provide a thermodynamically favorable path to solar power

and fuel production with high energy conversion efficiencies and,

consequently, economic competitiveness.
2. Principles of solar concentration

The sun, with a solar radiosity of 63 MW m�2, is an unlimited

source of high-temperature heat equivalent to a 5800 K
aIMDEA Energy Institute, Avda. Ramon de la Sagra, 3, 28935 Mostoles,
Spain
bDepartment of Mechanical and Process Engineering, ETH Zurich, 8092
Zurich, Switzerland. E-mail: aldo.steinfeld@ethz.ch
cSolar Technology Laboratory, Paul Scherrer Institute, 5232 Villigen PSI,
Switzerland

Broader context

Concentrated solar radiation is used as the energy source of high-tem

and chemical fuels. Next generation of concentrating solar power

storage and hybridization with fossil fuel backup for round-the-cloc

volumetric absorption of directly irradiated porous structures, p

temperatures (above 1000 �C) and high solar fluxes (above 2000 s

energy, e.g. via Brayton-Rankine combined cycles. These advanced

of solar fuels. Solar thermal cracking, reforming, and gasification pr

transportation fuels can conserve fossil fuels, reduce CO2 emissions,

production of solar hydrogen, syngas, and liquid hydrocarbons from

long-term potential, warranting further development and large-sca

9234 | Energy Environ. Sci., 2012, 5, 9234–9245
blackbody at origin. However, sun-to-earth geometrical

constraints lead to a �46 000 flux dilution to terrestrial solar

irradiances of about 1 kW m�2. Optical concentration devices

enable high solar radiative fluxes with relatively low thermal

losses.6 They consist of large reflective surfaces collecting inci-

dent solar radiation and concentrating it onto a solar receiver.7

The solar field is usually designed for a direct normal incident

solar radiation (DNI) of 800Wm�2 and for an annual DNI in the

range 1600–2800 kW h m�2, allowing for 2000 to 3500 annual

full-load solar operating hours.8 Because CSP is restricted to

DNI, the sun-belt region (�40�) is mainly considered for its

application, while zones with a high degree of humidity and/or

aerosols are not appropriate. CSP plants can dispatch power

round-the-clock by incorporating a thermal storage system and

over-sizing the solar field accordingly.

Solar concentrators follow the basic optical principles of

Snell’s law for reflection by specular surfaces.9 Parabolic

concentrators and their analogues are used in large-scale CSP

systems because they exhibit the greatest potential for scaling up

at reasonable costs. Their capability of concentration is given by

the solar concentration ratio C defined as the mean solar radia-

tive power flux over the focused area, normalized to the DNI.

The maximum solar concentration ratio for an ideal perfectly

specular 3-D paraboloid of rim angle frim aligned to the sun is10

Cmax ¼ sin2 frim/(4sin
2 qS), where qS is the semi-angle subtended
perature process heat for the thermal production of solar power

(CSP) technologies will enable superior integration of thermal

k power dispatchability. Novel solar receiver concepts based on

articles, and alternative thermal fluids will operate at high

uns) for efficient capture and conversion of concentrated solar

concepts can be also applied for the thermochemical production

ocesses for upgrading and converting carbonaceous feedstock to

and become important transition paths towards solar fuels. The

H2O and CO2 via redox thermochemical cycles has favorable

le demonstration.

This journal is ª The Royal Society of Chemistry 2012
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Fig. 1 The convolution of sunshape and random surface errors origi-

nates a Gaussian profile on the concentrated solar image.
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by the sun, 4.653 mrad (160). For frim ¼ 90�, Cmax z 11 547. The

solar concentration ratio can be augmented by non-imaging

compound parabolic concentrators (CPCs11) in tandem with

primary parabolic concentrators by a factor CCPC,3D ¼ sin�2

fCPC and CCPC,2D ¼ sin�1 fCPC, where fCPC is the CPC accep-

tance angle. The theoretical limit is 46200 and 215 for the 3D and

2D, respectively, for fCPC ¼ qS. In practice, C is significantly

lower because of the sunshape, reflection losses, and surface and

tracking errors. The random surface errors are either micro-

scopic (specularity) or macroscopic (mirror waviness and

curvature), and result in a Gaussian shape of reflected rays as

depicted in Fig. 1, which can be fitted to a normal distribution

function. Its standard deviation, commonly known as beam

quality, is typically a few mrad and determines the size of the

solar receiver aperture.

Four solar concentrating technologies are currently applied at

pilot and commercial CSP plants,12,13 namely parabolic trough

(PT) collectors, linear Fresnel (LF) reflector systems, dish–engine

(DE) systems, and power towers––also known as central receiver

(CR) systems. These concentrating technologies, schematically
Fig. 2 Schematics the four solar concentrating technologies currently

applied at commercial CSP plants: parabolic trough collectors (PT),

linear Fresnel reflector systems (LF), dish–engine systems (DE), and

power towers––also known as central receiver systems (CR). PT and LF

are 2-D systems with linear focus; DE and CR are 3-D systems with point

focus.

This journal is ª The Royal Society of Chemistry 2012
shown in Fig. 2, mimic parabolic geometries with large mirror

areas.

PT and LF are 2-D concentrating systems that focus the

incident solar radiation onto a solar receiver mounted along the

focal line by one-axis tracking mirrors. Typically, C ranges

between 30 and 80, thermal fluid temperatures are up to 500 �C,
and thermal power outputs are from 30 to 700 MW. Thus, they

are well suited for centralized power generation at dispatchable

markets with a Rankine steam turbine/generator cycle. CR are

3-D concentrating systems that focus the incident solar radiation

onto a solar receiver mounted on top of a tower by means of

a large paraboloid that is discretized into a field of two-axis

tracking heliostats. Typically, C ranges between 200 and 1000,

thermal fluid temperatures are above 500 �C, and thermal power

outputs are from 50 to 300 MW. Thus, they are well-suited for

dispatchable markets and integration into advanced thermody-

namic cycles or thermochemical processes. A wide variety of

thermal fluids, such as saturated or superheated steam, molten

salts, and atmospheric or pressurized air, can be used in the

temperature range 500–2000 �C. The Cassegrain optical config-

uration for CR systems makes use of a hyperboloidal reflector at

the top of the tower to re-direct sunlight to a receiver located on

the ground level.14 DE are smaller 3-D two-axis tracking para-

bolic concentrators that focus the incident solar radiation onto

a Stirling engine or Brayton mini-turbine mounted at the focal

point. Typically, C ranges between 1000 and 3000. They are

autonomous modules of 5–25 kW power output, with a market

niche in distributed on-grid and remote/off-grid power applica-

tions.15–18 For all four solar technologies, higher values of C can

be achieved by the incorporation of non-imaging secondary

concentrators, e.g. CPC,11 at the solar receiver aperture.
3. Characteristics of CSP systems

Representative solar-to-electric conversion efficiencies and

annual capacity factors are listed in Table 1. Note that the LF

systems are not included since available performance data are

not yet conclusive for a comparative assessment. The values for
Table 1 Characteristics of CSP systems

Parabolic
troughs

Central
receiver Dish/engine

Power unit 30–80 MWa 10–200 MWa 5–25 kW
Temperature
operation

390 �C 565 �C 750 �C

Annual capacity
factor

23–50%a 20–77%a 25%

Peak efficiency 20% 23% 29.4%
Net annual
efficiency

11–16%a 7–20%a 12–25%

Commercial
status

Mature Early projects Prototypes-demos

Technology risk Low Medium High
Thermal storage Limited Yes Batteries
Hybrid schemes Yes Yes Yes
Cost W installed
$ per W 3.49–2.34a 3.83–2.16a 11.00–1.14a

$ per Wpeakb 3.49–1.13a 2.09–0.78a 11.00–0.96a

a Data interval for the period 2010–2025. b Without thermal storage.

Energy Environ. Sci., 2012, 5, 9234–9245 | 9235
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Fig. 4 Evolution of CSP. Current technologies are based on solar

receivers that operate with thermal oil or water–steam at working

temperatures usually below 500 �C, coupled to steam-based Rankine

cycles. The next generation of technologies allows surpassing 1000 �C and

enables higher efficiencies via Brayton and combined cycles, as well as the

thermochemical production of solar fuels.
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PT, by far the most mature technology, have been demonstrated

for over two decades in established commercial projects. Those

for LF, DE, and CR systems are projections based on early

commercial projects and the assumption of further development.

With current investment costs and market prices, all CSP systems

generally require public financial incentives for market penetra-

tion, as direct capital and power generation costs of CSP are

estimated to be 2–3 times those of fossil-fueled power plants.

Nevertheless, industry roadmaps anticipate a 60% cost reduction

of CSP by 2025.19 Spain and other countries are already accel-

erating the phasing-out of feed-in tariffs with the goal of making

CSP, PV, and wind energy tariff-equivalent in less than a decade.

In terms of electric grid and quality of bulk power supply, it is

the ability to dispatch round-the-clock and on-demand that

makes CSP stand out over other renewable technologies such as

intermittent PV and wind electricity. Thermal energy storage

systems store excess sensible heat collected by the solar field and,

alone or in combination with fossil fuel backup, keep the plant

running under full-load conditions after sunset. This storage

capability leads to economically competitive design options since

only the solar part is oversized, and enables penetration into the

bulk electricity market where substitution of intermediate-load

power plants of about 4000–5000 hours per year is achieved.

By end of 2011, Spain and the US were leading the commer-

cialization of CSP with more than 1.5 GW in operation and more

than 6 GW of projects under development.20 India, China,

Australia, Italy, and other countries with vast solar irradiation

(DNI) resources have adopted the support of CSP and are

considered potential future markets. A clear indicator of the

globalization of CSP commercial deployment for the future

energy scenario has been elaborated by the International Energy

Agency,21 which considers CSP to play a significant role among

the necessary energy mix for halving global CO2 emissions by

2050. This scenario would require the capacity addition of

14 GW annually, i.e. about 55 new CSP plants of 250 MW each

per year.

The projected evolution of levelized electricity costs (LECs) of

different CSP technologies is depicted in Fig. 3. LEC reduction is

expected from mass production, scaling-up, and R&D. A tech-

nology roadmap promoted by the European Industry Associa-

tion19 indicates that by 2015 increase of efficiencies by 10% and

decrease of costs by up to 20% are to be expected provided

various improvements currently under development are imple-

mented in the new generation plants. Furthermore, economies of

scale resulting from plant size increase will also contribute to
Fig. 3 Projection of levelized electricity cost for CSP technologies based

upon technology roadmaps and industry.

9236 | Energy Environ. Sci., 2012, 5, 9234–9245
reduce plants’ CAPEX per MW installed by up to 30%. CSP

deployment in locations with very high DNI further contributes

to cost reduction up to 25%. All these factors combined can lead

to electricity generation cost savings of up to 30% by 2015 and

up to 50% by 2025, reaching competitive levels with conventional

fossil fuel sources with stabilized LEC below V0.10 per kW h.

Similar projections are published in a recent roadmap issued by

the IEA.22 Other roadmaps coordinated by R&D centers predict

a larger influence of innovations (up to 25%) in cost reduction.23

The first generation of commercial CSP projects is adopting

technologies and concepts that have matured in the last 30 years.

They are based on conservative designs and schemes which do

not necessarily exploit the enormous potential of concentrated

solar energy. Fig. 4 illustrates the situation. Current technologies

are based on solar receivers operating at moderate solar

concentration ratios with thermal oil or water–steam at working

temperatures usually below 500 �C, which are coupled to steam-

based Rankine cycles. As a consequence, solar-to-electricity

conversion efficiencies are below 20%, the application of energy

storage is limited, water consumption and land use are relatively

high, the power block integration is rather inefficient, and the

thermochemical routes to produce solar fuels are beyond reach.

The next generation of CSP plants allows surpassing 1000 �C and

enables higher efficiencies via Brayton and combined cycles as

well as better integration of thermal storage. Novel receiver

concepts based on volumetric absorption of directly irradiated

porous structures and particles, with alternative thermal fluids

(e.g. air), operate at higher solar concentration ratios and

promise more efficient solar energy capture and conversions.

Moreover, these advance concepts open the door to the ther-

mochemical production of solar fuels. The solar concentrating
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 Aerial view of Gemasolar CSP plant located in south of Spain,

which uses CR technology with a circular heliostat field and molten salt

for thermal storage (left). Lateral view of the cylindrical solar receiver

containing vertical tubes with molten salt as heat transfer fluid (right).

The plant is designed to operate round-the-clock in summertime. Source:

Torresol Energy.
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technologies better adapted for these applications are solar

towers (CR), whose current development mainly for power

generation is paving the way for future high flux/high tempera-

ture thermochemical applications.

Challenges and key general topics for the medium to long-term

R&D are improved designs of materials and components,

increased system efficiency through higher operating tempera-

tures, high reliability during unattended operation, hybrid solar–

fossil fuel plants with small solar share, and solar share increase

through integration of storage.12 R&D is multidisciplinary,

involving optics, materials science, thermal engineering, and

control and measurement techniques. Specifically, for PT and LF

systems, R&D is aimed at lighter and lower-cost structural

designs including front surface mirrors with high solar-weighted

reflectivity of about 95%; high-absorptance (>96%) coatings for

tube receivers able to operate at above 500 �C; medium

temperature thermal energy storage systems based on phase

change materials, molten salts, concrete, and packed bed of rocks

suitable for solar-only systems; improvement in overall system

O&M, including mirror cleaning, integral automation, and

unattended control; system cost reductions and efficiency

improvements by direct steam generation; and alternative heat

transfer fluids such as air.24 For CR systems, R&D is aimed at

improvements in the heliostat field as a result of superior optical

properties, lower cost structures, and better control; develop-

ment of water–superheated steam and advanced air-cooled

volumetric receivers using wire-mesh absorbers or ceramic

monoliths and foams; advanced thermocline storage systems

based on packed-bed of ceramic materials25 (especially suitable

for solar air-receivers) and high-temperature thermochemical

storage; and distributed control architectures, system integra-

tion, and hybridization in high-efficiency electricity production

schemes. For DE, R&D is aimed at volumetric receivers coupled

to Stirling and Brayton engines; improvements in mirrors and

support structures; and improvements in system integration and

control for fully automation, parasitic loads reduction, startup

optimization, and hybrid Stirling–Brayton operation.

Alternative heat-to-electricity energy conversion devices that

can potentially use CSP technologies include thermoelectric,26

magnetohydrodynamic,27 and thermionic converters.28 In

particular, thermoelectric conversion based on the Seebeck effect

becomes attractive for decentralized DE applications29 and for

recovering solar waste heat.

4. Central receiver systems: current developments
and future prospects

In CR concentrating systems, incident sunrays are tracked by

heliostats and focused onto the solar receiver mounted on top of

a tower, where energy is transferred to a thermal fluid. Plants of

power output of 10 to 200 MWe are being deployed in early

markets in US, Spain, South Africa, and others, because of

economy of scale and feed-in tariffs. Advanced integration

schemes are claiming the economics of smaller units as well.30

The high C on the receiver enables operation at above 1000 �C
and integration into more efficient heat engines. CR can also be

integrated in conventional fossil fuel based plants for hybrid

operation in a wide variety of options and has the potential for

generating electricity with high annual capacity factors through
This journal is ª The Royal Society of Chemistry 2012
the incorporation of thermal storage. With thermal storage, CR

plants are able to operate over 4500 hours per year at nominal

power31 and dispatch solar electricity round-the-clock. Although

there have been a large number of CR projects, only a few have

culminated in the construction of the entire CSP system.32,33

Typical thermal fluids used in the receiver are liquid sodium,

saturated or superheated steam, nitrate-based molten salts, and

air. Extensive pre-commercial experience has been collected by

several European projects located at the Plataforma Solar de

Almer�ıa33 in Spain and by the 10 MW Solar One34 and Solar

Two35 plants in the US. At present, water–steam and molten salts

are the heat transfer fluids selected for the first generation of

commercial CSP plants. Two pioneering projects, PS10 and

PS20, are producing electricity from saturated steam since 2007.

New projects by Abengoa Solar, Brightsource, and eSolar

demonstrate the feasibility of producing superheated steam at

above 500 �C with dual receivers.12 The 17 MWe Gemasolar

plant developed by Torresol Energy,36 connected to grid in

summer 2011 (Fig. 5), uses molten salt as heat transfer fluid and

for thermal storage. A circular heliostat field of 304 750 m2,

115 m2 each heliostat, is oversized to supply 15 hour equivalent

heat storage capacity and generates 112 GWhe per year with an

annual capacity factor of 74%. The plant is designed to operate

round-the-clock in summertime.37
Heliostat field

The two-axis tracking heliostats have a local control unit for

continuously focusing the incident solar radiation onto the

receiver aperture. Heliostat fields are characterized by their off-

axis optics, placing their surface normal to the bisection of the

angle subtended by sun and the solar receiver, i.e. the ‘‘cosine’’

effect. The annual average cosine varies from 0.9 to 0.7, and is

highly dependent on site latitude. The optical efficiency accounts

for the cosine effect, shadowing, blocking, mirror reflectivity,

atmospheric attenuation, and receiver spillage.32 Because of the

relatively large area of land required, ray-tracing algorithms are

applied to optimize the heliostat layout and establish the radial

and azimuthal spacing of heliostats and rows.38,39 One effective

procedure is the radial staggered pattern.40,41 Close to the

equator, a circular field is best to reduce land use and tower

height. North/south fields improve performance as latitude

increases in north/south hemispheres. Integral optimization of
Energy Environ. Sci., 2012, 5, 9234–9245 | 9237
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Table 2 Temperature and solar flux ranges of solar receivers for CR

Fluid
Water–
steam

Liquid
sodium

Molten salt
(nitrates)

Air
(volumetric)

Solar Flux
(MW m�2)
Average 0.1–0.3 0.4–0.5 0.4–0.5 0.5–0.6
Peak 0.4–0.6 1.4–2.5 0.7–0.8 0.8–1.0
Fluid outlet
temperature (�C)

490–525 540 540–565 700 to >1000
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the heliostat layout is decided by a tradeoff between cost and

performance parameters, which often have reverse trends

because of blocking and shadowing penalties as packing

increases.

The historical development of heliostats shows a trend from

the early first generation prototypes42 with 40 m2 reflecting

surfaces and heavy, rigid structures, to designs with large 100–

120 m2 reflecting surfaces, lighter structures, and lower-cost

materials.43,44 120 m2 heliostats were finally adopted for the first

commercial CR plants PS10 and PS20 developed by Abengoa

Solar.45 Beam qualities below 2.5 mrad (not including sunshape)

are good enough for practical applications in solar towers, so

that the main focus of development is directed at cost reduction.

Estimated production costs of large area glass–metal heliostats46

(glass mirrors supported by metallic frame facets) for sustainable

market scenarios are in the range $130–200 per m2. The paradigm

of maximum modularity and mass production led to the devel-

opment of small-size heliostats as a competitive low-cost option.

Brightsource uses single-facet 7.3 m2 heliostats.47 eSolar uses

a multitower plant configuration with ganged 1.14 m2 helio-

stats––12 180 units for a single 2.5 MW tower48––at installed

costs below $200 per m2 because of preassembly and simpler on-

site mounting.
Fig. 6 Examples of solar receiver configurations: (a) cavity-receiver with

tubular panel, (b) cavity-receiver with direct absorption on particle-laden

flow, (c) external receiver with tubular panels and (d) volumetric receiver

with porous absorber.
Solar receivers

The solar receiver approaches a blackbody in its capability to

trap incident solar radiation by making use of cavities, black-

painted tube panels, or volumetric porous absorbers. In most

designs, the solar receiver is a single unit that centralizes all the

energy collected by the heliostat field, imposing high availability

and durability. High thermal efficiency is of paramount impor-

tance as it directly impacts the size of the heliostat field and,

consequently, the electricity cost. Typical receiver operating

temperatures for electricity generation are in the range of 500–

1200 �C for incident solar fluxes between 300 and 1000 kW m�2,

depending on the thermal fluid and application.7,49 According to

the geometrical configuration, there are basically two design

options: external and cavity-type receivers. In a cavity-receiver,

the incident concentrated solar radiation enters through a small

aperture into a well-insulated enclosure containing the absorber.

Cavities are constrained angularly and subsequently used in

north/south-field layouts. In contrast, external receivers can be

cylindrically shaped for surround heliostat fields (see Fig. 5).

Receivers can be directly or indirectly irradiated.50 Directly

irradiated receivers make use of fluids or particle streams directly

exposed to the concentrated solar radiation. A transparent

window is required for pressurized applications. Indirectly irra-

diated receivers consist of absorbing surfaces exposed to the

concentrated solar radiation, with heat conducted across the

walls to the thermal fluid. Table 2 lists operating temperature and

solar flux ranges of solar receivers for CR. It is possible to reach

solar fluxes above 1 MW m�2 with high thermal conductivity

liquids, e.g. sodium. Air-cooled receivers have inherently lower

heat transfer coefficients. Wire meshes (knitted or layered grids),

reticulated foams (metallic or ceramic), and other highly open-

cell porous structures are used in directly irradiated receivers to

improve the contact surface51 and their effective heat/mass

transport properties.52 These so-called ‘‘volumetric’’ absorbers
9238 | Energy Environ. Sci., 2012, 5, 9234–9245
enable the concentrated solar radiation to penetrate and be

absorbed within the volume.53,54 To avoid unstable mass flow

distribution, perforated plates are introduced behind the

absorber.55,56 Air-cooled volumetric receivers can be designed for

atmospheric pressure57,58 and for pressurized systems,49,59,60 but

their current efficiencies must be improved.61 Fig. 6 schematically

shows examples of configurations of cavity, external, and volu-

metric receivers. The selection of a particular receiver concept is

a complex task and strongly depends on the operating temper-

ature, heat storage, and thermodynamic cycle. Tubular receiver

concepts are suitable for applications at either high temperatures

(up to 1200 �C) or high pressures (up to 120 bar), but usually not

both because of material constraints.62 Conversely, directly

irradiated or volumetric receivers are suitable for applications at

higher temperatures but limited pressures (>15 bar) because of

window constraints.
5. Thermodynamics of solar thermochemical
conversion

Solar thermochemical processes make use of concentrated solar

radiation as the energy source of high-temperature process heat

to drive endothermic reactions.63 Solar reactors for highly

concentrated solar systems usually feature cavity-receiver

configurations, i.e. a well-insulated enclosure with a small
This journal is ª The Royal Society of Chemistry 2012
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Fig. 7 Variation of the ideal solar-to-fuel energy conversion efficiency as

a function of the operating temperature TH, for a blackbody cavity-

receiver converting concentrated solar energy into chemical energy. The

mean solar flux concentration is the parameter. Indicated is Toptimum for

maximum hsolar-to-fuel,ideal.
63
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aperture to let in concentrated solar radiation. Because of

multiple internal reflections, the fraction of the incoming energy

absorbed by the cavity greatly exceeds the surface absorptance of

the inner walls. As the ratio of the cavity’s characteristic length to

the aperture diameter increases, the cavity-receiver approaches

a blackbody absorber. The solar energy absorption efficiency of

a solar cavity-receiver, habsorption, is defined as the net rate at

which energy is being absorbed divided by the solar radiative

power coming from the solar concentrator system that is inter-

cepted by the aperture, Qsolar. For a perfectly insulated cavity-

receiver (no convection–conduction heat losses) operating at

a nominal temperature T, it is given by:64

habsorption ¼ 1�
�
sT4

IC

�
(1)

where C is the mean solar flux concentration ratio over the

cavity’s aperture area, normalized to the DNI I. The measure of

how well solar energy is converted into chemical energy for

a given thermochemical process is the solar-to-fuel energy

conversion efficiency, hsolar-to-fuel, defined as

hsolar-to-fuel ¼
�DG

Qsolar

(2)

where DG is the maximum possible amount of work that may be

extracted from the products at 298 K. Note that hsolar-to-fuel is

sometimes reported based on DH instead of DG, i.e. based on the

high heating value (HHV) of the fuel produced; the corre-

sponding factor should be applied when comparing with the

efficiency defined by eqn (2).The Second Law is now applied

to calculate the maximum hsolar-to-fuel for an ideal cyclic

process, limited by both the solar absorption and Carnot

efficiencies,

hsolar-to-fuel;ideal ¼
�
1�

�
sT4

H

IC

��
�
�
1�

�
TL

TH

��
(3)

where TH and TL are the upper and lower operating temperatures

of the equivalent Carnot heat engine, respectively. hsolar-to-fuel,ideal is

plotted in Fig. 7 as a function of TH forTL¼ 298 K and for various

solar flux concentrations. Because of the Carnot limitation, one

should try to operate thermochemical processes at the highest

upper temperature possible; however, from a heat-transfer

perspective, higher TH implies higher re-radiation losses. There is

an optimum temperature Toptimum for maximum efficiency shown

in Fig. 7, which varies between 1100 and 1800 K for uniform solar

flux distributions with C between 1000 and 13 000. For example,

for C ¼ 5000, the maximum hsolar-to-fuel,ideal of 75% is achieved at

Toptimum ¼ 1500 K. For a Gaussian incident solar flux distribution

having peak concentration ratios between 1000 and 12 000 suns,

the optimal temperature varies from 800 to 1300 K. In practice,

when considering convection and conduction losses in addition to

radiation losses, the efficiency will peak at a somewhat lower

temperature. hsolar-to-fuel increases with C because of the smaller

aperture to intercept the same amount of solar power, and,

consequently, lower re-radiation losses. Re-radiation losses can

also be diminished by implementing selective windows with high

transmissivity in the solar spectrum around 0.5 mm where the solar

irradiation peaks, and high reflectivity in the near infrared range

where the Plank’s spectral emissive power for a blackbody at T

peaks.
This journal is ª The Royal Society of Chemistry 2012
Eqn (2) establishes a base for evaluating and comparing

different solar thermochemical processes for ideal, closed cyclic

systems. For open materials cycles, in which carbonaceous

feedstocks are being solar-upgraded (see next section: cracking,

reforming, gasification), the solar-to-fuel energy conversion

efficiency is defined as

hsolar-to-fuel ¼
�DG

Qsolar þHHVreactants

(4)

where HHVreactant is the high heating value of the feedstock being

processed, e.g. about 890 kJ mol�1 for natural gas and 35 700

kJ kg�1 for anthracite coal. Analogous to eqn (2), hsolar-to-fuel is

sometimes reported based on DH instead of DG, i.e. based on

the high heating value (HHV) of the fuel produced. The higher

hsolar-to-fuel the lower is the required solar collection area for

producing a given amount of solar fuel and, consequently, the

lower are the costs incurred for the solar concentrating system,

which usually correspond to half of the total investments for the

entire solar chemical plant. Thus, high hsolar-to-fuel implies

favorable economic competitiveness.

6. Solar thermochemical processes and reactors

Five thermochemical routes for solar fuel production are depic-

ted in Fig. 8.65 Indicated is the chemical feedstock: H2O/CO2 and/

or carbonaceous feedstock (e.g. natural gas, oil, coal, and

biomass). Based on the feedstock, the processes are grouped into

H2O/CO2-splitting processes (thermolysis and thermochemical

cycles) and decarbonization processes (cracking, reforming, and

gasification). All these thermochemical routes are highly endo-

thermic processes that proceed at high temperatures driven by

concentrated solar process heat.

H2O/CO2-splitting

The single-step thermal dissociation of water or CO2, known as

solar thermolysis, although conceptually simple, has been

impeded by the need to operate at above 2500 K for achieving

a reasonable degree of dissociation, and by the need of an
Energy Environ. Sci., 2012, 5, 9234–9245 | 9239
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Fig. 8 Thermochemical routes for solar fuel production using concen-

trated solar radiation as the energy source of high-temperature process

heat. Indicated is the chemical feedstock: H2O/CO2 and/or carbonaceous

feedstock (e.g. natural gas, oil, coal, and biomass). Based on the feed-

stock, the processes are grouped into H2O/CO2-splitting processes (solar

thermolysis and solar thermochemical cycles) and decarbonization

processes (solar cracking, solar reforming, and solar gasification).
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effective technique for separating H2 and O2 or CO and O2 at

high temperatures to avoid ending up with an explosive mixture.

Among the ideas investigated were solar-heated zirconia

membranes and other ceramic materials, followed by effusion or

electrolytic separation.64,66–68 Water-splitting thermochemical

cycles bypass the H2/O2 separation problem and further allow

operating at relatively moderate upper temperatures. Previous

studies performed on H2O-splitting thermochemical cycles were

mostly characterized by the use of process heat at temperatures

below about 1000 K, available from nuclear and other thermal

sources. These cycles required multiple steps (>2) and suffered

from inherent inefficiencies associated with heat transfer and

product separation at each step. In recent years, significant

progress has been accomplished in the development of CSP

systems capable of achieving C > 5000. Such high solar radiation

fluxes allow the conversion of solar energy to thermal reservoirs

at 1500 K and above which are needed for the more efficient two-

step thermochemical cycles using metal oxide redox reac-

tions.65,69–73 The H2O/CO2-splitting redox cycle can be repre-

sented by:

1st step, reduction

MOox/MOred þ 1

2
O2 (5)

2nd step, oxidation

MOred + H2O / MOox + H2 (6)

MOred + CO2 / MOox + CO (7)

The first, endothermic step is the solar thermal reduction of the

metal oxide MOox to the metal or the lower-valence metal oxide

MOred. The second, non-solar, exothermic step is the reaction of

the reduced metal oxide with H2O or CO2 to form H2 or CO, and

reform the original metal oxide which is recycled to the first step.
9240 | Energy Environ. Sci., 2012, 5, 9234–9245
The net reactions are H2O¼H2 + 0.5O2 and CO2 ¼ CO + 0.5O2,

but since H2/CO and O2 are formed in different steps, the need

for high-temperature gas separation is thereby eliminated. The

second step can be accomplished on demand at the fuel consumer

site, as it is decoupled from the availability of solar energy. CO2

and H2O can be co-fed to produce synthesis gas (syngas), the

building block for a wide variety of synthetic fuels including

Fischer–Tropsch liquid hydrocarbon fuels. Amongst candidate

redox materials, ferrite-based and analogous ‘‘non-volatile’’

oxides exhibit relatively slow reaction rates, degradation in rates

due to sintering, and losses due to uncontrolled sublimation,

whereas ZnO, SnO2, and analogous ‘‘volatile’’ oxides that

sublime during decomposition require rapid quenching of

gaseous products to avoid recombination.

One promising redox system is ZnO/Zn, for which the theo-

retical maximum hsolar-to-fuel ¼ 35–50% depending on the level of

heat recovery during quenching and hydrolysis.74–77 The ZnO-

dissociation proceeds at reasonable rates at above 1700 �C while

the products Zn(g) and O2 need to be quenched or separated at

high temperatures to avoid their recombination.78,79 Various

solar reactor concepts were examined experimentally, including

entrained flows,80 packed beds,81 and rotating cavity-

receivers.82,83 Fig. 9a shows a solar chemical reactor configura-

tion for performing the thermal dissociation of ZnO that consists

of a windowed rotating cavity-receiver lined with ZnO parti-

cles.84 With this arrangement, ZnO is directly exposed to high-

flux solar irradiation and serves simultaneously the functions of

radiant absorber, thermal insulator, and chemical reactant. For

Qsolar ¼ 11 kW, the experimental measured hsolar-to-fuel was 3.1%

(based on the HV of the zinc produced).83 The second step of the

cycle, eqn (6) and (7), has been demonstrated using an aerosol

flow reactor for in situ formation and hydrolysis of Zn nano-

particles,85–90 as well as for CO2 reduction with Zn nano-

particles.91 The high specific surface area of nanoparticles leads

to high Zn-to-ZnO conversions over short residence times due to

augmented reaction kinetics and heat/mass transfer. However,

the reactions primarily occurred heterogeneously on reactor wall

surfaces. The kinetics of the reaction of Zn with CO2 and

mixtures of H2O and CO2, studied by thermogravimetry,92–94

exhibited an initial fast interface-controlled regime that transi-

tioned to a slower diffusion-controlled regime limited by ion

mobility through the ZnO layer. Laboratory studies were per-

formed with steam bubbling through molten zinc,95 but the

continuous removal of ZnO(s) may pose process complications.

Analogous to the ZnO/Zn redox system, the volatile SnO2–SnO

pair is characterized by the formation SnO in the vapor phase

during the solar step.96

A non-volatile redox system extensively investigated is the

Fe3O4/FeO,76,77,92–99 which requires upper operating tempera-

tures similar to those for the ZnO/Zn system but without

undergoing sublimation. For CO2-splitting, hsolar-to-fuel ¼ 29%

(no sensible heat recovery between cycles) because of the higher

solar energy input required and higher heat loss by quenching per

mole of CO2 reduced.
77 Spinel ferrites of the form MxFe3�xO4,

where M generally represents Ni, Zn, Co, Mn, or other transition

metals, have been shown to be capable of splitting water at

moderate and more workable upper operating tempera-

tures.100–106 The drawbacks are associated with the need to

provide an inert gas or vacuum pressures to drive the metal oxide
This journal is ª The Royal Society of Chemistry 2012
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Fig. 9 (a) Scheme of the solar reactor for the Zn/ZnO redox cycle.84 It consists of windowed cavity-receiver lined with ZnO particles and directly

exposed to high-flux solar irradiation. (b) Scheme of the solar reactor for the CeO2–CeO2�d redox cycle.115 It consists of a windowed cavity-receiver

containing a porous monolithic ceria subjected to multiple heat–cool cycles under appropriate gases to induce fuel production. Red arrow indicates ceria

reduction (oxygen evolution); blue arrow indicates oxidation (fuel production).
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reduction, which translates into an energy penalty, as well as the

relatively small fraction of oxygen per unit weight of metal oxide

liberated during the reduction, which introduces scale-up limi-

tations and imposes the need to recover sensible heat between

cycles for achieving acceptable hsolar-to-fuel. The solar reactor

concepts tested include ferrite-coated monoliths,107,108 circulating

fluidized beds,109 and rotating disks.110,111 The latter design

concept utilizes two sets of beds of ferrite reactant materials in

close proximity and rotating in opposite directions for thermal

recuperation.

Ceria-based oxides have emerged as attractive non-volatile

redox candidates because they display faster kinetics and better

stability and selectivity relative to the ferrite-based oxides.112–114

Fig. 9b shows a solar chemical reactor configuration for per-

forming both steps of the CeO2–CeO2�d cycle.115 The simulta-

neous splitting of H2O and CO2 was experimentally shown in 10

consecutive cycles, yielding syngas with a H2 : CO molar ratio

that can be controlled by adjusting the H2O : CO2 molar ratio in

the reacting gas.116 A H2 : CO molar ratio in the range 1.7–2

would be suitable for the processing to liquid hydrocarbon fuels

(e.g. diesel, kerosene) via Fischer–Tropsch synthesis. ForQsolar¼
3 kW, the experimental measured hsolar-to-fuel was 0.8% (based on

the HHV of the fuel produced), but no attempt was undertaken

to optimize the system for maximum efficiency.115 Both the effi-

ciency and the cycling rates in the reactor were limited largely by

thermal losses resulting from conductive and radiative heat

transfer. A thermodynamic analysis indicates the potential of

reaching hsolar-to-fuel ¼ 20% in the absence of heat recovery, and

exceeding 30% by recovering the sensible heat of the hot

products.117

An alternative path to solar fuels from H2O and CO2 is the

electrolysis, provided electricity is generated by solar energy. The

current density of alkaline cells is typically around 0.3–0.4 A

cm�2, with cell efficiencies in the 52–70% range based on the

HHV of H2.
118 These values will have to be multiplied by the

efficiency of solar power generation to obtain hsolar-to-fuel. Some

of the R&D challenges include development of new diaphragm/

membrane materials of controlled porosity and mechanical

strength, and improvement of stack materials and components to

increase reliability, durability, and efficiency by reducing cell
This journal is ª The Royal Society of Chemistry 2012
voltage and resistance of the cell assembly. High-temperature

steam electrolysis offers the possibility of using concentrated

solar heat to reduce the electric energy input.119 Solid oxide cells

are operated in the range of 800–1000 �C but the formation of

secondary isolating phases at the triple phase and electrolyte–

electrode boundaries has a detrimental effect on stability and

efficiency. The main challenges are the development of chemi-

cally stable and gastight electrolytes with high ionic and low

electronic conductivity, and of chemically stable electrodes in

highly reducing–oxidizing environments with good electronic

conduction. Co-electrolyzing H2O and CO2 results in lower cell

resistance, with estimated 70% cell efficiency and overall

hsolar-to-fuel z 10%.120,121 With photocatalytic approaches,

hsolar-to-fuel is currently about two orders of magnitude lower.122
Decarbonization

The solar cracking route refers to the thermal decomposition of

natural gas (NG), oil, and other hydrocarbons, and can be rep-

resented by the simplified net reaction:

CxHy ¼ xCðgrÞ þ y

2
H2 (8)

Other compounds may also be formed, depending on the pres-

ence of impurities in the raw materials. The thermal decompo-

sition yields a carbon-rich condensed phase and a hydrogen-rich

gas phase. The carbonaceous solid product can either be

sequestered without CO2 release or used as a material

commodity under less severe CO2 restraints. It can also be

applied as a reducing agent in metallurgical processes. From the

point of view of carbon sequestration, it is easier to separate,

handle, transport, and store solid carbon than gaseous CO2.

Assuming carbon sequestration, eqn (4) yields a theoretically

maximum hsolar-to-fuel ¼ 0.55.123 Solar reactor concepts proposed

for this process include directly irradiated particle flows124,125 and

indirectly irradiated graphite/ceramic absorber tubes.126–128

Fig. 10a shows a scheme of a solar reactor that features

a continuous flow of CH4 laden with mm sized carbon black

particles, confined to a cavity receiver and directly exposed to

concentrated solar irradiation. The laden carbon particles serve
Energy Environ. Sci., 2012, 5, 9234–9245 | 9241
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Fig. 10 (a) Scheme of the solar reactor for the co-production C and H2 by thermal decomposition of CH4. It consists of a continuous flow of CH4 laden

with mm sized carbon black particles, confined to a windowed cavity-receiver and directly exposed to concentrated solar irradiation.124 (b) Scheme of the

solar reactor for the production of syngas by thermal gasification of carbonaceous feedstock. It consists of two cavities in series, with the upper one

serving as the solar absorber and the lower one containing a reacting packed-bed.133
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the functions of radiant absorbers and nucleation sites for the

heterogeneous reaction.124

The steam-reforming of hydrocarbons (e.g. NG, oil, and

others), and the steam-gasification of carbonaceous materials

(e.g. coal, coke, biomass, and other C-containing solids) can be

represented by the simplified net reaction:

CxHyOz þ ðx� zÞH2O ¼
�y
2
þ x� z

�
$H2 þ xCO (9)

Other compounds may also be formed (e.g. H2S), depending on

the impurities contained in the feedstock. The principal product

is high-quality syngas. For example, the solar steam-based

gasification of anthracite coal at above 1500 K yields syngas

with a H2 : CO molar ratio of 1.2 and a CO2 : CO molar ratio

of 0.01. In contrast, the conventional (non-solar) gasification

process is carried out autothermally, i.e. by combusting at least

one-third of the feedstock internally to generate the required

process heat. The advantages of the solar-driven process vis-

�a-vis the conventional autothermal process are 5-fold: (1) it

delivers higher syngas output per unit of feedstock, as no

portion of the feedstock is combusted for process heat; (2) it

avoids contamination of syngas with combustion byproducts,

and consequently reduces costly downstream gas cleaning and

separation requirements; (3) it produces syngas with higher

calorific value and lower CO2 intensity, as the energy content of

the feedstock is upgraded up to 33% through the solar energy

input; (4) it allows for higher gasification temperatures (above

1200 �C), resulting in faster reaction kinetics and higher quality

of the syngas produced with low or without tar content; and (5)

it eliminates the need for an upstream air separation unit, as

steam is the only gasifying agent, which further facilitates

economic competitiveness.

For the solar steam-reforming of NG and the steam-gasifica-

tion of coal followed by syngas processing to H2 (assuming

water–gas shift and H2/CO2 separation unit based on the pres-

sure swing adsorption technique at 90% recovery rate), eqn (4)

yields a theoretically maximum hsolar-to-fuel ¼ 0.71.123 A solar

reactor for the solar reforming of NG that uses a reticulate

porous ceramic foam coated with Rh-based catalyst has been

scaled up to power levels of 300 kW in a solar tower facility.129

The solar steam-gasification of various carbonaceous feedstocks,

e.g. coal, petroleum coke, biochar, and waste carbon-containing
9242 | Energy Environ. Sci., 2012, 5, 9234–9245
materials, was studied in fluidized-bed, entrained-flow, and

packed-bed solar reactors.130–133 Fig. 10b shows a scheme of

a packed-bed solar reactor that features two cavities in series.133

The upper cavity functions as the solar absorber and contains

a windowed aperture to let in concentrated solar radiation. The

lower cavity functions as the reaction chamber and contains

a packed-bed of solid carbonaceous feedstock on top of the

steam injector. This design accepts bulk carbonaceous feedstock

without prior processing of any shape and size, and uses the

moisture content in feedstock for steam-based gasification. The

reactor is operated in batch mode, typically 1 batch per day

adapted to the availability of the sun, with the packed bed

shrinking as the gasification progresses. If biomass is used as

feedstock, the syngas produced is CO2-neutral. A recent review

of solar reactor technologies for the solar-driven gasification of

carbonaceous feedstock is given in ref. 134.
7. Summary and conclusions

After three decades of R&D, the industrial implementation of

CSP systems is rapidly increasing. Current technologies are

based on solar receivers that operate with thermal oil, molten

salts or water–steam at working temperatures usually below 600
�C, coupled to steam-based Rankine cycles for power generation

at 20% peak efficiency. The next generation of technologies

allows surpassing 1000 �C and enables higher efficiencies via

Brayton–Rankine combined cycles, as well as better integration

of thermal storage and hybridization with fossil-fuel backup.

Novel receiver concepts based on volumetric absorption of

directly irradiated porous structures, particles, and alternative

thermal fluids operate at high temperatures/high fluxes and

promise more efficient solar energy capture and conversions.

Moreover, these advance concepts can be applied for the ther-

mochemical production of solar fuels. Solar cracking, reforming,

and gasification processes for upgrading and converting carbo-

naceous feedstock to syngas conserve fossil fuels, reduce emis-

sions, and could become an important transition path towards

solar fuels. The production of solar hydrogen, syngas, and liquid

hydrocarbon fuels from H2O and CO2 via 2-step redox cycles has

favorable long-term potential, warranting further development

and large-scale demonstration.
This journal is ª The Royal Society of Chemistry 2012
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Nomenclature
C

This journal is ª T
Solar flux concentration ratio
I
 Direct normal solar irradiation (DNI)
_n
 Molar flow rate
HHV
 High heating value
Qsolar
 Solar energy coming from the solar

concentrator
T
 Nominal solar reactor temperature
Tstagnation
 Maximum temperature of a blackbody

absorber
Toptimum
 Optimal temperature of the solar reactor for

maximum
DG
 Gibbs free energy change
DH
 Enthalpy change
habsorption
 Solar energy absorption efficiency
hCarnot
 Efficiency of a Carnot heat engine operating

between TH and TL
hsolar-to-fuel
 Solar-to-fuel energy conversion efficiency
s
 Stefan–Boltzmann constant (5.6705 � 10�8

Wm�2 K�4)
qS
 Semi-angle subtended by the sun
frim
 CPC acceptance angle
fCPC
 Parabolic rim angle.
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