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Abstract In our globalized economy amultitude of energy

systems are in operation. They present quite different

structures and targets despite their common goal of supply-

ing the energy needs for all societal activities reflecting the

different boundary conditions of respective societies. The

common quest for sustainability has given renewable elec-

tricity and ‘‘solar fuels’’ a high attention. The paper describes

some underlying systemic aspects of integrating renewable

with fossil energy and makes the point that without chemical

energy conversion (CEC) this target will not be possible. A

non-exhaustive list of grand challenges in CEC is derived.

Some aspects of chemical energy science are discussed.

Keywords Solar fuels � Energy system � Chemical energy

conversion � Water splitting � Decarbonisation

1 Introduction

The supply of a society with energy is a core responsibility

of co-operation between politics, markets and industry. The

flow of energy is controlled by few economical structures

that are under only limited control of politics as exemplifies

the history of oil supply to the US. The present discussion

on sustainability of energy systems leaves the illusion that

a modification of the energy system could be possible

under democratic control. The discussion hides the fact that

the energy system is constantly under change and is con-

trolled by phenomena that are outside the control of any

single society on this planet. The energy systems change

under influence of societal megatrends, of technological

capabilities and under long-lasting geo-strategic evolu-

tions. One common control variable is the price of energy

that is not found by supply and demand but results from the

co-operation of the phenomena listed above.

Energy supply is systemic as it comprises different sour-

ces of primary energy, different means of transportation and

distribution and different end uses. This technological

dimension is supplemented by dimensions of legislation and

regulation, of markets and economic factors and of envi-

ronmental responses of our ecosystems and of societal

behaviour. All of these phenomena are interconnected by the

phenomena listed above and form a system of feedback

loops. It is safe to say that we have lost rational control over

the energy system; we can no longer predict the response of

the system following a single stimulus in any of the dimen-

sions noted. Regulatory measures to achieve a single desir-

able evolution towards a single development target lead thus

to multiple responses of desired and undesired nature. The

consequences are quick fixes of the regulatory system

causing the same effects and thus lead in historical evolution

to highly complex and regionally well-differentiated sys-

tems that cannot be directed with simple measures anymore.

Practical everyday examples are the evolution of the petro-

leum price or of the prices of primary energy carriers oil, gas

and coal.

Chemistry [1] and more specific catalysis science [2] are

deeply involved in the energy issue as the supply with

energy is to over 90 % the result of molecular transforma-

tions of hydrocarbon resources. Other branches of chem-

istry supply the material science for the construction of

energy transformation and distribution systems. Only to a
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rs01@fhi-berlin.mpg.de

1 Max-Planck-Institut für Chemische Energiekonversion,

Stiftstraße 34-36, 45470 Mülheim, Germany

2 Fritz-Haber-Institut der MPG, Faradayweg 4-6, 14195 Berlin,

Germany

123

Top Catal (2016) 59:772–786

DOI 10.1007/s11244-016-0551-9

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Crossref

https://core.ac.uk/display/191518235?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://crossmark.crossref.org/dialog/?doi=10.1007/s11244-016-0551-9&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11244-016-0551-9&amp;domain=pdf


relatively small fraction (ca. 5 %) the whole chemical

industry is using energy for its transformations and as its

indispensable feedstock. This leading role of chemistry is

hidden under the division in chemical and petrochemical

industries as well as under the fact that energy transfor-

mation is today considered widely an engineering challenge

and less a matter of chemical or basic science. If we briefly

recall that energy cannot be generated but only be converted

from essentially oxidising C–H and C–C bonds into CO2

and water and if we contemplate of how well (really?) we

understand the underlying heterogeneous [3–5] and homo-

geneous processes apart from islands of knowledge for

example with internal combustion engines [6–9] for cars,

then we see that there is still much room for generating

knowledge leading to conceptual [10] improvement. Such

science (electrochemistry, coal science [11–14], oil chem-

istry, solids combustion chemistry [15, 16]) was popular in

the first half of the 20th century but is not widely practiced

now, possibly because of its high complexity and thus large

phenomenological nature it took in its early days.

With the periodically occurring and in intensity

increasing [17–20] societal quests for making the energy

supply a sustainable and predictable basis of societal

activity the contribution of chemistry to this endeavour has

to increase [1, 10, 21] both in volume and scope. It is

interesting for chemists wishing to contribute to this area of

scientific activity to contemplate over a few basic ideas and

concepts of the energy system. We observe at present as in

many earlier waves (oil price shocks) [22, 23] of scientific

activity broad but short-lived activity failing to enhance our

basis of technological options at al level where these could

contribute to rational transformation of the energy system

according to a societal target. One may be aware that such

ideas were put forward many times [19, 24–28] before. The

lack of political or societal drivers and the unsteadiness of

political impulses have hampered any serious attempt to

rationally develop an energy system beyond incremental

modification. The scientific movement for the development

of solar fuels [29] by artificial leaves [18, 30–32] is a large

and well-supported activity that for the first time may make

it form concept to practice. Its drawback is that its approach

does not fit well to the already existing massive economic

engagement into primary renewable electricity [33, 34]

generation requiring urgently measures of integration with

the existing demand structure. The author considers this

integration as the biggest challenge in the near future, as

failure to achieve this will create a strong backswing to

fossil and conventional nuclear options damaging the idea

of sustainable energy systems for a long time.

Energy integration as the actual challenge does neither

devaluate the solar fuel approach requiring multiple sci-

entific and technological elements from the solution of the

integration issue nor is it in contradiction to novel

grassroots approaches to the energy supply issue [35, 36].

We need all of these approaches simultaneously. We need

however, also be brave enough to measure our activities

according to systemic requirements such as scalability and

resource use and stop advertising our conceptual ideas as

ready-made solutions for the energy challenge. This habit

gives our science a reputation of unreliability and irre-

sponsibility that harms all our essential efforts to contribute

to the energy transformation with rational rather than with

volatile impulses.

2 Targets and Drivers

One of the most critical arguments for or against any sci-

ence-based modification of the energy system is the eco-

nomic killing argument of ‘‘too high price’’. This argument

inhibits all truly innovative approaches and is thus toxic for

innovation. On the other hand it is essential that we keep in

mind that energy solutions need to be available to all who

need it. ‘‘Availability’’ includes also economically viable

access to energy. The argument that energy technologies

need to be price-competitive with the existing energy

system is often used but needs a societal discourse. The

uncontrolled consumption of fossil resources and the

assignment of all economic risk of using energy tech-

nologies to society excluding these factors from the actual

‘‘price’’ need to be debated and decided. Only when a

pricing system is agreed that allows comparison of current

and novel approaches to energy supply on a common basis,

the economics of technological options can be used as one

ingredient in the evaluation of novel scientific ideas. The

difficulty of estimating economic data of non-existing

technologies in the absence of demonstrators and operation

experience is worth a discussion on its own.

Another critical aspect to evaluation of scientific activ-

ities for the energy system is their compliance with the

overall targets of the system evolution. As energy supply is

systemic there is no single obvious development target. In

addition, different societies have quite diverse ideas about

such targets. The political method of adding many targets

together is not useful for science as any decision-making or

prioritisation according to complex target mixtures is not

possible. To render the issue even more complex multiple

‘‘targets’’ are no targets but measures that may modify an

energy system. The table lists some common targets and

measures.

These unclear positions in the energy debate blur the

challenge for science. It should be the role of science in its

broader definition to develop options for the evolution of

the energy system with clearly assigned strengths and

weaknesses. In practice, science is faced with developing

many concepts into technological options requiring steps of
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selection and prioritization due to limited resources in time

and finance.

An enabler for this selection would be a clear driver set

by society. Only such a driver would have the legitimate

and long-term effect of shaping the evolution of the energy

system through directing the scientific-technological evo-

lution. Political agenda setting for one legislative period is

unsuitable and potentially detrimental for science that is

put on different tracks much faster than true insight and

knowledge-based technology development can deliver

reliable results. Science escapes these problems by defining

in superficial manner single figure of merit criteria sup-

porting the definition of novelty and innovation. Efficiency

of solar cell systems [37–41] or onset potentials for water

splitting or turnover frequency for catalytic transformations

are examples of such ‘‘science drivers’’. Chemical stability

and synthetic reproducibility are amongst the critical

properties being hidden under the ‘‘innovative’’ single

figure of merit aspect of science innovation for energy.

Such drivers make science into a sportive event

focussing on single parameter ‘‘excellence’’. This occurs

often without defining an internationally agreed method of

determining the relevant numbers. The necessarily super-

ficial character of the resulting science race reduces the

chance to arrive at useful solutions that serve the given or

indicated purpose. This usefulness includes scalability,

material and device lifetimes and accessibility to all

material resources (noble metals, complex processing). The

usefulness is thus a multiple parameter optimization with

compromises on the single figure of merit property. An

example may be a water splitting device that is not maxi-

mal energy-efficient but long-lived and constructed from

earth-abundant materials in a simple manufacturing pro-

cess. Use scenarios such as stationary or mobile applica-

tions may change such compromises and lead to several

parallel design strategies for one and the same device type.

Accumulators are a good example for the broadness of

scopes that justifies a hierarchical scientific approach

starting from fundamental research followed by gradual

phases of application-oriented narrowing of scope.

The following discussion abstains from such drivers and

targets and tries to enumerate a list of challenges that need

to be met by chemicals science in order to enable a generic

sustainable energy system.

3 Structure of Energy Systems

Sustainability for energy in the context of chemical solu-

tions means that such systems must close the material

fluxes within the system. Only water and oxygen are

exempt from this requirement as they are so abundant on

earth. Closing the material cycle is not only related to

energy carrier resources but also to mineral resources

needed for structural and functional materials required for

the energy transformation. Feedstock required for feeding

the population are also excluded from the use for energy

purposes.

Figure 1 shows the most simplified structure of the

challenge. The imbalanced CO2 emission affects the cli-

mate on earth. The use of uneven distributed fossil energy

resources impeded energy security and carries multiple

risks associated with the pressures to exploit technologi-

cally challenging resources going hand in hand with

environmental risks and the destruction of eco-resources

such as rainforest, underwater systems or the Antarctic.

If we want to impede this we have two options that

likely we need both. First we have to save energy. That

means not only to become energy efficient in the way we

transform free energy in final uses but also in the way, how

much energy we use per person. Figure 2 shows some data

for energy use and its effectiveness in conversion for

Germany. Could we become more energy-efficient and

reduce the losses substantially then we have much less

energy pressure. Chemistry has to play multiple roles [42]

here. We see that large possibilities lay in the sectors of

low-temperature heat use (house heating) and in the use of

fuels for mobility (part of ‘‘mechanical’’). The fraction of

electricity for non-mechanical uses (motors) is not large

and has thus a smaller saving potential. An enormous

saving potential lies in avoiding thermal energy as con-

version form for the generation of electricity in Carnot

machines. Could we convert material energy carriers

flameless [43] into electricity (fuel cells with hydrocarbons

Fig. 1 Highly simplified scheme of a generic non-sustainable energy

system. The material flow for CO2 remains open
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or coal) then we may save a large fraction of primary

energy. It is ‘‘only’’ the kinetics of electrode reactions and

the lack of catalysts that prevent us from performing such

reactions.

Figure 3 shows some data on the electricity use per

person in the world. If we multiply the ‘‘first world aver-

age’’ of about 7000 kWh/a by the global population then

we see an enormous increase in electricity generation with

the related enormous use of fossil energy carriers (mostly

coal) and the respective emission increase. It is outside the

scope of this paper to discuss options how to reduce the

specific value of energy consumption. Making chemical

industry more energy-efficient is certainly useful and

highly desirable as well as using LED lighting but both

prototypical measures will not cure the issue. Substantial

societal and economical modifications are needed here. If

we cannot succeed in more reduced energy consumption

per capita then even the target of stabilizing greenhouse gas

emission against the increase in world population will be a

difficult task. It should be stated here that the energy-effi-

ciency as measured by the consumption of primary energy

carriers against standard applications is hard to determine

in the world; in Asia the energy system is less efficient than

in Germany or in Europe. In both regions substantial

diversity in efficiency per unit plant exist; in China massive

investments improve the plant park whereas in Germany

the process has come to a standstill for mainly non-tech-

nical reasons. This underlines again that technology and

science alone cannot solve the energy challenge.

The second approach is to close the material fluxes in

the energy system. This can be achieved by reducing the

use of fossil energy carriers by replacing it with renewable

energy carriers. As CO2 represents one large bio-geo-

chemical [44] cycle on our planet, it is not necessary to

remove CO2 from our energy system and ‘‘decarbonize’’ it.

It would be sufficient to stop the increase in CO2 emission

immediately and reduce the man-made emission to a sub-

stantially lower value of ca. 50 % of the present emission.

A large fraction towards this target comes from replacing

fossil by renewable electricity and heat, the other part

would require recycling of CO2 by chemical energy con-

version (CEC) with hydrogen from renewable electricity.

This will be discussed in detail below. Natural processes

including the use of biomass can accommodate the rest and

close the cycle. The advocated use of biomass [17, 45–49]

as storage system against volatile renewable energy or even

Fig. 2 Uses of energy in Germany. The absolute numbers in PJ give

the primary energy consumption over all non-renewable energy

carriers in Germany, its conversion into end energy (main loss

production of electricity) and its use for final purposes given in the

diagram. Data from BMWI energy statistics 2015 for the year 2013

Fig. 3 Consumption of

electrical energy per selected

country. Figures from 2012.

Data from BMWI energy

statistics 2015
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as renewable energy carrier is less-likely to meet the

expectations. At present the use of biomass as resource for

chemical feedstock or intermediate products is much more

promising. Local uses for heating or after upgrading as

transportation fuel or additive may be useful and are pos-

sible. In the longer run we see the need to use as much as

possible biomass without damaging the global ecosystem

stability for feeding the growing population.

We arrive at a sustainable energy system of the gen-

eric shape indicated in Fig. 4. We recognize the

increased complexity and the need for technological

elements that are not available today in qualities ready to

use on a world scale. We intuitively feel that the price of

energy in such a system must be higher than today as the

complexity of the system is larger. We do not know,

however, how large this increase will be and how we

evaluate its magnitude. The missing knowledge has to be

provided by science which is clearly based in chemistry

but which also clearly needs interdisciplinary augmenta-

tion by scientific, engineering and socio-economic disci-

plines. Ideally all this should happen in a concerted

effort now before society takes decisions on the shape

and targets of energy systems. The author is realistic

enough to see that this will not happen and science will

be involved in a race with politics and economics to

provide the understanding and technologies without a

rational approach.

4 Energy Science

The necessary selection processes for scientific activities

closing the gaps of knowledge and technology indicated in

Fig. 4 should be based on criteria that are more solution-

oriented than those selecting ‘‘interesting’’ science results

for publication (see also section ‘‘targets and drivers’’). To

arrive at such criteria we need to briefly think about likely

drivers of the energy transformation. Politics alone may

provide impulses for change but they will not be lasting to

really change the development. This can be seen in the

German Energiewende as well as in the US bio energy

initiative as examples. Sustained drivers come either from

international legislation (see emission regulation for

internal combustion engines) and/or from long-term eco-

nomic feasibility of a sustainable energy system. The

author suggests sticking to the latter argument and trans-

lating this target of optimized economic affordability

including direct and indirect cost of using energy into

criteria for technology prioritisation. This prioritization

should not work on basic science and on novel approaches

to sustain a continuous flow of grassroots approaches. It

will, however, be necessary for the transfer science gen-

erating technology and demonstrators in dimensions

required for estimating the systemic use of a suggested

technology. This can only be done with few proposals.

Suitable forms of co-operation between academia, indus-

try, politics and society need to be found to minimize

losses of technological options due to non-technological

obstacles. Breaking it down to practical dimensions of

estimation we see that beside ‘‘performance’’ also stability

and closed material cycles are hard systemic requirements

for true energy research. Scalability and manufacturability

are secondary concerns as well as a minimum of systemic

innovation required for rollout. All together individual

scientists may use such criteria for directing their individ-

ual activities long before complex prioritization schemes

are applied for large-scale funding to separate fundamental

science that never requires a justification in application

from energy-related activities. A core issue in energy sci-

ence is the optimization of functional materials [50, 51].

This is well recognized but in its implementation care is

needed to consider the mentioned systemic boundary

conditions of suitable pathways and suggestions. Many

excellent performing samples [52, 53] prove very hard to

convert into scalable reproducible materials. This impor-

tant work is not valued highly in the scientific community

Fig. 4 A generic design of a sustainable energy system. The elements

of Fig. 1 are present and augmented by additional elements needed to

use sunlight directly and effectively for energy uses. The dashed lines

indicate elements that may contribute in later development stages of

the energy system. The light blue boxes indicate elements that are not

yet existing and/or fit for world scale applications
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but represents a critical element in arriving at true

knowledge-based solution for CEC technologies.

It is noted here that chemistry contributes in many other

aspects to the sustainable energy issue that are not con-

cerned with CEC. It is beyond this text to discuss these

important contributions that are in no respect less important

than the CEC-catalysis aspects discussed here. The general

remarks on the distinction between curiosity-driven fun-

damental science with relation to energy and application-

oriented science directs towards the solution of a specific

problem in the energy system holds also for these other

contributions of chemistry to energy science.

5 The Big Thing First: Energy Integration

At present we are in period of transition between systems

of Figs. 1 and 4. We have invested in primary electricity

generation but still use massive amounts of fossil fuels. We

use sub-optimal regulatory instruments for generating the

financial resources required for the hybrid operation. We

thus see limited effects on the greenhouse gas emission

despite the efforts in novel and now mature technologies of

PV and wind energy generation. This does not say that we

need no more science in the area of PV and wind energy for

making them more efficient and more adaptive to large-

scale or decentralized applications. These activities do,

however, not enable the transformation of the energy sys-

tem in the foreseeable future.

The ‘‘big thing’’ and often not acknowledged problem is

the incompatibility of fossil and renewable electricity with

respect to temporal availability (see Table 1). Renewable

electricity is volatile and occurs in a temporal distribution

incompatible with the energy demand structure in the

‘‘developed world’’. Renewable energy is no ‘‘drop in’’

solution for fossil or nuclear energy. As we will hardly see

a significant change in demand structure within our soci-

eties we have to find scientific means [32] of equilibrating

supply and demand. This has to be done not only over the

electricity part of the energy system but rather over the

whole system with all major sources of CO2 emission.

Figure 5 shows the challenge. Divided in full load hour

equivalents the demand structure of Germany serves as an

example [33] for a ‘‘developed’’ country.

The substantial contribution of renewable electricity is

also indicated. The excess curve will result if the political

development targets are reached within the next two dec-

ades. We see the then enormous contribution of renewables

but also the still significant undersupply and the excess

with a highly unfavourable time structure (very short times

with enormous surplus generation). The conceptual simple

idea of taking the excess and store it for the undersupply is

barely feasible in the framework discussed above due to a

lack of drivers of such an economically unfavourable

proposition. The very short annual use time for complex

technical systems indicated in Fig. 4 and the high price of

the regenerated electricity with respect to fossil electricity

will impede such solution until there is no fossil energy

carrier left. If we find no better solution of use the excess

renewable electricity in an economical way then the roll-

out of renewable electricity devices will slow down enor-

mously as soon as the capacity of the grid for volatile

energy is exhausted (in Germany almost today).

The general solution for long times (more than 5 dec-

ades) will be the evolution of the present situation into a

stable hybrid energy supply. The very short time excess

(top 600 h) may be used for local thermal applications or

may be discarded. The long-term excess electricity can be

used for CEC applications leading to high-price products

and not to secondary electricity. The undersupply will

likely be compensated from fossil sources while converting

a maximum of the resulting CO2 by CEC into molecular

products. Such products can be feedstock for the chemical

industry but will be more effective for climate protection

and for revenue generation for the whole energy system if

it is put into the transportation fuel sector.

In short, the remediation of excess electricity generation

and later the replacement of fossil fuels in the material-

based parts of the energy system (transportation fuels,

carbo-thermal processes, production applications) can only

be achieved if we learn to convert material energy carriers

in electricity and back-convert electricity into material

energy carriers. This should be achieved at small energy

Table 1 Commonly used targets in the discussion for the evolution

of an energy system

Nr Target Function

1 Sustainability Target

2 Supply security temporal Target

3 Supply security political Target

4 Supply security societal Target

5 Renewable energy generation Measure

6 Decarbonisation Measure

7 Societal acceptance Measure

8 Biomass utilization Measure

9 Low prize Measure

10 Energy storage technologies Measure

11 Incentives for technology introduction Measure

12 Energy efficiency measures Measure

From an analysis of the effect of the ‘‘target’’ on the energy system

one can discriminate designated targets in true targets and in measures

enabling the energy system to reach a target. This is indicated in the

row ‘‘function’’
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losses and without the use of open material flow loops.

Figure 6 schematically shows the challenge and highlights

the existing solutions in addition to the chemical

challenges.

The dominant lacking pathway is the conversion of

electricity into material energy carriers (‘‘solar fuels’’). The

most critical single process in the necessary sequence of

reactions is the generation of free electrons from oxidation

of oxide ions stemming from water or potentially from

CO2. It is needless to say that these processes involve

interface reactions and are within the domain of catalytic

reactions. The contribution of molecular catalysis to these

challenges considered first as heterogeneous reactions or

following the examples of natural processes is yet to be

evaluated. As we want to exchange free charge carriers we

need in most case electrodes and thus interfaces. Unfor-

tunately, the most important interface is that between solids

and liquids which is the one where we still have enormous

problems in studying and understanding chemical reac-

tions. Our lack of ability in water splitting [54, 55] and

battery science [56] measured against requirements of

world-scale application are consequences of this funda-

mental deficit. But also solid–solid interfaces (electrode–

solid electrolyte [57–59], carbon solid fuel cell [60]) are of

low study interest possibly because of the dominating role

of slow kinetic processes.

6 The Role of Fossil Fuels

Although it is the purpose of energy transformative pro-

cesses to minimize the role of fossil fuels it should not be

the prime (political) target to discourage their use. As a

stabilizing agent in volatile renewable energy scenarios

they are invaluable as they are energy storage systems and

they are still and possibly always cheaper than synthetic

solar fuels. If we reduce the rate of consumption and dis-

card the use of environmentally harmful developments of

fossil deposits (not yet on the agenda today) then we can

keep the economics of the energy transformations in

acceptable dimensions. Fossil fuels buy us decades of time

to economize renewable technologies. Figure 5 shows us

that even if we use fossil fuels without utilization of CO2

(CCU) then we will drastically reduce the CO2 emission

from electricity generation. By using a strategically chosen

mix between gas and coal we can arrive at a stable and

strongly CO2 reduced energy supply system that is still

affordable. An even better utilization would result if we

replace the conventional combustion systems (power sta-

tions) by systems that can easily be switched between

Fig. 5 Schematic of the full-

load hour curve of the German

electricity grid (blue). The load

varies between ca. 45 and

80 GW. The red curve indicates

the contribution of renewable

electricity in 2012. The green

curve predicts the renewable

contribution in 2035 according

to political targets

Fig. 6 Free inter-conversion between chemical energy carriers and

electricity is the single critical condition for the transformation of

energy systems into a sustainable mode that is based upon renewable

primary electricity
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combustion and gasification [10, 61] of fossil fuels. Then

we arrive at high annual runtimes for the infrastructure and

gain flexible operation between generation of electricity

and of synthesis gas for making transportation fuels. Fig-

ure 7 shows a resulting more detailed system characterized

by a dual structure of renewable and fossil primary energy

supply. The key catalytic chemistry involved is the con-

version of CO2 and synthesis gas with hydrogen generated

from renewable primary energy utilization [62] into plat-

form molecules. These are methanol, methane or hydro-

carbon mixtures from Fischer–Tropsch synthesis.

Additional platform molecules would be higher alcohols

such as ethanol, olefins and ammonia.

Such a combined generation of power and chemicals

under inclusion of renewable energy makes only sense if

the dimensions are correctly considered. Present concepts

of CO2 utilization for chemical synthesis and polymer

production [63] are useful additions to the portfolio and

save energy but cannot be used to couple into tandem

production of electricity and chemicals. Even the genera-

tion of all feedstock for chemical industry cannot solve this

dimensional problem although it is a possible first step. The

only systemic useful outlet for such a tandem production is

the regime of transportation fuels [64, 65] with a market

size large enough to accommodate the transition period and

the final slow replacement of conventional fossil fuels by

synthetic [66] solar fuels. This approach requires a regu-

latory design of the entire energy system with a common

system of emission limits (as presently in use in the

mobility sector) and incentives, as utilization of large

amounts of primary electricity in non-electrical applica-

tions and the saving of CO2 in the non electrical sectors

need to be made possible and acknowledged (taxations,

feed-in systems, stability of regulations over decades of

operation).

In order to give an idea about the dimensions of such

an operation the quantitative situation of Germany shall

be used as an example. In Fig. 8 the CO2 emissions from

energy applications are shown today and after reaching

targets of current energy system planning of the gov-

ernment [67] (‘‘Energiekonzept’’). Some of the fig-

ures given are less demanding than described in this

concept to accommodate for the likely overestimation of

saving/replacement potentials by biomass assumed in the

concept.

If we then add the concept of carbon capture and use

(CCU) as outlined in Figs. 6 and 7 then we see which

carbon fluxes need to be treated. The extent to which the

CO2 cycle can be closed will depend on the availability of

hydrogen ex primary electricity. If we would allow the

import of such hydrogen (or the export of CO2) from

geographic areas with more beneficial conditions for

renewable generation or if we convert our current practice

of driving the installation of renewable electricity by the

demand of the electricity sector to controlling the instal-

lation by the demand of CO2 abatement (power-to-X dri-

ven, instead electricity driven) then we can arrive at high

recycle ratios.

Fig. 7 Schematic

representation of an integrated

energy system utilizing a

maximum of renewable energy

for electricity generation. The

excess renewable electricity

(see Fig. 5) is used for thermal

applications and for the co-

generation of hydrogen.

Conventional power stations are

replaced by gasifier/burner

combinations allowing flexible

response of the residual fossil

(waste) combustion against the

electricity demand using during

the other times the equipment

for gasification (or for dry

reforming of CO2 with

methane) to arrive at synthesis

gas. The light blue elements are

tasks of chemistry and require

still enormous efforts in

research and development to be

applied in grid-scale

installations
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In final consequence the only remaining significant CO2

emission sources would be mobile sources with the demand

of high energy density (not battery-operated city vehicles,

but long distance travel, goods transportation, aviation,

high-power mobile instrumentation [68]). This can be

realized although we still use substantial amounts of ca.

20 % fossil fuels for electricity generation. The amount is

estimated such as to stabilize the system against the

adverse effects of volatility or primary energy supply from

the sun. Multiple factors affect the real fraction of required

fossil stabilization. Among them are the design concepts of

the energy system in hierarchical supply and storage

solutions (central, local decentralized, local for industrial

use, regional and European collaboration). It is outside the

present scope to describe concepts of internationalization

of such systems [33, 69–71] with trade elements and

technology exports.

7 The Chemical Toolbox of CEC

Following the conceptual lines sketched so far we can

define a list of critical chemical reactions that we must be

able to perform. These are:

(1) 2H? 2e- $ H2

(2) 2O2- $ O2 ? 4e-

(3) CO2 ? 4H? ? C4? ? 2H2O

(4) C4? ? 2H? ? 4e- ? {CH2}

(5) C4? 4e- $ C

(6) CO2 ? 2H? ? 2e- $ CO

(7) CO2 ? 3H2 ? CH3OH ? H2O

(8) C ? 4H? ? 4e- $ CH4

(9) CO2 ? CH4 ? 2CO ? 4H? ? 4e-

(10) N2 ? 3H2 ? 2NH3

The bi-directional arrows indicate that we are interested

in the possibility to perform the reaction in either direction

in order to store or retrieve free energy. All these reactions

have in common that they involve activation of small

molecules for which we should have a solid understanding

and a rich expertise on catalyzing the respective transfor-

mations. The list is not comprehensive as it omits the

formation of larger molecules of hydrocarbons only for

lack of specificity.

The reactions 4, 6, 7, 10 are executed today in world-

scale dimensions. They exhibit still substantial room for

improvement as well as the combustion reactions not

indicated in the equations. Both, intrinsic kinetic deficits

and intricate requirements for feedstock quality and reac-

tion apparatus present hurdles for more effective applica-

tion and/or for downscaling into economic smaller units for

decentralized production.

All reactions can be performed in the laboratory to a

certain extent and in many cases with the help of noble

metal catalysts [72–74]. Many of these reactions are further

performed by nature in its photosynthetic reaction

sequences with the help of metallo-enzymes [37] utilizing

earth-abundant base metal cores. Also for these reactions

we should have a solid understanding generated by bio-

inorganic chemistry [75].

If we consider that the reaction types of interest (redox

reactions) may further be catalyzed by organometallic

catalysts for which we have a solid toolbox of designing

Fig. 8 Mass flow of CO2 in the

German energy system. The top

line indicates the emissions

from the application ranges in

megatons per year (data 2012).

The middle line indicates the

residual emissions after

implementation of the

‘‘Energiekonzept’’. The blue

components highlight the

possibilities of linking

electricity and CEC in order to

transfer renewable energy in

non-electrical parts of the

energy system and

simultaneously further reduce

the open CO2 emission
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geometric and electronic structure, then we should be

certain that we can solve all the required reaction of CEC

fairly easily by using the collective fundamental knowl-

edge of 3 different branches of catalysis science.

This conjecture is indeed found in the scientific com-

munity [76, 77] at present and many publications report on

solutions of the CEC issue using the one or another

approach indicated above. The large international activity

has generated a broad base of conventional and novel

solutions to these problems and one would think that CEC

is not a serious problem from a purely academic viewpoint.

Its realization should be left to industry possibly stimulated

by some incentives from politics.

This is, however, not correct if one takes a closer look at

the potential solutions for CEC under the conditions dis-

cussed in the section ‘‘Energy science’’. Considering the

amounts of material to be handled as indicated in Fig. 8

then we need reactions that can be engineered to processes

dealing with mass flows of about 250.000 tons of carbon

per day alone in Germany. We talk about 50 installations of

world-scale dimension conducting the reactions enumer-

ated above.

A typical problem of this sort is the application of

reactions 1, 2 describing water splitting through electrol-

ysis (and also photochemically). The reaction can be per-

formed easily in the laboratory and also with multiple

devices and catalysts [78] in small dimensions. Hydrogen

generation in large quantities is, however, still a massive

challenge [79] as the flourishing technological evolution of

steam reforming [80] of methane as the today predominant

source of hydrogen clearly puts into evidence. In particular,

reaction 2 is plagued by enormous stability problems of

electrodes [81, 82] and by sluggish kinetics of the under-

lying 4-electron transfer reaction. Theory has studied the

reaction [73, 83] in detail. Experiments reveal that the

working electrode is of complex chemical composition [84,

85] with still unknown assignments of function of the

various components. Advanced nanotechnology [86–88]

tries to minimize the use of precious metals in the func-

tional materials but is confronted with even larger chal-

lenges of stability of the system. It is thus fair to say that

despite numerous trial applications the critical reaction of

water splitting as the basis of all CEC [66], storing elec-

tricity in energy carriers is still in a state not ready for use

in world-scale dimensions.

An often-made argument in this and other technologies

of energy storage is the important role of the economical

improvement with larger scale applications. Although this

is undeniable one has to be careful with too large hopes in

this mechanism of making technology affordable: CEC

usually operates not on massively parallel small units

(exception accumulators) but on large facilities with

complex and large functional units where economy of scale

will not change economics by orders of magnitude as it

happened for example with PV modules.

The question if CEC is suitable for smaller units where

economy of scale [18, 89] would work and with which

decentralized systems may be realized is wide open. Such

concepts require simple and safe chemical processes that

require simple and cheap reactors (no high pressure, low

temperatures, low maintenance) [32, 90]. This is a com-

pletely different design philosophy as the one used today

where CEC is optimized for overall performance and

maximum single parameter efficiency (see discussion

above). In the view of the author not enough is done in

studying CEC with these two different design concepts as

true drivers for any of these technologies are still missing.

We do not know if any of the two or more likely both

concepts will be successful in future sustainable energy

systems. If we consider that infrastructural requirements

for central and decentralized systems are different and that

such differences exist regionally all over the world (vil-

lages in sub-Sahara Africa and in remote regions in the

Alps or in the Northern countries, neighborhoods in cities

for decentralized solutions, metropolitan areas and indus-

trial complexes or airport hubs as examples for structures

that require central infrastructure for energy) then it is hard

to decide for or against any of the two concepts.

But we will find it hard to arrive at technology trials

with realistic devices and processes under practical field

operation conditions, as the resources for such experiments

are simply not there. In Germany this can be exemplified

with the regulation for the feed-in subsidies which disen-

gages any efforts to store or convert primary electricity.

We would need favorable regulations and business models

plus the system analytical support [19, 91, 92] in order to

stimulate the necessary still large chemical efforts needed

to bring forward technologies such as robust redox-flow

batteries or decentralized water splitting systems. Multiple

nuclei of such activities exist in science and also in inno-

vative industrial activities but the critical mass to bring

these to a relevant technology is missing. This impedes

also the necessary fundamental science into process details

and material concepts required for higher generation

devices.

With Fig. 5 we discussed that only a fraction of

renewable electricity is available for CEC applications in

the near future. To comply with the concept that an opti-

mized economic design will minimize the resistance

against realization of a sustainable energy system it is

essential that the products of CEC are as valuable as pos-

sible. It is thus unlikely that the products of the reac-

tions 1–10 will be the final stage of CEC. Chemical storage

for regeneration of electricity will not be the focus. Rather,

the resulting molecules that have stored the energy by

reducing the oxidation state of carbon and nitrogen will be
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used for downstream upgrading. The products of reac-

tions 1–10 are thus the platform molecules discussed with

Fig. 7. A combination of the reactions 1, 2, 6, 7 would lead

to the formation of methanol as platform molecule. With a

relatively simple combination of co-condensation of

methanol and formaldehyde a mixture of oligomethylene

ethers (OME) [93] can be obtained. These mixtures are

perfect blends in diesel or could be used as designer fuels

for example in trucking applications making the use of

particulate filters obsolete. The reason for this advantage is

the absence of C–C bonds in the molecule preventing

sooting during combustion. The price to be paid is the

reduced energy density compared to conventional Diesel

that can be tolerated in applications where the volume of a

fuel tank is not a critical parameter. Such a scenario is an

example of a sequence of CEC transferring renewable

energy from the electricity sector into the mobility sector

with a substantial economic driver. The transfer is much

lager in quantity than with batteries and it stores volatile

primary energy for use on demand.

Conditional to such a scenario is the existence of a

robust methanol synthesis process working in variable load

conditions with CO2 sources clean enough to maintain the

high performance of modern engineering concepts. The

MeOH synthesis is equilibrium limited with conversions

per pass in the range of 10 % at 50 bar pressure and at

around 525 K where existing catalyst systems operate.

Possibilities to reduce the operation temperature to increase

the yield per pass compete with strategies to build

sequential reactors performing reverse water gas shift

reaction and removing reaction water followed by MeOH

synthesis in a CO–CO2 feed mix exhibiting much more

favorable yields. Both options create novel demands on

stability and productivity of the Cu–ZnO based catalyst.

We have good insight into the mechanism of synthesis of

MeOH over bare Cu surfaces [94, 95] and use this as basis

for design and performance estimation of practical cata-

lysts. We have also found optimized synthesis routes to

catalysts of technical scalability [96–98]. We have devel-

oped concepts and synthesis strategies to boost the per-

formance of technical catalysts by adding

suitable promoter [99–101] elements. Despite of all these

favorable conditions we are not in a position to know if Cu/

ZnO is the best possible catalyst for this reaction. The

underlying reason is that we have discovered that the

function of the catalyst is not described adequately by the

properties of a copper surface. The long-known ‘‘synergy’’

[102–105] between Cu and its ‘‘support’’ ZnO leads to

active sites comprising Cu, Zn and oxygen in unknown

stoichiometric and structural relations. We know that the

active catalyst carries an overgrowth of a metastable form

of ZnO [106] sitting on a copper surface that is activated by

structural defects creating surface steps [107–109]. It is

more than unlikely that such a complicated functional

structure of a high-performance catalyst [110] can be

described in any meaningful form by a perfect Cu metal

surface model. We need to disentangle the intricacy of this

catalyst in order to see which improvement potential with

respect to activity, insensitivity to contaminations in the

CO2 feed and stability [111] against in-stationary operation

can be achieved with this catalyst that was optimized by

trial-and error for decades for a mode of operation of

MeOH synthesis that is sub-optimal for integration MeOH

in a CEC strategy of an energy system.

Another route of CEC into solid storage is also indi-

cated in Fig. 7. Using solid-state systems to store free

electrons or hydrogen carries the large advantage that no

molecular energy carrier is converted into CO2 requiring

collection and reduction. Such solid-state systems are thus

clean and often stable in their performance. Their large

dis-advantage is that large masses of solids have to be

used to accommodate relatively few energy carriers. This

is no problem in small devices. In mobility applications

the energy density is a problem and in stationary appli-

cations the material consumption and price of such stor-

age systems are problematic. Nevertheless, there is still an

enormous need for improvement of materials and pro-

cesses [51, 112–114] and we also need much deeper

insight into the complex interfacial kinetics of such

reactions. Accumulators, redox-flow batteries and rever-

sible hydrogen storage systems are perfect examples of

CEC with solids.

A common underlying issue with all reactions enumer-

ated above is the frequent use of noble metal catalysts.

There exist the competing opinions that this is no problem

as long as we fully recycle the precious metal catalyst after

deactivation. The opposite school of thought considers

avoiding these critical but not really rare elements in

energy CEC applications for scientific and geo-political

reasons and postulate [115] that earth-abundant 3-d and 4-d

metals are essential ingredients in sustainable energy CEC

technologies.

8 Conclusions

Sustainable energy systems can have multiple structures

and require thus multiple technological elements. For a

long time into the future they will be hybrid between fossil

and renewable primary energy carriers. Perceptions that

renewable energy is a drop-in substitute for fossil or

nuclear energy and that we have all technologies at hand

that we need for the transformation of fossil into sustain-

able systems are incorrect. Misleading are also the deval-

uation of fossil energy carriers as ‘‘dirty’’ and the quest for

radical decarbonisation of the energy system.
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CEC is a critical enabling family of technologies that

can support the sustainability of energy systems by closing

the CO2 cycle through its reduction into ‘‘solar’’ energy

carriers. This is, however, only possible if the dimension of

this operation is brought into relation of the CO2 generation

from energy applications. The multitude of chemical

structures reflects itself in a multitude of CEC solutions.

Small molecule transformations stand at the beginning of

value chains transferring renewable energy into stored

chemical energy for use on demand.

CEC comprises direct storage of electricity or heat in

solid-state devices as one family of concepts and the

transformation of CO2 or nitrogen with reducing equiva-

lents from renewable sources (water splitting to hydrogen)

into molecular energy carriers. Advantages of the former

are the clean reversible operation, no emissions and fast

response times. Battery science and thermo-kinetics are

typical science disciplines dealing with such systems.

The latter process leads to bulk amounts of energy

carrier materials and can thus store and transport large

amounts of renewable electricity for infinite times. It is

however, slow, requires likely large infrastructures and

requires closing of the mass flow of CO2. The sciences of

catalysis in physical chemistry, theory and chemical

engineering are core disciplines dealing with these

challenges.

The dimension and the broad distribution of CEC in

sustainable energy systems make it a pre-requisite to

design the processes and materials on the basis of func-

tional knowledge and to abstain from the empirical

approaches used mostly so far. Only the rational approach

can guarantee that a global and systemic optimal solution

has been found ending the scientific search for solutions of

a given CEC challenge. As in many technologies also in

CEC the empirical development leads the way to applica-

tion and roll-out. More than in other areas of technology

this phase must be followed by the rational evolution. In

energy system transformation a key problem exists besides

the dimension of the operation in time and resources, that

the sustainable technologies are complex and intrinsically

expensive. They have to compete with traditional and

cheap fossil technologies or with nuclear technologies

where external cost is transferred for non-energy reasons to

society. These conditions call even more for a strategy in

which the optimum of a technology is found on the basis of

knowledge and insight.

A strong base of energy science in fundamental under-

standing and scalable material synthesis is further pre-

requisite for fulfilling the enormous societal expectations

on chemistry (the old trouble maker with environmental

pollution) coming now with the sustainable energy theme.

This firm rooting in fundamentals needs to be continued in

co-operative efforts of critical dimension to transfer the

initial insight into true technologies ready for use in

industrial context. As sustainable energy helps the target of

climate protection most outside Germany, strong industrial

engagement and flexible solution concepts are needed to

finally bring the fruits of fundamental CEC to bear. In this

area not only multiple scientific challenges are still

unsolved but also new forms of trustful and stable collab-

oration across institutions and industries is required.

Finally, energy systems are for societies. Their design

without the involvement of society accepting its tech-

nologies on the basis of understanding and non-ideological

discourse will lead to problems named as ‘‘acceptance

challenge’’. An important element of a strategy against this

effect is the open participation of society through social

science and societal organizations in the finding process of

science and technologies. The author sees much demand

for establishing role models and success stories that lead

the way to a broad alliance for sustainable energy science.

The presently observed risk-adverse, ideological and

inward-oriented approach to energy science from many

stakeholders is not a good basis for rapidly solving one of

the largest challenges in modern history.
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Kraehnert R, Schlögl R, Strasser P (2014) Electrocatalytic

oxygen evolution on iridium oxide: uncovering catalyst-sub-

strate interactions and active iridium oxide species. J Elec-

trochem Soc 161:F876–F882

87. Johnson B, Girgsdies F, Weinberg G, Rosenthal D, Knop-Ger-

icke A, Schloegl R, Reier T, Strasser P (2013) Suitability of

simplified (Ir, Ti)O-x films for characterization during electro-

catalytic oxygen evolution reaction. J Phys Chem C 117:

25443–25450

88. Koh S, Strasser P (2007) Electrocatalysis on bimetallic surfaces:

modifying catalytic reactivity for oxygen reduction by voltam-

metric surface dealloying. J Am Chem Soc 129:12624

89. Grubler A, Nakicenovic N, Victor DG (1999) Dynamics of

energy technologies and global change. Energy Policy 27:

247–280

90. Michael H, Bediako DK, Nocera DG (2014) A functionally

stable manganese oxide oxygen evolution catalyst in acid. J Am

Chem Soc 136:6002–6010

91. Riahi K, Gruebler A, Nakicenovic N (2007) Scenarios of long-

term socio-economic and environmental development under

climate stabilization. Technol Forecast Soc Chang 74:887–935

92. Lewis NS (2007) Toward cost-effective solar energy use. Sci-

ence 315:798–801

93. Burger J, Strofer E, Hasse H (2013) Production process for

diesel fuel components poly(oxymethylene) dimethyl ethers

from methane-based products by hierarchical optimization with

varying model depth. Chem Eng Res Des 91:2648–2662

94. Yang Y, Mims CA, Mei DH, Peden CHF, Campbell CT (2013)

Mechanistic studies of methanol synthesis over Cu from CO/

CO2/H-2/H2O mixtures: the source of C in methanol and the role

of water. J Catal 298:10–17

95. Zhao Y-F, Yang Y, Mims C, Peden CHF, Li J, Mei D (2011) J

Catal 281:199–211

96. Schumann J, Lunkenbein T, Tarasov A, Thomas N, Schlögl R,
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(2013) In situ study of catalytic processes: neutron diffraction of

a methanol synthesis catalyst at industrially relevant pressure.

Angew Chem Int Ed 52:5166–5170

110. Behrens M, Studt F, Kasatkin I, Kühl S, Hävecker M, Abild-
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