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Chapter 8
Transportation sector energy consumption
Overview
In the International Energy Outlook 2016 (IEO2016) Reference case, transportation sector delivered energy consumption increases 
at an annual average rate of 1.4%, from 104 quadrillion British thermal units (Btu) in 2012 to 155 quadrillion Btu in 2040. 
Transportation energy demand growth occurs almost entirely in regions outside of the Organization for Economic Cooperation and 
Development (non-OECD), with transportation demand roughly flat in OECD regions—largely reflecting different expectations 
for economic growth in developing regions compared with developed regions.
In 2012, OECD nations accounted for 55% of the world’s total transportation energy consumption, and the non-OECD nations 
accounted for 45% (Figure 8-1). In 2020, the OECD and non-OECD shares of world transportation energy use are projected to be 
equal. Non-OECD demand for transportation fuels continues to outpace OECD demand, and in 2040 the non-OECD regions are 
expected to account for 61% of global transportation energy consumption. In the non-OECD regions, where 80% of the world’s 
population resides, transportation energy demand nearly doubles, from 47 quadrillion Btu in 2012 to 94 quadrillion Btu in 2040, 
with an average annual increase of 2.5%. In several of the non-OECD regions, energy consumption in light duty vehicles accounts 
for the bulk of the increase in total transportation energy consumption, as economic growth raises standards of living and, in turn, 
the demand for personal transportation.

Transportation sector energy consumption by fuel
Worldwide, petroleum and other liquid fuels326 are the dominant source of transportation energy, although their share of total 
transportation energy declines over the IEO2016 projection period, from 96% in 2012 to 88% in 2040. World transportation 
sector liquid fuels consumption grows by 36 quadrillion Btu in the Reference case projection, with diesel (including biodiesel) 
showing the largest gain (13 quadrillion Btu), jet fuel consumption increasing by 10 quadrillion Btu, and motor gasoline (including 
ethanol blends) increasing by 9 quadrillion Btu (Figure 8-2). Motor gasoline remains the largest transportation fuel, but its share of 
total transportation energy consumption declines from 39% in 2012 to 33% in 2040. From 2012 to 2040 the total transportation 
market share of diesel fuel (including biodiesel), which is the second-largest transportation fuel, declines from 36% to 33% and 
the jet fuel share increases from 12% to 14% in 2040.
The share of natural gas as a transportation fuel grows from 3% in 2012 to 11% in 2040. In 2012, pipelines accounted for 66% 
of transportation sector natural gas use, light-duty vehicles 28%, and buses 4%. As a result of favorable fuel economics, an 
increasing share of natural gas is used for transportation modes of travel other than pipelines. A strong increase is projected for 
the natural gas share of total energy use by large trucks in the Reference case, from 1% in 2012 to 15% in 2040. In addition, 50% 
of bus energy consumption is projected to be natural gas in 2040, as well as 17% of freight rail, 7% of light-duty vehicles, and 6% 
of domestic marine vessels.
Electricity remains a minor fuel for the world’s transportation energy use, although its importance in passenger rail transportation 
remains high: in 2040, electricity will account for 40% of total passenger rail energy consumption. The electricity share of total 

326 Other liquid fuels include natural gas plant liquids, biofuels, gas-to-liquids, and coal-to-liquids.
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World transportation sector delivered energy consumption 2010-2040 (quadrillion Btu). 
Reproduced from International Energy Outlook 2016, 

p. 127, U.S. Energy Information Administration. 
Other liquid fuels include natural gas plant liquids, biofuels, gas-to-liquids and coal-to-liquids.
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Future of Mobility and Transport

E-Mobility:        Renewable                    Not necessary Grid has to be built worldwide

E-Fuel Mobility: Renewable           Conversion needed E2Fuel       Entire infrastructure is existent       

Primary Energy Distribution InfrastructureConversion

Needs global and transcontinental distribution infrastructure of 
high power electrical grid 

Needs efficient and economical conversion technology 
of renewable energy to synthetic fuels 
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Svante August Arrhenius was a 
Swedish scientist (1858-1927)

Originally a physicist, 
but often referred to as a chemist
was the founder of physical chemistry

Nobel Prize for Chemistry in 1903



The CO2 level at those days was 300 ppm which corresponds to K=1
Today we have 400 ppm, K=1.3
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Can we get rid of CO2? OR
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Carbon Cycle and Recycling in Nature

Metabolism:

Carbondioxide + Water + Energy à Carbohydrates + Oxygen
ß



Natural Photosynthesis OR
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Carbon Capture and Utilization:
CO2 Recycling 
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Methanol as carrier and storage of energy

a.) Methanol can be mixed to gasoline

b.) Methanol is used in fuel cells

c.) Methanol is starting chemical for
Many other derivatives

George Olah, Nobel Prize 1994
Univ. of Southern California, USA
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IS IT POSSIBLE TO RECYCLE CO2?
The answer is yes! 
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Paul Sabatier (1854-1941)
Nobel Prize 1912

Sabatier Reaction:

CO2 + 4H2 à CH4 + 2 H2O

400 C, pressure + catalyst

DH = -165 kJ/mol

Methanisation of carbon dioxide with
hydrogen gas



http://www.solar-fuel.net/
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Courtesy of Dr. Pengg, Audi Corp.
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WHY SOLAR ENERGY?

170.000 TERAWATTS 
OF SOLAR POWER ARRIVES ON EARTH

Human civilization consumes today around 

17  Terawatts 
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Solar Energy Distribution
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Efficiency Chart
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Roll to roll produced solar cells

Courtesy of Konarka Inc. 31



Paper solar cells, Arved Hübler et al.  OR
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What is the next challenge in 

Solar Energy Conversion?

Solar energy into chemical energy
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Storage-Transport Problem OR
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Space

Time

Energy 
Conversion Consumption

later

Consumption 
later and somewhere else

Storage of Energy

Transport 
Energy

Transportable fuel created by solar energy conversion !!!
34



Breites nicht regelbares
Schwankungspektrum stellt
unlösbare Anforderung an 

Netzbetrieb

Strombeitrag kann daher
nur kleinen Teil des 

Bedarfs decken
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01. 08. 15. 22. 29.

Windeinspeisung
E.ON Transpower Netz Juni 2009

Schwankung zwischen 0% und 100%
Wind Deutschland: Durchschnitt 18%

PV Deutschland: Durchschnitt 10%

MW

Kaltfront 3.6.09: 
~ 4 GW x 20 h = 80 Millionen kWh

These 2
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Batteries are slow, 
not suitable for 
power handling

The solution:
Supercapacitors

G. Gruner, UCLA

By fuelling a typical gasoline car (~ 40 l ca 400 kWh) within 2 min (~ 10 MW). 36



REDOX FLOW BATTERIES FOR HIGH CAPACITY
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REDOX FLOW BATTERIES FOR HIGH ENERGY STORAGE
REDOX FLOW BATTERIES FOR HIGH ENERGY STORAGE OR

RO

OR

RO

OR

RO
n

O

OMe

e-

Vanadium based redox flow battery systems, CellCube, Wiener  Neudorf



Interfacing two R&D worlds

CO2 EMISSIONS
CLIMATE CHANGES

RENEWABLE 
ENERGIES

RECYCLE CO2 !!!
CREATE FUEL

INTERFACE BETWEEN CO2 REDUCTION AND
RENEWABLE ENERGY CREATION

Future recycling of CO2 as important mission of renewable energies
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For CO2 reduction to Methanol

Engelbert Portenkirchner et.al 2013 41
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Dopamin based polymers
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COMMUNICATION

Metal-Free Hydrogen-Bonded Polymers Mimic Noble  
Metal Electrocatalysts
Halime Coskun, Abdalaziz Aljabour, Phil de Luna, He Sun, Nobuyuki Nishiumi, 
Tsukasa Yoshida, Georg Koller, Michael G. Ramsey, Theresia Greunz, David Stifter, 
Moritz Strobel, Sabine Hild, Achim Walter Hassel, Niyazi Serdar Sariciftci,  
Edward H. Sargent, and Philipp Stadler*

DOI: 10.1002/adma.201902177

Efficient hydrogen evolution reaction (HER) electrocatalysts 
require minimum binding energies for adsorbed (atomic) 
hydrogen GH

*∆  along with a surface configuration that will 
reduce protons in an acidic environment as quantified via the 

The most active and efficient catalysts for the electrochemical hydrogen 
evolution reaction (HER) rely on platinum, a fact that increases the cost of 
producing hydrogen and thereby limits the widespread adoption of this fuel. 
Here, a metal-free organic electrocatalyst that mimics the platinum surface 
by implementing a high work function and incorporating hydrogen-affine 
hydrogen bonds is introduced. These motifs, inspired from enzymology, are 
deployed here as selective reaction centres. It is shown that the keto-amine 
hydrogen-bond motif enhances the rate-determining step in proton reduc-
tion to molecular hydrogen. The keto-amine-functionalized polymers reported 
herein evolve hydrogen at an overpotential of 190 mV. They share certain key 
properties with platinum: a similar work function and excellent electrochem-
ical stability and chemical robustness. These properties allow the demonstra-
tion of one week of continuous HER operation without notable degradation 
nor delamination from the carrier electrode. Scaled continuous-flow electrol-
ysis is reported and 1 L net molecular hydrogen is produced within less than 
9 h using 2.3 mg of polymer electrocatalyst.
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thermodynamic exchange current i0.[1–3] 
Only when these requirements are met 
will hydrogen evolution occur at min-
imum overpotential—a demanding level 
of performance needed for energetically 
efficient electrosynthesis of hydrogen 
from water. Further, for industrial opera-
tion, electrocatalysts must operate in 
aqueous media without degradation. Only 
a select few metals and metal compounds 
fulfill these requirements: platinum, 
rhodium, iridium, and their alloys; and 
compounds such as molybdenum and 
cobalt carbides, phosphides, sulfides, and 
phosphosulfides.[4–25] Mo-based systems 
(MoS2,[10,26–30] MoP,[7] MoPS,[6] MoS2–
Cu2S,[31] and MoC[18]) and carbon-nitride 
systems[32–34] represent the best-per-
forming abundant alternatives to Pt (and 
Rh, Ir) for more cost-effective hydrogen 
production catalysts. Here, we instead 

explore conducting polydopamine (PDA) as electrocatalysts 
whose organic surfaces offer a remarkable degree of catalytic 
activity by tuning structural designs and conductivity.[35,36] 
We first sought to engineer a high work function, as this has 

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, 
Weinheim. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and repro-
duction in any medium, provided the original work is properly cited.

Adv. Mater. 2020, 32, 1902177
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previously been reported to contribute to an optimized i0.[3] 
In parallel, we needed to minimize the hydrogen binding 
energy GH

*∆  to achieve surface adsorption energies similar to 
those of Pt. We found conducting biopolymers to be excellent 
candidates: they consist of (p-doped) positively charged insol-
uble polycations functionalized with electroactive hydrogen 
bonds.[35,36] They exhibit electrical conductivity greater than 
0.1  S  cm−1 sufficient to minimize parasitic electrode resist-
ances and work functions φ deeper than −5.0  eV—ideal for 
HER. However, to increase φ further and, in parallel, to mini-
mize the hydrogen affinity, we had to modify the hydrogen-
bonded structure by embedding motifs that exhibit low GH

*∆  
into the polymers backbone. Using density functional theory, 
we identify keto-indoleamine hydrogen-bonds as favorable to 
drive the reaction. This catalytic site possesses a low GH

*∆  at 
220 meV, leading to favorable energetics to enhance the rate-
determining Tafel recombination step. We predicted that it will 
produce molecular hydrogen at a high rate without requiring a 
metal site. We sought an experimental method to activate the 
keto-indoleamine motifs in the PDA structure. PDA gas phase 
synthesis at a high reaction temperature led to a high oxidation 
power and selective promotion of the keto-indoleamine motifs 
that significantly enhanced H2 production and lowered the 
overpotential. We find that, upon keto-indoleamine activation, 
PDA exhibits surface characteristics similar to those of noble 
metals—low GH

*∆  (similar to Ni) and φ (5.6 eV, similar to Ir). 
In addition it exhibited (electro)chemical robustness in aqueous 
acidic media. These features combine to provide a novel HER 
electrocatalyst that shows continuous hydrogen production 

at minimum losses and without notable degradation over an  
initial 300 h operation period.

Conductive biopolymers employ electroactive hydrogen-
bonded functional motifs that are an integral part of the con-
jugated-conductive system.[35–37] We hypothesized that these 
bonds can be utilized for the HER, since the proton adsorption 
and recombination can occur similarly as on catalytic metals. 
We first analyzed the different types of hydrogen bonds in poly-
dopamine (PDA)[38–48] using ab initio calculations and estimated 
the binding energy of each type of hydrogen bonds for the 
Volmer reaction (Figure  1). The four prototypes of hydrogen-
bonds in PDA are a result of the intermediate oxidation products 
of dopamine formed during polymerization (Figure  1a):[37–39]  
On top of dopamine (DA) this includes dopaminequinone 
(DAQ), leucodopaminechrome (LDC) and, the ultimate oxi-
dation intermediate, 5,6-dihydroxyindole (DHI). The amines 
of LDC and DHI are of secondary type (indole- or indoline-
amine), while DA and DAQ have a primary amine. From that, 
four types of hydroxyl- and keto-amine hydrogen bonds are 
present in PDA: the hydroxyl-indoleamines (1, OH-HNDHI); 
the keto-indoleamines (2, O-HNDHI); the hydroxyl-dopamine 
(3, OH-H2NDA/DAQ); and ultimately the keto-indolineamine (4, 
O-HNLDC). Previous polymerization reactions have shown that 
the primary amines (DA and DAQ) quantitatively outnumber 
the indole- and indoline- amines (LDC and DHI).[39]

In computational studies, we noticed that the basicity of the 
corresponding nitrogen group causes a significant change in 
the affinity toward HER: DA and DAQ are soluble in water 
(partly protonated, pKa are 8.9 and 9.3, respectively), while LDC 

Adv. Mater. 2020, 32, 1902177

Figure 1. DFT calculation of the hydrogen affinity of hydrogen bonding. a) Monomer units in polydopamine (PDA) and illustration of the four dominant 
hydrogen-bonded motifs. b) Simulation of Volmer reaction on the hydroxyl-indoleamine (1, DA-DHI), keto-indoleamine (2, DAQ-DHI), the hydroxyl-
dopamine (3, DA-DAQ) and the keto-indolineamine (4, DAQ-LDC). c) Reaction energy diagrams for HER on the distinct motifs. The keto-indoleamine 
group (2, DAQ-DHI) offers the lowest energy for H

*G∆  (–0.22 eV) while the other hydrogen-bonded motifs possess unfavorable energies for HER.
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the (O-HNDHI) motif as the major hydrogen bonding functional 
group as depicted in the statistical monomer (Figure  2a). As 
reported in earlier studies, PDAs generated through oCVD 
offers the advantage of direct deposition on large surface area 
electrodes such as carbon felt. oCVD can be used to produce 
optimized DHI-PDA HER electrodes possessing a large surface 
area allowing the study of electrochemical reaction in detail. 
The electrochemical studies (polarographic scans, chrono-
amperometry, and impedance) were performed using an H-cell 
(separated anode and cathode) with a separation membrane to 
minimize crossover. We used 1  M trifluoromethanesulfonic 
acid as the electrolyte (TfOH, activity of the protons is close to 
unity). We find the stability of this electrolyte system superior 
to sulfuric acid due to PDA's ability to reduce the sulfate anions 
of sulfuric acid. By introducing TfOH, we exclude side reac-
tions and achieve a quantitative Faradaic yield (100% hydrogen). 
Cyclic voltammograms for DHI-PDA and standard PDA show 
electrocatalytic reduction currents for HER (Figure 3). For con-
trol samples we include a freshly etched Pt-standard electrode 
(dashed line) and blank carbon felt electrode (dots). For DHI-
PDA we obtain the threshold current density (10 mA cm−2) at 
–190  mV versus the reversible hydrogen electrode (RHE, 
activity of protons is unity, black line), while the standard PDA* 
(grey line) requires 120 mV higher potential (270 mV) to reach 
the same threshold current density. All scans are acquired at a 
10  mV  s−1 scan rate under stirring at ambient pressure and 
temperature (25 °C and 1 atm). The Tafel plots confirm the 
higher electroactivity of DHI-PDA at 80 mV dec−1 compared to 
110  mV  dec−1 for standard PDA*. In a separate experiment 
without stirring we use the voltammogram to estimate the 
exchange current densities i0 for both PDA systems. For DHI-
PDA the i0 values are beyond catalytic Ni and below Ir  
(i.e., 1.2 × 10−5 A cm−2), while i0 for standard PDA* is an order 
of magnitude below (3.0  ×  10−6 A  cm−2, details in Figure S9, 
Supporting Information). All current densities refer to the elec-
trochemical active surface area AECSA measured by 
electrochemical impedance (Figures S7, S8, and S10, Sup-
porting Information). Electrochemical characterization includes 
the relevant cell resistances from the electrolyte (3  Ω), the 
membrane (H-cell, 30 Ω) and the electrocatalyst (∆R = 0.2 Ω) as 
well as the capacitance of the (electrochemical) active area  

(Ci, DHI-PDA = 425 µF cm−2 or 10.625 cm2 per projected area). 
To explore stability, we performed representative chronoamper-
ometric transients with 300 h (12.5 days) continuous operation 
of HER at 10.9 mA cm−2 at −190 mV vs. RHE (Figure 4a–c). We 
observed continuous hydrogen (and oxygen) gas evolution as 
verified by gas chromatography with a ratio O2:H2 1:1.98 
(Figure S17, Supporting Information). The ex situ SEM studies 
show that the catalyst remains on the surface (Figure 4c). The 
conductive polymer studied herein sustained performance in 
elelctrocatalytic HER. The DHI-PDA catalyst represents a 
homogeneously functionalized conductive polymer with rich 
keto-indoleamine hydrogen-bonded motifs acting as catalytic 
sites. Their role as active-site hydrogenation center is further 
studied using in situ IR, where the Volmer reaction emerges an 
addition hydrogen bond under cathodic bias (Figure  5a,b). 
Thus, the organic catalyst shares various electronic properties 
with catalytic metals. These properties include a similar mecha-
nism, similar work function (comparable to Ir) and a similar 
proton adsorption energy GH

*∆  (equal to Ni), leading to an 
exchange current density almost as high as these metals (i.e., 
DHI-PDA work function ≃ 1 eV below the standard hydrogen 
potential, GH

*∆   = 0.22  eV, and i0 at 1.2  ×  10−2  mA  cm−2 as 
shown in the volcano and Trasatti plot, Figure  5) 38. Further 
improvements in the electrocatalytic polymer can be achieved 
by increasing the surface density of catalytic sites, that is, the 
fraction of DHI-fragments to reach a similar exchange current 
density as noble metals such as Pt. The performance, insolu-
bility in acidic electrolyte, and electrochemical stability allowed 
us to demonstrate a scaled electrolyser cell, in which we loaded 
various amounts of DHI-PDA to a carbon mesh area 3 cm2. By 
increasing the catalyst load up to 2.3 mg, we can operate HER 
up to a current of 0.25 A (or 0.11 A mg−1 DHI-PDA) continu-
ously. At this size we reach the geometric limit of the custom 
oCVD setup and thus we use the absolute current normalized 
to the total mass of catalyst loaded (i.e., mg polymer absolute 
on carbon felt) for comparison. We find that i scales nearly lin-
early with the mass load (mg DHI-PDA on the electrode). At 
0.25 A (corresponding to a mass activity of 0.11 A mg−1) we cal-
culate a turnover frequency for HER at 0.2 s−1. This number is 
obtained by using the total amount of DHI units inside DHI-
PDA, that is, 73% net DHI of the total moles monomer units 

Adv. Mater. 2020, 32, 1902177

Figure 3. Electrochemical characterization. a) Voltammetric scans (10 mV s−1, referred to active area and gravimetric) in 1 M TfOH electrolyte for HER 
showing the performance of PDA (standard) and DHI-PDA as compared to Pt (reference) and CF (blank control). b) Tafel plot (log (i) vs. η) with the 
slopes indicated in the graph. The reference overpotential η (at 10 mA cm−2 planar current density) is 190 mV (DHI-PDA) and 270 mV (PDA).



From CO2 and H 2O to CH3
OH at rt

• CO 2 aq à HCOO - Formate dehydrogenase

• HCOO - à H2CO       Formaldehydedehydrogenase

• H2CO  à CH3OH Methanoldehydrogenase

• NAD+/NADH is the source of energy . 
• Key issue : how to reverse the NAD +/NADH couple after

oxidation ?
• Use of chemical systems for solar light harvesting 

and conversion
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Stefanie Schlager et al;
ChemSusChem

Vol.9, p. 631 (2016)

Bio-electrochemical Catalysis
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Stefanie Schlager et al; ChemCatChem (2015), Vol. 7, 967

Bio-electrochemical Catalysis
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Bacterio-electrochemical Catalysis
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LIOS

Linz Institute for Organic Solar Cells
Physics of Organic Semiconductors:
1.) Photoexcited spectroscopy
2.) Photoconductivity
3.) Thin film characterization
4.) Nanoscale engineering
5.) Nanoscale microscopy (AFM, STM...)
6.) In situ spectro-electrochemistry

Organic/Hybrid 
Solar Cells CO2 Recycling into

Synthetic Fuels

Spectroscopy
and

Electrochemistry

„Incubator“ for small high tech spin-off companies

Bio-Organic
Electronic Devices
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