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Abstract Since the eighteenth century and the industrial
revolution, cities have experienced great changes in their
metabolism, and particularly in their energy consumption:
transitions from one energy source to another, growing per
capita consumption, and total consumption to cite but a few.
These changes also impact urban energy supply areas and
supply distance. This paper estimates Paris’s energy demand
in both final and primary terms since the eighteenth century
and gives an illustration of long-term socio-ecological
interactions in an interdisciplinary perspective, connecting
energy flow analysis, and historical research. It gives an
overview of energy supply areas and assesses the distance
between supply sites and the city. Paris’s annual total energy
requirement (TER) was about 19 GJ per capita at the
beginning of the eighteenth century and reached 30 GJ per
capita in 1800; the supply area remained nearly the same
with an average supply distance (D,yg) of 200 km. During
the nineteenth century, Paris’s population increased fivefold,
and energy transitioned from biomass to fossil fuel. Per
capita TER remained stable, whereas Paris’s supply area
moved progressively toward coal basins, in connection with
the tremendous change in transport systems. As a conse-
quence, the D, grew to 270 km around 1870. During the
twentieth century, and especially since the Interwar period,
per capita TER increased considerably (to 26 Gl/cap/year in
1910, 47 Gl/cap/year in 1946 and 126 GJ/cap/year in 2006).
The internationalization of the energy supply and the shift to
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petroleum and natural gas also increased the remoteness of
the supply sites: the D,,, equaled 3850 km in 2006.
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Introduction

A society’s direct and indirect resource consumption is
central to sustainable development. A great deal of
research has been conducted in the field of material and
energy flow analysis, with certain studies examining the
relationship between a society’s metabolism and its land
use (see for instance Weisz et al. 2006; Schandl and Schulz
2002). Considering urbanization as one of the major
changes since the industrial era, analyzing and under-
standing urban metabolism and urban supply are of major
importance.

Early urban metabolism studies focused on direct
throughput of material and energy (Wolman 1965; Boyden
et al. 1981; Duvigneaud 1980; Kennedy et al. 2007).
Considering that most urban material and energy inputs are
imported (instead of locally extracted), the question of
imported natural resources and their related indirect flows
is as relevant as to the one of direct flows. In the particular
case of urban energy consumption, it depends on the
energy source—renewable or fossil—and is related to the
issue of primary versus final energy consumption.
Recently, the issue of indirect ecological impacts related to
society’s mode of consumption has emerged as an impor-
tant research question, particularly in the field of ecological
economics (see Wiedmann 2008; Van Den Bergh and
Verbruggen 1999; Hubacek and Giljum 2002 for embodied
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ecological footprint; Giljum et al. 2007 for embodied
material flows in international trade). Furthermore, the
energy supply impacts land in various ways and calls for a
better characterization of urban environmental imprints
(Barles 2010). Land as a resource can be consumed directly
for biomass production (e.g., firewood) or for the various
infrastructures and superstructures needed for extraction,
transformation, and transportation (Smil 2008). Supply
areas can be close to the city or remote, needing longer
transportation and probably leading to greater environ-
mental impacts.

Energy transitions and their consequences in terms of
land use and environmental imprint also enter into the
equation. From an ecological point of view, energy tran-
sitions are part of the long-term changes in the relationship
between society and its natural resource (Sieferle 2001).
They require historical insights to understand socio-natural
trajectories (Fischer-Kowalski and Hiittler 1998). In 1980,
the LTER (Long-Term Ecological Research) network was
set up in the United States. The conceptualization of
LTSER (Long-Term SocioEcological Research) was initi-
ated in collaboration with many research institutes in
Europe and in the United States to adopt a more interdis-
ciplinary approach (Haberl et al. 2006; Fischer-Kowalski
and Haberl 2007). Nevertheless, few long-term urban case
studies exist and they rarely address the question of envi-
ronmental imprints and energy transition—the study of
Vienna’s metabolism in terms of energy consumption and
land use being an exception (Krausmann 2006).

This paper focuses on urban energy consumption and
the area impacted by the city for its energy supply in the
particular case of Paris during the last three centuries and
follows a previous study dedicated to energy consumption
accounting (Kim and Barles 2010). The food and material
consumption of Paris has been reported with historical
insights (Barles 2007, 2009a; Billen et al. 2009; Chatzim-
piros 2011). Its historical energy consumption is less well
known, except for several studies of various specific energy
sources that generally do not consider environmental but
rather socioeconomic issues (Larroque 1997; Beltran 2002;
Williot 1999; Besnard 1942). This paper aims to provide
empirical evidence on the French -capital’s energy
regime(s), imprint(s), and transition(s) since the eighteenth
century and to analyze them in terms of socio-natural
interactions. It is based on an interdisciplinary approach,
connecting historical to material and energy flow analyses.

The next section focuses on the methodological frame-
work. Third section presents the case study and data
sources. The quantitative results are presented with the
indicators defined in fourth section. Section “Discussion”
discusses the historical factors where key periods are
identified on the basis of primary energy source changes in
the quantitative results in the previous section, which
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influence the evolution of the energy supply system. The
last section gives conclusions and research perspectives.

Methods
Energy consumption

To estimate energy consumption, the Material and Energy
Flow Analysis (MEFA) framework (Fischer-Kowalski and
Haberl 2007; Krausmann and Haberl 2002; Schandl and
Schulz 2002) was applied to technical energy (not account-
ing for food imports, the subject of a future study). Since
different energies have different qualities, the official
method for equivalence and calorific value (UN 1982, 1987;
IEA 2008) was used to quantify them. The result is expressed
in gross calorific value and in joules according to the MEFA
framework. Figure 1 presents the main flows under study.

Most of the literature dealing with energy consumption
emphasizes two indicators: primary and final consumption.
Whereas the definition of the latter is quite clear because it
accounts for the energy delivered to the final consumers,
primary consumption is more ambiguous. In official sta-
tistics for instance, it takes into account the total domestic
consumption, including domestic losses, but does not
consider the losses that are associated with imports
(occurring outside the country under study): it thus
underestimates the total energy consumption. The indica-
tors derived from the MEFA framework overcome this
problem by distinguishing (see also Fig. 1):

e total final energy consumption: TFEC = energy delivered
to final consumer (often called “final consumption™);

e direct energy input: DEI = domestic extraction +
imports (where the flows of imports and exports do not
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Fig. 1 Indicators derived from material and energy flow accounts
(MEFA). Adapted from Matthews et al. (2000); Krausmann et al.
(2004); Haberl (2001)
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include the energy losses that occur outside of the spatial
boundary);

e domestic energy consumption: DEC = DEI — exports
(corresponding to total primary energy supply in
official statistics);

e total energy requirement: TER = DEI + domestic hid-
den flows + foreign hidden flows = DEC + domestic
hidden flows + foreign hidden flows + exports.

For this case study, data related to exports were not
available for the entire period considered. It was assumed
that Paris energy exports were not significant; it was
therefore considered that DEC equals DEIL. This assump-
tion is confirmed by the historical analysis of the Paris
energy supply and consumption. The stock accumulation
and domestic hidden flows in extraction were considered
zero for technical energy. Data availability varies for cer-
tain periods and energy sources under study. Conversion
factors were used in order to determine the various indi-
cators (see section “Data sources”). The comparison
between DEC, TFEC, and TER shows the amount of
energy loss inside the city (DEC — TFEC), outside the city
(TER — DEC), and the total conversion losses (TER —
TFEC) (see section “Secondary energy and losses”™).

Energy supply area and distance

Paris’s energy supply area—its energy imprint—was
observed by energy group: firewood plus charcoal, solid
mineral combustibles, crude oil and petroleum products,
and natural gas. It was determined for four specific periods
(see section “Data sources” and Fig. 6) and comprises four
indicators: (1) the contribution of each source to Paris’s
energy consumption, significant to at least 0.5% level, (2)
the proportion of different means of energy transportation,
(3) the average supply distance D,,, of each energy source
expressed in kilometers, and (4) the maximum supply
distance D,,,x of each energy source in kilometers. The
origin is expressed at the departement scale in France,
except for hydraulic energy in 1965 and for all energy
sources in 2006, which are expressed at the regional scale
(at that time, national extraction was marginal), and at the
national scale for foreign imports.

The contribution of each source supplying Paris from
1800 to 1965 was obtained from various data sources,
which are detailed in section “Data sources”. For 2006, the
French Merchandise Transportation Information System,
called SITRAM (20006), is available at the department scale.
Available data estimate that 80% of the petroleum used was
imported to Paris by pipelines connected to two different
ports: Le Havre-Paris (in the Haute-Normandie region) and
Donges (in the Pays-de-Loire region). The source of this
petroleum was then considered as the same as the source of

all the petroleum imported by sea to the corresponding
regions. The source of the remaining 20% was estimated
using the SITRAM database, as for other energy sources.
The extraction and exchange between European countries
outside of the French territory was completed by statistical
data from Eurostat (2008). Given that traffic data is
expressed in tons, it was converted to energy terms using
equivalence factors for each group of energy sources as the
ton of coal equivalent for coal subproducts and the ton of oil
equivalent for petroleum subproducts.

Most often, energy transportation from its extraction site
to its consumption place is multimodal, and the distinction
can be made between the first source of energy flow—the
extraction site—and its last source—where the final part of
its move to the city begins: logs were generally horse-
drawn to river banks before being floated to Paris; natural
gas and petroleum can sail for long distances before being
transported by pipelines to their final destination. This
paper only takes into account the main transportation mode
in order to estimate the proportion of each means of
transport. Therefore, for the nineteenth century, the mode
considered was the transport from the last source to Paris: it
was assumed that the last source was not significantly
different from the first; for recent years, the transportation
mode of energy sources such as natural gas and petroleum
concerns the original source, i.e., the international and
longest part of the route.

The distance from each French departement and region
to Paris was calculated directly, not taking into account the
earth’s deformation—assumed to be insignificant—Iess
than 12% for the maximum supply distance of 690 km,
except for Corsica, with very few exports to Paris. The
distance from each foreign country is orthodromic and
based on each country’s coordinates (CIA 2010).

Another important impact and imprint of energy supply
concern secondary production. Indeed, secondary produc-
tion generally needs transformation plants that greatly
impact the landscape and the environment in urban areas.
These technological facilities must then be taken into
account when the urban energy imprint is analyzed and
located. For the identification of this part of the energy
imprint, another indicator was introduced: the proportion of
secondary production according to its location (in %).

Historical analysis

The quantification of energy consumption, energy imprint,
and related indicators gives an overview of Paris’s socio-
ecological trajectory. However, these figures and pictures
must be connected to the underlying historical processes in
order to better understand whether or not these processes
influence urban metabolism and how this may occur, one of
the purposes of urban environmental history.
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Paris’s energy supply and consumption has not yet been
analyzed in such terms. This does not mean that the field is
virgin: the history of technology, industrial and economic
history, and urban history have been concerned by energy
for decades. Some studies focus on a specific energy (see
Williot 1999 for traditional manufactured gas; Beltran
2002 for electricity), the transportation system (Caron
1997), or the overall changes in the industrial and technical
system (Woronoff 1998; Guillerme 2007). At the urban
scale, energy is part of the history of urban facilities and
services (Tarr and Dupuy 1988; Caron 1990). This litera-
ture has been used to highlight the quantitative approach,
considering infrastructures as the material link between the
environment and the city (and vice versa) (Melosi 2000).

When these academic references were insufficient, pri-
mary sources were used, mainly from the technical and
administrative literature of the periods considered, and to
lesser extent from archives (Archives nationales, Archives
de Paris). Both primary and secondary sources proved very
useful for the quantitative analysis.

Case study and data
The case study and its boundaries

At the beginning of the eighteenth century, Paris was an
administrative unit covering around 34 km? with the entire
local urban population (Figs. 2, 3). After the French Revo-
lution, Paris was included as a municipality (consisting of 12
arrondissements) in the Seine departement (394.78 km?),
surrounded by the rural Seine-et-Marne and Seine-et-Oise
departements. During the nineteenth century, like other
European cities, Paris experienced tremendous urbanization
and population growth. The Paris city limits were extended
in 1860, including some 38 km? and about 400,000 inhab-
itants, so its area reached 78 km” and its population 1.7
million inhabitants. In 1921, 2.9 million inhabitants were

. e

Seine département

living in Paris (its maximum population), a 5.3-fold increase
compared with 1801. Paris gained military areas (the forti-
fications were demolished) in 1919 and two surrounding
forests in 1946, so its area increased to 105 km? and has not
changed since then. Its population decreased, especially
during the 1960-1980 period, and now seems to have sta-
bilized to slightly more than 2 million inhabitants.

Paris is included in Ile-de-France, a region whose
administrative boundary was drawn during the 1960s. Ile-
de-France is composed of eight departements including
Paris itself, which also has the status of a departement.
Until the end of the nineteenth century, Paris hosted nearly
the entire urban population. The suburbs have grown in
population and area, mainly since 1870, and their popula-
tion has exceeded the population of Paris since the 1950s
(Fig. 3). Generally, the Ile-de-France region is divided into
three different areas according to their urban characteris-
tics; city center (Paris municipality), the immediate sub-
urbs (called the Petite Couronne, PC), and the rest of the
region (called the Grande Couronne, GC). PC includes
three administrative departements (Hauts-de-Seine, Seine-
Saint-Denis, and Val-de-Marne), which have developed
since the late nineteenth century, at first with industrial
activity and today with dense residential areas. GC is made
up of four departements (Seine-et-Marne, Yvelines, Ess-
onne, and Val-d’Oise), which have developed since the
early twentieth century and are now characterized by urban
sprawl, industrial activities, and intensive agriculture.

Data sources are abundant for Paris compared with other
cities, but they most often concern Paris within its adminis-
trative limits. This is why the system under study in the
following sections consists of Paris as an administrative
entity (a municipality and a departement) and not as a wider
urban area—even if considering the urban area as a whole
would have been valuable. Final energy consumption
(TFEC) and direct energy consumption (DEC) were assessed
on this basis. For primary conversion, the total energy
requirement (TER), supply area and supply distance,

Paris
PC

GC

N N
‘ a 2 4hm 1 0 20 40 Km
i —_—

—— |le-de-France Region

Fig. 2 Paris with its old Seine département (see text) in 1810 (left) and in 1870 (middle) and in Ile-de-France region in 2006 (right)
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Fig. 3 Population of Paris, Seine, and Ile-de-France region from
1700 to 2006 in millions of inhabitants

however, it has been necessary to collect data outside of the
study area. From 1816 to WWII, most energy transformation
occurred in the Ile-de-France region (outside of Paris). After
1945, transformation units moved outside of the regional
boundary and even the national boundary.

Data sources

Data for biomass energy consumption—mainly firewood—
for the period before 1800 was reported by Barles (2009b).
For final energy consumption, mainly the data from the city
toll was used for the 1800-1945 period and data from the
official statistics after 1945 (INSEE). The conversion factor
from mass to volume and the calorific value were based on
contemporary literature (Bonnet 1874; Peclet 1844; De
Saint-Julien and Bienaymé 1887; Chevalier 1832) for the
nineteenth century. After 1945, coefficients were obtained
by official energy statistics (DGEMP 2002, UN 1982).
Manufactured gas and electricity consumption, which were
not taxed by the city toll, were based on data from the Paris
gas and electricity companies reported in the literature
(Barjot et al. 1991; Williot 1999; Malegarie 1947). Not
surprisingly, the data are fragmentary, with different
physical values and equivalence factors. They were con-
verted to joules considering the different equivalence fac-
tors at the time. The national production yield and mix ratio
were obtained mainly from the national statistical data
(INSEE 1980), and the PEGASE energy database (PEG-
ASE-DGEMP 2009) and completed by data from the lit-
erature (Larroque 1997; Malegarie 1947; Williot 1999) for
the nineteenth century. Production and distribution yield
factors were obtained from the analysis of primary energy
input and secondary energy output. Energy sector internal
consumption was subtracted from gross energy production
and considered to be transformation losses. Distribution
losses were defined as the difference between net

production and energy delivered to the final consumer.
Greater detail on the production and distribution yield
factors and the primary energy source mix in the final
energy consumption figures was presented in a previous
paper (Kim and Barles 2010).

The energy supply area for Paris was analyzed for
selected years according to the quantitative results pre-
sented in section “Quantitative results”: 1778-1810,
1870-1880, 1960-1965, and 2006, each characterizing a
particular energy regime. The 1778-1810 period is marked
by the end of the biomass-dependent energy system and the
peak in wood use. In 1875, the energy and supply situation
was vastly different, because of the dominance of coal and
the changes in the transportation systems. In accordance
with the literature (Boissiere 1990), we considered that the
source of the firewood did not change during the second
half of nineteenth century. The 1960-1965 period is
characterized by a tremendous increase in the per capita
total energy requirement and also by the development of
the supply system at the international scale. The most
recent year with available data for freight is 2006. For the
1778-1810 period, the wood supply area was obtained
from Reze (2002) and the sources of coal from Chevalier
(1832), completed by other literature (Peclet 1844; Comte
de Chabrol 1829; Barjot et al. 1991). For the year 1875,
import data from the Paris manufactured gas company
(Williot 1999) and other sources (Minard 1858; Jacqmin
1868, 1878; Przybyla 2007) were used. The energy supply
in 1960-1965 was obtained from the literature (Musset
1959, 1962, Beaujeu-Garnier and Bastié¢ 1967), the IRSN
database for uranium (MIMAUSA 2010), pipeline import
data (TRAPIL 1963, 1972), and regional and national
statistics (INSEE 19664, b).

For the year 2006, the French freight transport database
(SITRAM) was used to estimate the sources of energy
consumed in Paris, except for uranium and waterpower.
SITRAM data include the entire national freight and direct
imports from foreign countries. Given that some products
are not directly transported from where they are extracted
to their place of consumption (Paris), SITRAM data were
completed with Eurostat data (2008) to estimate the true
source of imports from non-producer exporters to Paris
(mostly neighboring European countries such as Belgium,
Holland, and Spain). The energy exchange between other
countries outside of Europe was not evaluated, and imports
from non-EU countries were considered direct imports.
Production data for the French region and other European
countries was integrated into the database. The data for
energy production in the French regions comes from the
national energy database (PEGASE 2010) and primary
energy production of foreign European countries comes
from Eurostat (2008). For uranium and waterpower, AR-
EVA reports (Areva 2004) and PEGASE database were
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used, respectively. We made the assumption that the origin
of uranium, waterpower, and natural gas directly or indi-
rectly consumed by Paris was the same as the origin of
uranium, waterpower, and natural gas directly or indirectly
consumed in France.

Quantitative results
Energy consumption

Figure 4 shows the per capita total final energy consump-
tion (TFEC) by final energy source, and Fig. 5 shows the
per capita TER by primary energy source (e.g., the pro-
portion of coal used for electricity generation in the TER is
found in the coal section). In per capita TER, four phases
were observed: growth during the second half of the
eighteenth century, stabilization from 1800 to 1920, a huge
increase from 1920 to 1980 (a fourfold increase with a
1.6% average annual growth rate), and a smaller increase
from 1980 onwards (with a 0.6% average annual growth
rate). The first three phases are quite similar in terms of per
capita TFEC, but the impact of the 1970s crisis is much
more apparent, and the last phase shows a trend toward
stabilization in final energy consumption.

Around 1730, each Parisian consumed approximately
15 GJ per year (roughly 1.5 m® of cut wood) of final
energy (per capita TFEC) and the per capita TER was
about 19 GJ per year. Per capita TER increased signifi-
cantly during the second half of the eighteenth century and
reached almost 30 GJ per capita per year at the beginning of
the nineteenth century. During this century, the population
grew rapidly, much more than per capita TER: while the
population increased fivefold, TER remained between 25

Fig. 4 Total final energy 80 -
consumption (TFEC), Paris, O heat
1730-2000 Gl/cap/year. 70 - B electricity
Firewood includes firewood and 561
charcoal in final terms. Gas wpetroiauim
includes manufactured and 60 4| Egas
natural gas in final terms Elecoal
s 50 4| mfirewood
=
2 40
8
S
B 30 -
20 +
10 -

0 4

1730
1750
1770
1790
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and 30 GJ per capita per year, so Paris’s TER increased from
18 to 72 PJ per year. From 1945 to the middle of the 1960s,
Paris’s population stabilized (Fig. 3), and per capita TER
grew rapidly: compared to 1900, it doubled at the beginning
of the 1950s and tripled in the 1960s. After 1970, TER still
increased but the growth rate was moderate compared with
the period before 1945-1965, so it remained around
100-120 GJ per capita per year and TFEC around 60-65 GJ
per capita per year. In 2006, Paris’s TER and TFEC reached,
respectively, 276 and 161 PJ per year.

Paris was totally dependent on biomass energy until 1800,
and the energy transition to fossil energy began at the
beginning of the nineteenth century. Coal reached about 50%
of TER during the 1850s and peaked during the 1930s—
1950s, accounting for almost 80% of TER in the 1930s. Since
the decline in coal consumption, petroleum began to grow
and reached 70% of TER in the 1970s. After 1970, a diver-
sification of energy sources can be observed. The compari-
son between fossil energy (coal, natural gas, and petroleum)
and biomass energy consumption shows that biomass con-
sumption remained significant until the 1910s, accounting
for 10% of TER. Its consumption ended in the 1940s. Fossil
energy reached almost 80% in 1890. Then it amounted more
than 90% of TER from the 1910s to the 1970s.

Supply distance and supply area

Table 1 presents the average and the maximum distance
(Davg and Dp,,) between the city and its primary energy
sources, comparing four different periods. Figure 6 shows
the geographic origin of energy consumed in Paris during
these four periods. The average value is an important
indicator that explains the limit of supply area related to the
city’s technical and economic conditions. The maximum

T T T
o o] =] o o o o =] o o
— ™M n r~ a - m LN r~ (=)}
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value is therefore significant, showing the maximum
accessibility, which may explain (1) existing important
resources but with economic constraints or (2) the existing
supply network planned to achieve a competitive economy
in the future (see the next section).

At the beginning of the nineteenth century, the D,
remained below 200 km. It increased by more than 40%
from 1800s to 1870s. The gain in D, for all energy sources
was due to the main energy resource changing from wood
(Davg = 190 km) to coal (D,yg = 330 km in the 1870s) in
TER. The D,,, for coal in the 1870s was almost unchanged.
The D, therefore increased from 370 to 790 km. From the
1870s to 1965, the D,y increased from 270 to 2700 km.
Except for petroleum, the D,,, for each energy source did
not exceed 600 km. The distance from the coal supply area
was the same in 1965 as in 1875. The most decisive factor
was the increase in the quantity of imported petroleum:
petroleum was imported from a distance of 3850 km and
accounted for almost 70% of TER in Paris. Consumption of
natural gas coming from faraway sources also increased
(even if it was not as large in terms of consumption, it
impacted the D,,). Between 1965 and 2006, the D,,
increased 40%, from 2700 km to 3850 km, whereas the
Dnax rose more than 100%, from 7350 km to 15,330 km.
Compared with the previous periods, the coal supply area
extended from approximately 300 km to 6100 km in 2006,
nearly a 20-fold increase in the D,,, for coal. The D,,, for
each energy source significantly increased from 1965 to
2006, more than 1900% for coal, more than 300% for nat-
ural gas, and 1100% for the nuclear resource, although
petroleum maintained almost the same value (Table 1).

An increase in the diversity of both energy sources and
their geographic origin was observed particularly during
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the second half of the twentieth century (in 1965 and
2006). The coal and petroleum supply, which were
dependent on both national and international sources in
1965, are now nearly entirely dependent on foreign sour-
ces. The natural gas and uranium supply, only national in
1965, completely depended on foreign countries in 2006.
In 1800, 70% of the coal consumed in Paris was trans-
ported by waterways and waterways transported more than
80% of TER. In the 1870s, coal was transported equally by
waterway and railway. In 1965, much more diverse trans-
portation means were in use than previously, due to new
transportation systems such as the electricity network
transporting hydropower and pipeline systems adopted for
petroleum and natural gas. From 1875 to 1965, sea trans-
portation increased, mainly because of the rise in petro-
leum imports. From 1965 to 2006, railway and the inland
waterway transport almost disappeared (less than 1% for
the former, approximately 1% for the latter) and the pro-
portion of road transportation and the pipeline system
increased (from 5 to 9% for the first and from 6 to 16% for
the second), owing to an increase in petroleum road
transportation and in natural gas consumption.

Secondary energy and losses

During the last two centuries, Parisians’ secondary energy
consumption gradually increased, as did the transformation
sector that was at first concentrated close to the city walls,
then was set up within the region. The regional contribu-
tion to Paris’s energy consumption decreased from 100% in
1875 to 82% in 1965 and to 36% in 2006.

During the nineteenth century, the gas sector increased
its production and distribution yield considerably from 60
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Table 1 Primary energy source share and supply distance in 1800,
1875, 1965, and 2006

1800s 1870s 1965s 2006s
Part of each primary sources in TER (%)
Wood 97 42 0
Coal 3 58 25 5
Petroleum 0 0 67 19
Natural gas 0 0 6 24
Nuclear 0 0 44
Hydraulic 0 0 2
Others 0 0 2 6
Total 100 100 100 100
Distance (km)
Wood 190 190 - -
Coal 340 330 300 6,110
Petroleum 3,850 3,970
Natural gas 590 2,540
Nuclear 400 4910
Hydraulic 460 460
Others 50 50
Davg 190 270 2,700 3,850
Dmax 370 790 7,350 15,330

to 80% for production and from 84 to 94% for distribution.
The electricity production yield factor also increased from
10 to 50% during the twentieth century (for greater detail
on secondary energy, see Kim and Barles 2010). In spatial
terms, the improvements in production and distribution
yield increased the output quantity per unit of installation.
Together with the enhancement in distribution yield, it
allowed the network to be extended and increased the area
that can be supplied by one unit, the distance among the
units and to the consumption area. For Paris, those factors
interact together and impact the city’s direct and indirect
consumption.

For the gas sector during the nineteenth century, both
transformation efficiency and consumption increased with
the same average annual growth rates of 0.3%. For elec-
tricity (the main secondary energy in the twentieth cen-
tury), these rates reached 2 and 6%, respectively. In Paris,
slightly decreasing per capita TER from the middle of the
nineteenth century to the beginning of the twentieth cen-
tury seems to have resulted from the yield factor increase:
both in conversion from primary to final energy in the gas
sector and in conversion from final to useful energy in
individual thermal and mechanical devices such as the coal
furnace or the steam engine. It was then possible to pro-
duce the same amount of useful and final energy with a
smaller amount of primary energy.

In time, the total losses associated with Paris’s final
consumption (TER — TFEC) increased with growing
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energy consumption and the increasing proportion of sec-
ondary energy in TER. It was more significant during the
twentieth century. The indirect flow associated with sec-
ondary energy imports, both in quantity (TER — DEC) and
in ratio (TER/DEC), has tended to increase since the
beginning of the nineteenth century (see Fig. 7), in relation
to increasing secondary energy consumption and the pro-
duction units’ remoteness from the city. Furthermore, the
contribution of indirect flows (that is to say losses that
occur outside Paris) to total losses increased dramatically.
In 1875, about 50% of energy losses related to Paris con-
sumption occurred outside Paris, reaching 80% in 1965 and
97% in 2006 (see Fig. 7).

Discussion

Firewood consumption and energy shortage
during the eighteenth century

During the eighteenth century, firewood was the main
fuel used in Paris. With the high volume and mass of
wood per calorie obtained, road transportation was pro-
hibitive and limited firewood and charcoal exported to
Paris. Floating (and to lesser extent boat transport) was
used as the main means of transporting of this com-
modity. Around 1800, two-thirds of Paris firewood came
from Morvan, in the southeastern part of the Seine basin,
more than 200 km from the city, mostly accessible by
river (Fig. 8).

Population growth added to the demand for luxury and
thermal comfort among the aristocracy during the second
half of the eighteenth century, so wood demand increased
in Paris until the French Revolution, increasing TFEC
and TER. The supply was not sufficient as wood was not
only used for households and bakeries, but also as a
construction material and for industrial production. A
wood shortage started in the middle of the eighteenth
century and continued until the beginning of the nine-
teenth century in Paris (Guillerme 1992; Touzery 1995;
Barles 2009b).

This was a matter of concern for the Paris municipal
government because the energy supply was under its
responsibility. Rivers had to be adapted to floating and
navigation (Benoit et al. 2003). The entire Seine basin
was monitored by Paris in order to supply the city with
wood, to secure its arrival and to diminish losses during
its long journey: between 1 and 3 years from the forest to
the consumer. This was the main concern of the local
energy policy but did not prevent the wood crisis at the
end of the eighteenth century: the apparent stability of
energy supply during the eighteenth century hides the
profound change that was occurring in society, namely,
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Fig. 7 Location of Paris’s final energy production in 1880, 1965, and 2006. Percentage of final energy production at different spatial scales in
1870s, 1965, 2006 (left) and TFEC, DEI, and TER (right) in 1850, 1880, 1965, and 2006 (source: see text)

the advent of consumption. The noun “consumer”  the noun consommation (consumption) acquires its
appears more and more frequently in manuscripts and  modern meaning in the French language at the same time
printed texts related to energy to designate urbanites, and  (Barles, in preparation).
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Fig. 8 Waterways in 1800, 1870, 2005 (top, white lines) (Pinon 2001; Renouard 1960; VNF 2007) and railway network development in 1837,

1850, 1870 (bottom, dark lines) (Caron 1997; Sougy and Verley 2008)

Transportation network extension and changing energy
supply area during the nineteenth century

The main change during the nineteenth century did not
apparently influence the per capita consumption (see
Figs. 4, 5). Surprisingly, it remained quite stable through-
out the nineteenth century, despite rising living standards
and the progressive shift from luxury to comfort (Goubert
1988; Guillerme 1992). One hypothesis is that the con-
version from TFEC to useful energy became more efficient
as a result of energy savings related to many technical
improvements in energy devices, a process that the indi-
cators used herein cannot highlight and that should be
analyzed in depth.

However, the quantitative results clearly show the
energy transition from biomass to fossil fuel and from
surface to underground energy sources. Before the nine-
teenth century, coal was an unpopular fuel and demand was
low. From 1810 on, coal consumption increased regularly,
showing a 5% annual growth rate. Per capita consumption
was moderate, but the population of Paris increased from
0.55 million at the beginning of the century to about 2
million in the middle of the 1870s. From 1800 on, house-
hold coal consumption was encouraged by public authori-
ties as a way to resolve the wood crisis; beginning in the
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1810s, gas production began in Paris, at first for public
lighting, later for household heating, lighting and cooking;
simultaneously, the use of the steam engine developed in
the capital (Daumas 1976; Williot 1999).

Providing Paris with coal required a complete change in
the energy supply route and resulted in a tremendous
change in supply areas, even if supply distances did not
experience significant variations. The transportation system
was a matter of great concern for both public authorities
and private investors. A general canalization policy
developed beginning at the end of the eighteenth century in
order to interconnect water basins and to provide access to
natural resources (see Guillerme 1991). Railway con-
struction started during the 1830s and covered nearly all of
France by the 1870s. It began to supplant waterways for
energy transportation during the second half of the nine-
teenth century (Fig. 8).

According to Chevalier (1832), until 1810, almost all of
the coal consumed in Paris came from France’s southern
coal basins, mostly from Saint-Etienne in the Loire
departement, located 370 km from Paris. Transportation
costs were very high and accounted for nearly 80% of the
price of the coal coming from Saint-Etienne (Chevalier
1832). The real travel distance was more than 500 km from
Paris. Transportation conditions at the beginning of the
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nineteenth century were very irregular on rivers and canals
depending on the climate conditions, and especially droughts
or freezing, taking from several weeks to several months to
arrive in Paris (Chevalier 1832). The production in southern
mining basins was insufficient to supply Paris, considering
its increasing demand but also due to the demand of other
southern cities (Observation 1816). Therefore, finding more
productive basins and providing a regular supply were two
essential issues at the beginning of the nineteenth century in
Paris (Chevalier 1832; Dutens 1829).

After 1810, the coal supply area expanded toward
northern coal basins, particularly to Belgium, which had
abundant production within 180-230 km of Paris. Many
canal construction works to the north had already started
during the second half of the eighteenth century and ended
during the first half of the nineteenth century. The Saint-
Quentin canal construction was completed in 1810 and the
Mons-Condé€ canal in 1818 (Chevalier 1832; Pinon 2001)
(Fig. 8). They gave Paris access to northern and Belgium
coal supplies interconnecting the Seine basin and the
Somme basin. After 1810, these regions became the largest
energy providers to Paris. Later, in the 1850s, the con-
struction of a junction canal from the Marne to the Rhine
River and of the railway allowed access to German coal.
Actually, railway development dramatically changed the
energy supply conditions from 1850s onwards. It extended
the supply area (Flachat 1858), but the real extension was
allowed after 1878, especially with the end of the tollage
system on ports (D’Avenel 1919). During the second half
of the nineteenth century, while national coal basins
increased their production continuously, consumption also
increased. Therefore, foreign imports grew: compared to
1830, in 1880, national production increased tenfold, but
foreign imports increased 14-fold. According to national
data, the northern coal basin in France produced approxi-
mately 40% in 1865 and 60% in 1880 of the total national
coal production. The coal supply area extended physically,
reaching England and Germany. Nevertheless, northern
basins (in the North and in Belgium) still remained the
main source of the coal consumed in Paris.

Increasing energy consumption and expansion
of the energy supply area up to the 1960s

The increase in per capita consumption (TFEC and TER)
began after WWI in Paris in spite of the city’s de-indus-
trialization: heating (together with water provision and
later sanitation) became a priority, the rise of motorization
in public, private, and freight transport together with
increasing mobility triggered an increasing energy demand,
and again, an energy transition that influenced all aspects
of supply: energy sources, energy use, energy conversion,
supply areas, supply distance, and supply routes.

The energy supply chain for coal had been established at
the western European scale since the 1870s, and the geo-
graphic sources remained the same up to the 1970s. Nev-
ertheless, the global energy landscape totally changed
during the first half of the twentieth century, due to
increasing petroleum and natural gas consumption. France
started to build its petroleum supply chain as early as the
1910s by creating the national petroleum committee in
1917 (Peyret and Courau 1935). Later, during the 1920s
and the 1930s, oil refineries were constructed in Basse-
Seine to supply Paris (Musset 1959, 1962). Consequently,
the geographic change was notably related to the trans-
portation network for primary energy supply to the city
(Fig. 7). Moreover, this change influenced the energy
transformation sectors in the region during the 1960s (see
section “Changes in primary sources and spatial conse-
quences in energy transformation”, Fig. 7).

Before 1924, oil was mostly imported from the United
States through the port of Le Havre. Inland transportation
mostly occurred on waterways (INSEE 1966b; TRAPIL
1963). The pipeline system was not considered for the
Parisian region before 1945 because construction was
expensive and only profitable for mass consumption
(Peyret and Courau 1935). After WWII, increasing petro-
leum consumption spurred the construction of the first
pipeline, which was put into service in 1953. At the end of
the 1950s, the city’s increasing demand made the con-
struction of a new pipeline necessary to double the existing
transport capacity.

Another important change concerned gas. During the
1950s, the Paris gas network was connected to Alsace-
Lorraine coke and gas factories, where the primary energy
was entirely coal. In 1959, Paris became one of the first
cities in France supplied by natural gas extracted in
southwestern France (gaz de Lacq) (Beltran 1992).
Beginning in the mid-1960s, natural gas started to come
from North Africa and then Holland.

Globalization of the energy supply area
at the beginning of 21st century

In 2006, Paris’s primary energy supply area was not very
different from the national energy supply area. This ten-
dency toward homogenization was a long-term process that
began during the nineteenth century. The major energy
supply chains (fossil fuel and nuclear energy) today operate
at the international scale. The slight dependency on
northern Europe shows both the historical heritage (par-
ticularly related to port activity) and the effect of public
policy at the European scale. At the end of the 1970s,
national and regional energy planning, firstly, promoted
diversification of energy sources in order to reduce the
dependency on oil and on specific supply areas (Conseil
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Régional de [1’lle-de-France 1984). Secondly, they
encouraged regional primary energy production as well as
energy savings in buildings. Paris increased its energy
production by waste incineration, which impacts the energy
supply distance as well as the location of transformation
units (see section “Changes in primary sources and spatial
consequences in energy transformation”, Fig. 7).

In 2006, Le Havre was the major entering point for the
petroleum products supplied to the Paris region, while
Marseilles, another major oil importing port, provided
petroleum to the southern part of France. Nevertheless, the
sources of petroleum products are highly diverse compared
to 1965, including many transit transports through neigh-
boring European countries such as Belgium and Holland.
From the 1970s on, Paris’s petroleum consumption
decreased, most notably its domestic and industrial use.
The first was replaced by electricity and then by natural
gas, and the second decreased as a consequence of indus-
trial relocation.

Natural gas accounts for 25% of TER in Paris and
originates 2500 km from the city. More than 50% of nat-
ural gas comes from the North Sea in Europe, with other
important supply areas in Algeria and Russia. The supply
from foreign countries to the French border is transported
both by pipeline and sea transportation: 70% for the first
and 30% for the second. Inland transport comes entirely by
pipeline, which is not accounted for in the freight transport
database (SITRAM 2006). The gas supply is similar for
Paris and the rest of France—nevertheless, the provision
from the North Sea and Russia can be higher for Paris
because it is located closer to the junction between the
Russian and northern European gas pipeline (DGEMP
2007).

In the 1960s, coal consumption dropped rapidly. At the
national scale, coal peaked at the end of the 1960s and the
coal industry declined thereafter. During the second half of
the 1960s, the coal supply area began to move toward the
United States, Poland, South Africa, and Australia, which
are the coal supply areas for 2006 (Fig. 7). The coal-related
industry declined not only in France but also in western
Europe, on which Paris had been dependent for its coal
supply since the late nineteenth century.

Primary energy production at the regional scale became
important after 1980. The most important local energy
sources were geothermal and waste incineration, with a
very small amount from other renewable energies and about
450 ktep (about 18 PJ) of oil production in GC (see “The
case study and its boundaries”). The energy produced by
waste incineration for heating began to be consumed in the
1940s. Since 1970, heat consumption and the proportion of
wastes in total primary energy in the sector have grown.
During the 2000-2005 period, it accounted for almost 50%
of heat produced by the sector and 5% of TER of Paris.
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The main characteristic of the present-day energy supply
is its globalization (Fig. 7)—not a surprise given the gen-
eral economic context—together with an attempt to
develop local energy sources. This creates a kind of
polarization of the energy supply between local and global
markets, the latter being much greater in terms of con-
sumption and the first in terms of politics and local political
involvement. One of the consequences of globalization is
that, despite the stabilization observed in per capita TFEC
(and TFEC as a whole, as the Paris population has changed
little in the past 20 years), per capita TER continues to
increase, even if its growth rate is lower than in the pre-
vious period.

Changes in primary sources and spatial consequences
in energy transformation

The changes observed in the energy regime not only con-
cern the supply areas but also the transformation sector and
its location.

During the nineteenth century, the major drivers con-
cerning energy and the location of energy transformation
were local: an increase in energy demand that required the
construction of larger gasworks, a tax system (city toll) that
encouraged the installation of plants outside the Paris
administrative limits, pollution problems, and regulations
that made it difficult (if they were not outright prohibited)
to set up plants near housing districts. At the beginning of
the twentieth century, electricity consumption became
significant and, following the same principles, it was
entirely located outside of Paris in PC. Limiting techno-
logical variables (such as losses in transformation and
transportation; see section “Secondary energy and losses”)
together with the locally driven energy policy (even if the
national level had gained importance throughout the
nineteenth century) resulted in the concentration of the
transformation sector around Paris.

The technological variables changed from the end the
nineteenth century on: increasing yields, networking and
changes in primary energy sources impacted the transfor-
mation sector and its location, which became much more
dependent on the national context and policy—especially
since 1945 with the nationalization of the energy sector—
and on the international energy market, in the context of
increasing demand.

During the interwar period, the electricity network
began to extend to mountainous regions such as the Alps
and the Massif Central where hydroelectricity was pro-
duced. However, in quantitative terms, imported electricity
was marginal compared with the regional transformation
based on coal. After 1945, it extended again toward the
northern region to import the electricity produced by coal.
In the 1960s, approximately 80% of electricity was
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produced in the region, 20% of which was produced in PC
and 60% at its periphery (GC) (Table 2). Simultaneously,
manufactured gas production moved to eastern France and
then disappeared in the 1960s when it was replaced by
natural gas. For the heat distribution sector, most of the
construction of units was completed in the late 1960s.

The oil crisis during the 1970s impacted the electricity
and heat sector. The primary energy transition in the
electricity sector, from fossil energy to nuclear electricity,
has marginalized the regional production since 1980. Until
1980, energy was transformed into heat in Paris from
petroleum products (about 70%) and outside of Paris from
waste products (30%). The oil crisis influenced both the
change in primary energy sources and the location of
transformation units. In terms of quantity, the major pro-
duction moved out of Paris, increasing the proportion of
heat produced by coal and waste incineration.

In 2006, the gas transformation sector had long disap-
peared and electricity came mostly from outside the region.
About 85% of the heat was produced in PC and only 15%
in Paris. The region produced only 10% of the electricity
consumed within the region. The renovation of the regional
factories with combustion turbine power plants began after
2000 to adapt to a new context: regional production was
now considered an extra source of electricity intended for
use during seasonal peaks. In terms of total final produc-
tion, more than 60% of final energy consumed in the region
was produced outside of its boundaries. This, added to the
growing importance of indirect energy flows (section
“Secondary energy and losses™), shows the relevance of
analyzing the remote dimensions of urban metabolism.

Table 2 Percentage of secondary production (total weighted by
TFEC ) at different spatial scales in the Ile-de-France region for 1875,
1965, and 2006

Paris PC GC Total region Import*

1870s

Gas 90 10 - 100 -

Elec - - - - -

Heat - - - - -

Total 90 10 - 100 -
1965

Gas - 70 - 70 30

Elec - 16 62 78 22

Heat 72 28 - 100 -

Total 19 35 28 82 18
2006

Gas - - - - -

Elec - 2 8 10 90

Heat 14 86 - 100 -

Total 4 26 6 36 64

# Net imports from other regions

Conclusion

As the main level of decision making and governance of
material and energy consumption, the national scale may
be considered the most appropriate for the study of socio-
ecological transitions and social metabolism. However, a
growing trend toward local governance (e.g., the Plan
Climat Energie Territorial in France) for more sustainable
resource use makes it important to better characterize
energy and material flows at the local scale. A city’s
metabolism can be differentiated from the nation’s
metabolism on at least two points: (1) substantial indirect
flows that do not enter the city, and (2) very specific energy
and material flows according to urban activities and land
use that differentiate urban metabolism from the averaged
national metabolism and even allow a differentiation
within the urban area according to the main activities that
take place in particular zones (for instance, residential and/
or tertiary function for the city center, the residential and/or
industrial function for the suburban area).

Increasing energy demand both in TER and TFEC terms
can be explained as a growing share of the metabolized (or
appropriated in other terms) energy (in nature) by urban
society. The role of the urban and extra-urban infrastruc-
ture is significant in this process of spatial and natural
resource appropriation and was already well-known during
the nineteenth century by economists and engineers (e.g.,
Jacqmin 1868). The structure in energy demand (both in
TER and in TFEC) has changed remarkably since the end
of the eighteenth century: from 1800 to 1920, population
growth was the main cause of the increasing urban energy
demand, whereas between 1920 and 1980, per capita TER
increased significantly; ironically, the transition occurred at
a time when the city had reached its demographic maxi-
mum. The energy appropriated by the urban society
between the late nineteenth to the middle of the second half
of the twentieth century is remarkable both in quantity and
quality: in TER and in distance from energy resources as
well as in diversity in energy resources and their sources. It
is also notable that the indicator of maximum supply dis-
tance (D,ax) tended to increase before the rise in average
value (Dyyy).

The structure of the area mobilized for the energy sup-
ply to Paris has changed since the eighteenth century. Until
the end of the eighteenth century, the energy supply was a
matter of biomass production and therefore land allocation.
The growing energy demand directly meant an increasing
demand for forest land. Since the beginning of the nine-
teenth century, when the proportion of fossil energy
increased in TER, energy was less directly related to land
allocation, i.e., to the direct surface dedicated to energy
extraction. Otherwise, the networks necessary to connect
resources to consumers extended significantly. The city’s
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increasing energy demand in quantity terms is a major
factor in this extension. However, it cannot be explained
only in quantitative terms. The urban society also needed to
provide regular and safe provision of energy against natural
and economic hazards.

Since the end of the nineteenth century, Parisians have
consumed more processed energy (e.g., charcoal, manu-
factured gas, electricity) over time, which means an
increase in energy quality for the final consumer, but an
increase in dependency on energy transformation sectors.
Between 1826 and the end of the 1970s, secondary energy
was produced mostly in the region. After the 1970s, these
energy transformation sectors tended to move steadily
further from the region. The remoteness of these sectors is
allowed by increasing technical performance in transfor-
mation and distribution. The growing size of transforma-
tion units also made them difficult to locate near the
consumer in urban areas, which were generally residential
and dense. Spatial limitations played an important role
because of the need for large areas for fuel storage and
transportation (Chaline and Dubois-Maury 1983). These
problems continued as the Paris area extended.

The factors that governed the city’s metabolism and
increased spatial impacts are numerous. As shown in Par-
is’s energy supply history, the underlying processes of
change over time are both natural and social. They depend
on natural resource scarcity, opportunities for new tech-
nology, and social demand. As argued by environmental
historians such as MacNeill (2001), energy, technical sys-
tems and the economy are intimately related in history.
Paris as a capital plays the role of both the incubator and
the first beneficiary of new technologies, as illustrated by
coal-derived gas (Willlot 1999), the steam engine (Daumas
1976), and pipelines (TRAPIL 1963). The increases in the
city’s energy demand and the increases that can respond to
demand are simultaneous processes, both natural and
triggered by humans, often difficult to separate into their
natural and human components.
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