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Technical systems

Materials and energy sources are 
interdependent.

The use of fossil fuels changes the 
nature of materials and the 
quantities produced, due to 
interactions between materials, 
power (W,concentrated energy), 
techniques and new socio-
economic systems.
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Materials, energy, the 
biosphere, the 
technosphere and the 
planet form systemic 
interactions.

How can we define 
technologies that 
preserve the habitability 
of the planet for 
humankind?
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Major inequalities within 
and between countries

82% fossil fuels
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➕ gravitation ➡ Hydroelectricity

Wind power, solar heat (furnace, water heater)

Photosynthesis (light converted into chemical bonds)
➡ Vegetal materials
➡ Fossil fuels (stock of sunlight)

Geothermal
➕ gravitation plate tectonics, rocks and minerals

Thermonuclear ➡ electricity (uranium 235 stock)
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Solar peak
~1.36 kW/m2

Global solar 
average: 
~340 W/m2
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A B S T R A C T

Energy systems are undergoing a significant shift to renewable energy (RE). To date, the surface area required
for RE systems is greater than that for non-RE systems, exacerbating existing environmental policy challenges,
from increasing land competition, to visual impacts. A suitable metric for comparing the extent of systems is the
power density of electricity production, that is, the electrical power produced per horizontal m2 of surface area.
This study systematically reviews power densities for 9 energy-types (wind, solar etc.) and multiple sub-types
(e.g., for solar power: PV, solar thermal) in the United States. Median, mean, and uncertainty estimates are
provided for 177 different densities from the literature. Non-renewable power densities are found to be three
orders of magnitude larger than renewable densities. Natural gas and solar energy yield the highest median
density per non-RE, and RE system respectively. Solar energy was the only system to experience a significant,
positive relationship in power density over time. We apply these density estimates to NREL scenarios of future
energy systems for state-specific assessments, and find that the largest growth in land use is in the southern
United States.

1. Introduction

Renewable energy (RE) has generally lower power densities than
other non-renewable sources Smil, 2010). That is, RE typically requires
more surface area to produce an equivalent amount of power as non-RE
system. Given the two-fold importance of land competition and visual
impacts, the clean energy transition has led to increasing interest in the
spatial impact of energy systems (Bridge et al., 2013; Fouquet, 2016).
Smil (2016, 2010) and Mackay (2009a, b), find that future RE systems
will cover a significant percentage of available land in the United States
and United Kingdom respectively. Smil (2016), highlights that renew-
ables produce energy at a small fraction of current power densities in
use in urban areas and industry. Thus, he sees growth in the footprint of
the energy sector as inevitable, having to harness renewable flows over
extensive areas and in populous centres. In one exploration of a sce-
nario balancing many national concerns, Mackay finds that the pro-
duction of biofuels would require the majority of available, arable land
in the UK (MacKay, 2008). However, other researchers suggest that
while the area of energy systems may increase, the growth in land-use
by the energy sector would be minor, since RE would be predominantly
placed atop existing infrastructure and offshore (most generally rooftop
solar, De Boer et al., 2011).

Energy systems modelling can benefit from reliable power density
estimates (Brehm et al., 2016; Chiabrando et al., 2009; Delucchi and
Jacobson, 2011; Denholm et al., 2000; Honeyman, 2015; Mackay,
2009a, b; NREL, 2012; Sands et al., 2014). Several studies have in-
cluded spatial implications in long-term market potential, and max-
imum, production values (Brehm, et al., 2016; Feldman et al., 2015).
Studies by Jacobson and Delucchi use power densities to estimate
several outcomes in future regional and national energy systems
(Delucchi and Jacobson, 2011; Jacobson and Delucchi, 2011). These
studies include investigations for meeting energy demands with hy-
droelectricity, wind, and solar for the world (Jacobson and Delucchi,
2011), and road maps for individual US states (Jacobson et al., 2015).
In contrast to other work (MacKay, 2008; Smil, 2010), Jacobson and
Delucchi find areas that renewable energy infrastructure would occupy
a small fraction of total land available. This has been recently chal-
lenged in other works (Clack et al., 2017).

The National Renewable Energy Laboratory (NREL) incorporates
power densities to produce estimates of achievable energy generation of
each established technology in the U.S. given system performance, to-
pographic limitations, environmental, and land-use constraints (Lopez
et al., 2012). For rooftop studies, NREL estimated the percentage of
households and buildings that could host PV systems in the United
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France solar 
average: ~150 
W/m2

José Halloy — LIED UMR 8236 — Univ. Paris Cité 8



Extractivism: massive exploitation of planetary resources
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M.K. Hubbert, geologist for the American oil industry, presented this graph 
at the 1956 meeting of the American Petroleum Institute.

The consumption of fossil fuels represents a short time in 
the history of mankind.
This parenthesis will probably last around 3 centuries.
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Estimating peak copper

José Halloy — LIED UMR 8236 — Univ. Paris Cité 13



José Halloy — LIED UMR 8236 — Univ. Paris Cité 14

Temporal evolution of the world mining industry's estimate of 
exploitable copper resources
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Finding new mines or slowing down extraction?
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Recycling: greater demand for power



Recycling must 
take over to 
maintain metal 
supplies.

Recycling then 
becomes the 
only source of 
concentrated 
metals.

Growth phase Mining production slows to a halt

Transition to full recycling

A
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Growth phase
Mining production slows 
down, then stops.

Peak production

B
Transition to full recycling
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I consider current technologies to be dead by the 
yardstick of strong sustainability, but they continue 
to invade the world to the detriment of humanity and 
part of the living world, I call them "zombie 
technologies". They are zombies for three main 
reasons:

 they depend on fossil fuels to manufacture 
and operate;

 they are based on materials that are not 
designed to be recycled, creating scarcity by 
depleting resources, or requiring even more power to 
recycle them;

 they produce ecological disasters to the 
detriment of humanity and ecosystems.
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Three criteria favor zombification:

 (i) the use of finite stocks, which 
by definition impose a limit on 
activitý ;

(ii) the use of power that exceeds 
the capacity of the environment in 
which the technique is used;

(iii) the generalization of these 
characteristics on a large scale.. 
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Diluted minerals
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Chloroplast, thylakoidsMitochondrion
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The most important roles of the mitochondria are 
the production of the cell energy currency, ATP 
through respiration, and the regulation of cellular 
metabolism.

The thylakoids are the site of photosynthesis, which 
converts electromagnetic energy (light) into chemical 
energy (covalent bonding). These reactions oxygen 
production, proton pumping across thylakoid 
membranes coupled to the electron transport chain, and 
ATP synthesis using the generated proton gradient.
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Low power-density 
solar flux

Peak: 1.36 kW/m2

Mean: 342 W/m2

Photosynthetic living 
beings have been 
emerging and 
perpetuating themselves 
for 3 billion years, 
sustainable!!, thanks to a 
flow of solar energy and a 
circular flow of matter 
through biogeochemical 
cycles.
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recycling

EcosphereLow power-density 
solar flux

Heat 
dissipation 

Raw 
materials
CHNOPS

Living 
organisms
Products

Biogeochemical cycles

30-50 MJ/kg

Peak: 1.36 kW/m2

Mean: 342 W/m2

18 TWy

☠

☠ ≠
N, P
Food ⇩

H2O ⇩ C, T° ⇧ climate

The more the 
economy becomes 
circular, the more 
concentrated energy 
and power is needed
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AlphaGo defeated Lee Sedol

Brain ~ 20 W
2500 kCal/day
Human ~ 120 W

130 GJ = 9.7 days 34 years = 130 GJ 

~ 155 kW (low estimate)
Up to 500kW

Not the same 
chemistry
Not the same 
physics

Only one is 
sustainable 
because it is 
compatible with 
Earth metabolism
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An 8-Bit, 40-Instructions-Per-Second Organic
Microprocessor on Plastic Foil

Kris Myny, Student Member, IEEE, Erik van Veenendaal, Gerwin H. Gelinck, Jan Genoe, Member, IEEE,
Wim Dehaene, Senior Member, IEEE, and Paul Heremans

Abstract—Forty years after the first silicon microprocessors, we
demonstrate an 8-bit microprocessor made from plastic electronic
technology directly on flexible plastic foil. The operation speed is
today limited to 40 instructions per second. The power consump-
tion is as low as 100 W. The ALU-foil operates at a supply voltage
of 10 V and back-gate voltage of 50 V. The microprocessor can
execute user-defined programs: we demonstrate the execution of
the multiplication of two 4-bit numbers and the calculation of the
moving average of a string of incoming 6-bit numbers. To execute
such dedicated tasks on the microprocessor, we create small plastic
circuits that generate the sequences of appropriate instructions.
The near transparency, mechanical flexibility, and low power con-
sumption of the processor are attractive features for integration on
everyday objects, where it could be programmed as, amongst other
items, a calculator, timer, or game controller.

Index Terms—Dual-gate, flexible circuits, flexible micropro-
cessor, flexible processor, organic circuits, organic microprocessor,
organic processor, organic transistor, plastic circuits, plastic
microprocessor, plastic processor.

I. INTRODUCTION

E LECTRONICS pervades everyday life and is undeniably
making its way from computing to telephony and to as-

sisting us in everyday tasks through products such as electronic
paper to read and write, electronic noses to sense gases, smart
lighting with electronics to save energy, and so on. The key en-
abler of these pervasive electronics applications is the fact that
integration of ever more transistors with ever smaller dimen-
sions has resulted in the cost of a single semiconductor tran-
sistor, or switch, to dwindle to the level of ten nano-dollars per
transistor. Nevertheless, if the cost of a transistor in a chip is
negligible and decreasing, the cost of placing and routing elec-
tronics on daily objects is not necessarily proportionally low.
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Plastic electronics refers to the technology to make transistors
and circuits with thin-film organic or plastic semiconductors
on arbitrary substrates, including not only rigid substrates such
as glass, but also flexible plastic foils. A variety of organic
molecules and polymers have been developed as semiconduc-
tors, and the best ones [1]–[4] today feature a charge carrier
mobility on the order of 1–10 cm /Vs, some 100 to 1000 times
lower than that of silicon. When integrated into circuits, the
realistic mobility values are somewhat lower but nevertheless
sufficient for applications such as backplanes for flexible
active-matrix displays, in particular for flexible electronic
papers [5]. The first dedicated circuit applications of organic
thin-film transistors have also appeared in recent years, such
as recently demonstrated by the integration of an organic line
driver for an organic active matrix OLED display [6]. Such cir-
cuits can be made directly on thin and ultra-flexible plastic foils,
which allows them to be very simply laminated on everyday
objects, and furthermore provides appealing characteristics in
terms of bending radius and robustness: we no longer talk of
flexible electronics but of truly crinkable electronics [7].
Here, we investigate the possibility to use this technology to

realize microprocessors on plastic foil. As the cost of an elec-
tronic chip decreases with production volume, ultralow-cost mi-
croprocessors on easy-to-integrate flexible foils will be an en-
abler for ambient intelligence: one and the same type of chip
can be integrated on vastly different types of objects to perform
customized functions, such as identification, simple computing,
and controlling.
The organic microprocessor has been implemented as two

different foils: an arithmetic and logic unit (ALU) foil and an
instruction foil. The ALU-foil is a general-purpose foil which
can execute a multitude of functions. On the other hand, the in-
struction foil is a dedicated chip that generates the sequence of
instructions to obtain a specific function. It sends this sequence
of instructions to the ALU-foil such that the combination of both
foils results in the execution of a specific algorithm. The first
prototype of the organic microprocessor [8] had only one in-
struction foil available and could operate up to six operations
per second (OPS). In this paper, we report an improved organic
microprocessor that can run 40 OPS and can operate with two
different instruction foils. We first discuss the technology and
choice of logic family used for the microprocessor foil. Sub-
sequently, we report on the design and measurement data of
the ALU-foil. Next, a complete integrated microprocessor is
demonstrated by combining the ALU-foil with the instruction
foil. Finally, we conclude by comparing the organic micropro-
cessor to the silicon Intel 4004 early-days processor.

0018-9200/$26.00 © 2011 IEEE
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microprocessor that can run 40 OPS and can operate with two
different instruction foils. We first discuss the technology and
choice of logic family used for the microprocessor foil. Sub-
sequently, we report on the design and measurement data of
the ALU-foil. Next, a complete integrated microprocessor is
demonstrated by combining the ALU-foil with the instruction
foil. Finally, we conclude by comparing the organic micropro-
cessor to the silicon Intel 4004 early-days processor.
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Abstract—Forty years after the first silicon microprocessors, we
demonstrate an 8-bit microprocessor made from plastic electronic
technology directly on flexible plastic foil. The operation speed is
today limited to 40 instructions per second. The power consump-
tion is as low as 100 W. The ALU-foil operates at a supply voltage
of 10 V and back-gate voltage of 50 V. The microprocessor can
execute user-defined programs: we demonstrate the execution of
the multiplication of two 4-bit numbers and the calculation of the
moving average of a string of incoming 6-bit numbers. To execute
such dedicated tasks on the microprocessor, we create small plastic
circuits that generate the sequences of appropriate instructions.
The near transparency, mechanical flexibility, and low power con-
sumption of the processor are attractive features for integration on
everyday objects, where it could be programmed as, amongst other
items, a calculator, timer, or game controller.
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I. INTRODUCTION

E LECTRONICS pervades everyday life and is undeniably
making its way from computing to telephony and to as-

sisting us in everyday tasks through products such as electronic
paper to read and write, electronic noses to sense gases, smart
lighting with electronics to save energy, and so on. The key en-
abler of these pervasive electronics applications is the fact that
integration of ever more transistors with ever smaller dimen-
sions has resulted in the cost of a single semiconductor tran-
sistor, or switch, to dwindle to the level of ten nano-dollars per
transistor. Nevertheless, if the cost of a transistor in a chip is
negligible and decreasing, the cost of placing and routing elec-
tronics on daily objects is not necessarily proportionally low.
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Plastic electronics refers to the technology to make transistors
and circuits with thin-film organic or plastic semiconductors
on arbitrary substrates, including not only rigid substrates such
as glass, but also flexible plastic foils. A variety of organic
molecules and polymers have been developed as semiconduc-
tors, and the best ones [1]–[4] today feature a charge carrier
mobility on the order of 1–10 cm /Vs, some 100 to 1000 times
lower than that of silicon. When integrated into circuits, the
realistic mobility values are somewhat lower but nevertheless
sufficient for applications such as backplanes for flexible
active-matrix displays, in particular for flexible electronic
papers [5]. The first dedicated circuit applications of organic
thin-film transistors have also appeared in recent years, such
as recently demonstrated by the integration of an organic line
driver for an organic active matrix OLED display [6]. Such cir-
cuits can be made directly on thin and ultra-flexible plastic foils,
which allows them to be very simply laminated on everyday
objects, and furthermore provides appealing characteristics in
terms of bending radius and robustness: we no longer talk of
flexible electronics but of truly crinkable electronics [7].
Here, we investigate the possibility to use this technology to

realize microprocessors on plastic foil. As the cost of an elec-
tronic chip decreases with production volume, ultralow-cost mi-
croprocessors on easy-to-integrate flexible foils will be an en-
abler for ambient intelligence: one and the same type of chip
can be integrated on vastly different types of objects to perform
customized functions, such as identification, simple computing,
and controlling.
The organic microprocessor has been implemented as two

different foils: an arithmetic and logic unit (ALU) foil and an
instruction foil. The ALU-foil is a general-purpose foil which
can execute a multitude of functions. On the other hand, the in-
struction foil is a dedicated chip that generates the sequence of
instructions to obtain a specific function. It sends this sequence
of instructions to the ALU-foil such that the combination of both
foils results in the execution of a specific algorithm. The first
prototype of the organic microprocessor [8] had only one in-
struction foil available and could operate up to six operations
per second (OPS). In this paper, we report an improved organic
microprocessor that can run 40 OPS and can operate with two
different instruction foils. We first discuss the technology and
choice of logic family used for the microprocessor foil. Sub-
sequently, we report on the design and measurement data of
the ALU-foil. Next, a complete integrated microprocessor is
demonstrated by combining the ALU-foil with the instruction
foil. Finally, we conclude by comparing the organic micropro-
cessor to the silicon Intel 4004 early-days processor.
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Fig. 1. (a) Cross section of the dual-gate OTFT technology. (b) Typical measured transfer characteristic of this OTFT ( m/ m) when using the
back-gate as -control gate (right). (Figures from [11].)

II. TECHNOLOGY AND LOGIC FAMILY

In our organic thin-film transistor (OTFT) technology,
all layers to make the circuits are processed directly on a
25- m-thick PEN (polyethylene naphthalate) foil and consist
of polymers or organic molecules, with the exception of metals
(Au) for gates, sources, drains, and interconnect lines between
the transistors [9]. The OTFT technology is a unipolar p-type,
single- technology, using pentacene as semiconductor. The
basic transistor has a channel length of 5 m.
The yield of larger integrated circuits in such a single- ,

p-type-only technology is intrinsically limited, as a result of the
parameter variability [10]. Myny et al. have demonstrated an in-
creased circuit robustness by the addition of an extra gate to each
OTFT, leading to the availability of multiple ’s in a unipolar
p-type technology [11]. The organic microprocessor has been
designed in this technology. A cross section is shown in Fig. 1.
As depicted, each TFT comprises two gates, a front gate and
a back gate. The front gate controls the channel current while
the back gate, which is weakly coupled to the semiconductor
channel, is used to shift the transistor’s threshold voltage. This
is depicted in Fig. 1. As a consequence, the of each single
transistor can be independently tuned.
The key factor when determining the choice of logic family

for the basic circuit gates is the circuit robustness parameterized
by the noise margin. Fig. 2 shows the noise margin (at
20 V) of typical zero- inverters when no back-gate is used,
compared with the noise margin achievable with an optimized
dual-gate zero- topology. In this optimized topology, the
back gates of the load transistors are connected to the front gates,
while all back gates of the drive transistors are connected to
a common rail, to which a back-gate voltage is applied exter-
nally [11].
The typical spread on threshold voltage in organic TFT tech-

nology is 0.2 to 0.5 V, which is large compared with the noise
margin achievable with single-gate technology. As a result, it
is common practice in the field of organic electronics to use
a transistor-level approach to design (simple) circuits. Indeed,
it is usually necessary to simulate the schematic entry with an
analog circuit-level simulator (such as Spectre or Spice) and use

Fig. 2. Noise margin of single- zero- inverter with single-gate pen-
tacene TFT technology (top) and of optimized dual- inverter using dual-gate
pentacene TFT technology (bottom).

Monte Carlo simulations to predict yield. However, such analog
circuit-level simulators are not adapted to deal with the needed
level of complexity to design and simulate an organic micro-
processor due to the large number of (parallel) switching gates,
large amount of input, control, and output signals. In contrast,
in our optimized dual-gate, the much improved noise margin al-
lows to make use of common digital design practices. Starting
from the basic characteristics of inverters and other logic gates,
we designed a robust library of basic digital logic gates (in-
verters, NANDs, buffers). This standard cell library was used to
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TABLE I
SPECIFICATIONS OF THE CIRCUIT FOILS

TABLE II
COMPARISON WITH THE EARLY SILICON PROCESSOR

instructions are hardcoded on the foil. A different foil is de-
signed for every program. For the low-cost, low-complexity
but high-volume applications that are envisaged here, this pro-
cedure could even be a realistic commercial scenario. The in-
struction sets generated by the multiplier instruction foil and
the moving averager foil are shown in Fig. 9(B) and (D), re-
spectively.
The operation of the running averager instruction foil by itself

is shown in Fig. 10(A). This circuit does not contain a ripple
carry adder, and therefore it has a shorter critical path compared
with the microprocessor. Stand-alone, the instruction circuit can
run at a clock speed of 70 Hz.
Finally, we demonstrate the combined operation of an instruc-

tion foil with the microprocessor.We conducted this experiment
with the running averager. The correct operation of this combi-
nation is shown in Fig. 10(B). This demonstration shows that the

microprocessor can indeed accept its instruction set from a ded-
icated plastic circuit and is not limited to instruction sets from
a test board.

V. CONCLUSION

In Table I, we summarize the circuits fabricated and demon-
strated in plastic technology. With less than 100 W, the power
consumption of the flexible chips is already quite low and could
further be reduced by voltage scaling in the future [15], [16].
Such very low power consumption is very important for wide-
spread mobile applications on everyday objects.
To conclude, we compare in Table II the characteristics of

the first plastic microprocessor with the early silicon proces-
sors made in p-type-only silicon technology some four decades
ago.1 Significant correspondence can be seen regarding param-
eters such as gate length, supply voltage and transistor count,
but some marked differences are also clear. The instruction rate
of the plastic technology is about three orders of magnitude
slower than the early silicon processor, as a direct consequence
of the three-orders-of-magnitude lower carrier mobility in or-
ganic semiconductors. However, on the positive side, the power
consumption is also four orders of magnitude smaller. In fu-
ture implementations, semiconductors such as amorphous ox-
ides [17] could boost the performance to an intermediate speed,
with still very attractive power consumption for low-cost, low-
performance, and mobile applications.
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