Espainiako abiadura
handiko trenaren
ingurumen-balantze osoa

Espainiak munduko abiadura handiko trenbide-sare handienetan
bigarrena du, Txinaren atzetik. Normalean, garraiobide jasangarria da,
gasen emisioak eta energia-kontsumoa txikiak dituelako. Baina hori
zenbakitan jartzeko saio gehienetan ez dira faktore guztiak kontuan
hartzen. Kalkuluan azpiegitura eraiki eta mantentzearen karga ere
kontuan hartzen badira, emaitzek oso zalantzan jartzen dute sarearen
onura ekologikoa. Horrelako azpiegiturak planifikatzeko garaian,
ezinbestekoa da ziklo osoa barne hartzea, erabakiak hartu aurretik.

Espainiako abiadura handiko trenaren (AVE) lehen
linea 1992an jarri zen martxan, eta Madril eta Sevi-
lla lotu zituen. Orduz geroztik, sarea asko handitu
da, eta, gaur egun, ingurumen-profil konplexua
du. Ingurumen-defizita linea berri bat eraikitzen
denean hasten da, eraikuntzari eta mantentze-
lanei lotutako inpaktuengatik. Hala ere, martxan
jartzen denean, ingurumen-kargak konpentsatu
dezake, baldin eta bidaiariek gehiago kutsatzen
duten beste garraio-mota batzuk utzi eta abiadu-
ra handiko trena erabiltzen badute. Neurketaren
emaitza inpaktu garbi negatiboa izateak inguru-
men-onura adierazten du.

Baina hasierako ingurumen-defizita konpentsa-
tzeko behar den denbora aldatu egiten da korri-
dorearen arabera. Adibidez, Kataluniako korrido-
reak —sareko garraioaren zati handi bat— 7 eta
12 urte bitartean konpentsatuko du inpaktua.
Iparraldekoak eta beste korridore batzuek, aldiz,
garraio-dentsitate txikia dutenez, zenbait inpaktu
ez dira inoiz konpentsatuko azpiegituraren bizitza
erabilgarriaren barruan.

Faktore batzuk faltan

Aztertutako faktoreen artean, ibilgailu pribatuen
okupazio-tasak eta ibilgailu elektrikoetarako tran-
tsizioa daude. Okupazio-tasa handia denean, txi-
kiagoak dira abiadura handiko trenaren bidez ga-
rraiatzeak sortzen dituen onurak. Eta errepideko
garraio pribatua nagusiki elektrikoa denean ere,
trenaren abantailak murriztu egiten dira, elek-
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trizitatea iturri berriztagarrietatik elikatzen bada.
Garraioak etorkizunean egin dezakeen eboluzioa-
ren arabera, zenbait eszenatoki aztertu dituzte
ikertzaileek.

Espainiako AVEK inpaktua arinduko luke trafi-
koa modu kutsagarriago batzuetatik desbidera-
tuko balu, baina ez ohiko trafikoa mantendu eta
AVEN bidai-eskaera berriak sortuko balitu. Beraz,
sarearen ingurumen-onura zalantzan jartzen da,
bidaiari gutxi izaten baititu. Gaur egun, sareak ez
du konpentsatzen errepide bidezko merkantzia-
zirkulazioa. Abiadura handiko trenaren inguru-
men-onurak nabariak dira hainbat urtez martxan
egon ondoren, baina onurak murriztu egiten dira
eskaera txikiko korridoreak gehitzen direnean.

«Abiadura handiko trenaren
ingurumen-onurak murriztu
egiten dira eskaera txikiko
korridoreetan»

CO,-emisioak murrizten badira ere, AVEK Espai-
nian duen ingurumen-onura orokorra oso txikia
da. Ordezko estrategiek ingurumen-onura han-
diagoak sor ditzakete, azpiegitura berriak eraiki-
tzearen kostu eta eraginik gabe.

Munduko helburu klimatikoekin lerrokatzeko, ar-
duradun politikoek AVE bezalako proiektu erral-
doien ingurumen-ekarpen errealak ebaluatu
behar dituzte. Halaber, beste estrategia eraginkor
eta intentsibo batzuk hartu behar dituzte kontuan.
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ABSTRACT: Spain has the world’s second longest network of high speed rail lines built and in service.
High-Speed Rail (HSR) is usually presented as a sustainable means of transport with huge potential to
reduce greenhouse gas (GHG) emissions and energy consumption. The majority of studies carried out on
this mode of transport have focused on analysing and estimating these savings in terms of network oper-
ation, but sometimes ignore the burdens associated with the construction of the infrastructure.

Based on the application of the Life Cycle Assessment (LCA) methodology, this work integrates into the
analysis the construction and maintenance phases of the HSR lines in operation in Spain in 2016 together
with their operation during that year, and verifies whether construction is justified in terms of reducing
environmental impacts and energy consumption.

This article concludes that the construction of the Levante and Northern corridors is not justified in terms
of energy savings and emission reductions due to the low demand and therefore the decision to build new
HSR sections should be based on an analysis of demand so that only corridors with high transport demand
are built. Furthermore, policymakers should consider other measures related to transport that would lead
to considerable and rapid reductions in environmental impacts without the burden of building new infra-
structures: e.g. reducing the demand for transport, increasing the occupation of private vehicles, promot-
ing electric traction and the use of electricity from renewable sources.

1. Introduction Bel, 2016). Popularly known as AVE (Alta Velocidad

Espafola), Spanish High-Speed trains can travel
Spain has the world’s second longest network of at speeds of 250-300 km/h on international gauge
HSR lines, built and in service, surpassed only by lines of 1435 mm, electrified at 25 kV and 50 Hz, on
China (European Court of Auditors, 2018). In rela-  long distance routes (Ferropedia, 2016). Currently,
tive terms, Spain is the world leader (Albalate and  these high-speed services are provided under dif-
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ferent commercial brands besides the AVE, such
as ALVIA, AVANT and AV-City. In 2005, the state
company RENFE was divided into two companies,
Renfe Operadora and Adif. The former is current-
ly the only transport operator of passengers and
merchandise in the Spanish railway sector, and is
responsible for the maintenance and construction
of trains. The latter, on the other hand, is the public
company in charge of the exploitation of the rail-
way infrastructure, and therefore it is in charge of
the construction and maintenance of the HSR lines.

The first HSR line of the AVE between Madrid and
Seville was inaugurated on 21 April 1992; since
then, the network has spread throughout the coun-
try. Currently, four main corridors connect the cap-
ital city of Spain, Madrid, with other peripheral re-
gions: Madrid-Catalonia, Madrid-Le6n (Northern
corridor), Madrid-Levante and Madrid-Andalusia.
In total, 2 583 km! were already in service in 2016,
and several more sections are currently under con-
struction or projected. The majority of the AVE net-
work is new construction with international gauge
(1 435 mm), in order to solve the barrier effect his-
torically created by the fact that conventional trains
in Spain circulate on Iberian gauge (1 668 mm); var-
iable-gauge trains that can travel on both networks
are also used (Zembri and Libourel, 2017). There
were twenty gauge changers in Spain in January
2017 (European Court of Auditors, 2018).

In general, investment in HSR can respond to sev-
eral objectives, such as reducing the congestion of
conventional networks, modernising the country,
reducing oil dependency, improving interconnec-
tion with Europe, reducing travel times, or boost-
ing territorial unity. These motivations directly af-
fect the design of the network, its functionality and
the effects caused on the environment (Albalate
and Bel, 2016). The growing importance of environ-
mental issues in public decision-making, especial-
ly in the transport sector, has forced the European
Commission to insist on the need to apply a series
of measures to limit the contribution of transport
activity on climate change, calling for the strength-

! 3 402 km were already in operation at the end of 2019
(ADIF, 2020).

ening of environmental assessments of any polit-
ical initiative with major environmental impacts
(European Commission, 2013).

In this context, HSR is usually presented as a sus-
tainable means of transport with huge potential to
achieve significant reductions of greenhouse gas
(GHG) emissions and energy savings (California
High-Speed Rail Authority, 2016; Jehanno et al.,
2011). However, the alleged savings have been ques-
tioned by some authors arguing that some of these
environmental assessments focus on analysing and
estimating these savings in terms of network oper-
ation, and fail to account for the burdens associated
with the construction, maintenance and disman-
tling of the infrastructure (Bueno et al., 2017; Ches-
ter and Horvath, 2010; Heather Jones et al., 2016).

Given that any HSR project significantly alters the
environment, a rigorous analysis of its environ-
mental impacts and benefits becomes essential.
In addition to the significant financial resources
required, the construction of infrastructure meg-
aprojects also require enormous amounts of nat-
ural resources such as concrete and steel, as well
as terrain movements, resulting in a considerable
consumption of energy and emission of pollutants
into the atmosphere. Therefore, project evaluation
requires a rigorous cost-benefit analysis to ensure
social profitability (Flyvbjerg et al., 2013) and, from
an environmental perspective, to account for envi-
ronmental impacts from cradle to grave, i.e. includ-
ing the construction phase of the infrastructure
and of the rolling stock (Baron et al., 2011; Cour des
Comptes, 2014).

The main objective of this article is to analyse the role
of the Spanish HSR network in mitigating climate
change and reducing energy consumption. Then,
this work analyses the most significant environmen-
tal impacts and energy consumption associated with
the construction, maintenance and operation of the
Spanish HSR network under a 60-year lifetime hori-
zon. This comprehensive analysis of the most impor-
tant environmental burdens generated in the entire
life cycle of the HSR network in Spain, are presented
under the inventory of the following flows: COeq
(related to Global Warming); Cumulative Energy De-
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mand; PM _ (related to Human toxicity); SO, (Acidi-
fication, Human toxicity, Photochemical oxidation);
NO, (Acidification, Eutrophication, Human toxicity)
and NMVOC (Ecotoxicity, Human toxicity, Photo-
chemical oxidation, Ozone layer depletion)®. The ge-
ographic scope of the study is the entire network® in
operation in 2016, which extends over 2 500 km along
four main corridors.

After a brief introduction and description of the
background of the project in section 1, section 2
presents the methodological basis for the study of
the LCA of the HSR network in Spain. In section
3 the case study is presented: (1) the data and in-
formation necessary for the study is detailed (sec-
tion 3.1); (2) the modelling approach for the envi-
ronmental analysis is presented (section 3.2); (3)
the characteristics and properties of the baseline
scenario and sensitivity analysis are described (sec-
tion 3.3). Section 4 and 5 presents and discusses the
results, respectively. Finally, section 6 contains the
conclusions drawn from this work.

2. Methodology

The analysis carried out in this work is based on
the Life Cycle Assessment (LCA) methodology. This
methodological tool is used to assess environmen-
tal impacts associated with all the stages of the
life-cycle of a product or service, from raw materi-
al extraction to the processing of materials, infra-
structure construction, use, maintenance and end-
of-life treatments, based on a “cradle-to-grave”
approach. LCA relies on the collection and analysis

2 This analysis focuses on six main environmental indica-
tors, namely GHG emissions, energy consumption, PM , SO,,
NO, and NMVOC; however the reader should bear in mind that
other environmental dimensions are also affected by the HSR
construction and operation such as: habitat fragmentation, im-
pacts on flora and fauna (affecting biodiversity), occupation of
fertile land, landscape and visual impact, noise and vibrations,
etc. In fact, impacts are generally similar along road and rail-
ways (Cour des Comptes, 2014; Dorsey et al., (2015); Jehanno
etal.,2011). See Tables 1-9 and 14 of the Data in Brief.

3 The section in Galicia is left out of this study because it
does not meet the conditions of high speed when operating on
Iberian gauge (Leboeuf M., 2018).

of all inputs (energy and materials consumption)
and outputs (emissions, waste and by-products) of
the system under study. The LCA of a product or
service is often based on the use of exhaustive da-
tabases that compile the inventory of the life cycle
of other products and processes already analysed.

Several studies have performed the LCA of HSR
projects (Table 1). Chester and Horvath (2010) con-
ducted a study on the California high speed line
(CAHSR, 1 100 km), currently under construction,
estimating that between six to eight years would
be needed in order to balance the carbon footprint
of the construction of the infrastructure, as long
as the occupancy rate of the HSR remained higher
than the rest of the modes of transportation. Chang
and Kendall (2011) raised similar conclusions in
their analysis of the San Francisco-Anaheim line
(CAHSR, 725 km), considering that it would take
six years to amortise GHG emissions, although
more than 20 years might be needed if occupancy
rates were lower than expected. Barnes (2014) also
discussed the California line and showed that re-
placing some of the cement with fly ash in the pro-
duction of concrete and the use of renewable en-
ergy for the HSR are the most feasible options for
the CAHSR to be more efficient in the fight against
climate change. Yue et al. (2015) performed the LCA
on China’s Beijing-Shanghai HSR, concluding that
the operation phase of the HSR has a more signif-
icant contribution on the environment than the
construction phase of its infrastructure, and that
overall impacts can be substantially reduced if the
consumption of coal to provide power is limited,
the use of trains is optimised, fly ash is used, or if
the construction of bridges and tunnels is limited.
Banar and Ozdemir (2015) performed the LCA of
the Turkish HSR network determining that, of all
the environmental burdens, 58% correspond to the
construction phase and 42% to the operation phase.

Different works have carried out the LCA of HSR lines
in Europe. Akerman (2011) studied the Swedish Eur-
opabanan line from an LCA perspective, determining
that total emissions could be reduced by 0.55 million
tonnes of CO, equivalent per year. Cornet et al. (2017)
analysed the carbon footprint of the largest transport
infrastructure project of the century in the United
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Kingdom, the HSR that will link London with differ-
ent cities in the north (HS2), and argued that it will
not contribute to a net reduction of CO, emissions.

Jones et al. (2016) analysed the total environmental im-
pacts of the future Portuguese HSR line between Lis-
bon and Porto, finding that the operation of the HSR
is the largest contributor to the total atmospheric
emissions of the project (69% of CO,, 76% of SO,, 82%
of PM, ), while the rest would correspond to burdens
associated with the construction, maintenance and
end-of-life treatment of the infrastructure.

In regards to the AVE network in Spain, to our
knowledge no study has been conducted consid-
ering all the environmental burdens associated
with the network’s complete life-cycle. Garcia Al-
varez (2010) concluded that each passenger on the
Madrid-Barcelona HSR line could contribute to an
emissions reduction of 30 kg of CO,, however fail-
ing to account for the infrastructure’s construction
burdens. Bueno et al. (2017), on the other hand,

performed a limited environmental LCA of a new
HSR line in the Basque Country, to be connected
to the AVE network, that included the construction
and maintenance phase of the infrastructure. They
concluded that CO, emissions linked to infrastruc-
ture construction and maintenance would never be
compensated, and that it would take 55 years of op-
eration before net energy savings started.

Cuenot (2016) carried out for the UIC (Internation-
al Union of Railways) a synthesis of the works on the
main methodologies for the calculation of the carbon
footprint of different railway lines, concluding that
the most precise, transparent work, and with the best
guarantees of offering the most reliable results, is
that performed by Tuchschmid et al. (2011). This is the
main reason why in this paper we follow the approach
employed by Tuchschmid et al. (2011) for the calcula-
tions of the construction burdens of the Spanish HSR
network. The environmental impact coefficients ob-
tained in this study are collected in the Data in Brief.

Table 1
LCA studies about HSR projects

Project Country Reference

km Included in the study

California HSR (CAHSR) USA

San Francisco-Anaheim
(CAHSR)

California HSR (CAHSR) USA

USA

Barnes E. (2014)

Beijing-Shanghai China  Yueetal. (2015)

Turkish HSR Turkey  Banar and Ozdemir (2015) 888
Europabanan line Sweden Akerman]. (2011)

UK HS2 }g{g‘;d% . Cornetetal. 2017)

Lisbon and Porto Portugal Jonesetal. (2016)
Madrid-Barcelona Spain Garcia Alvarez A. (2010) 621
Y Basque Spain Bueno etal. (2017)

Chang and Kendall (2011) 725

Chester and Horvath (2010) 1100 Infrastructure construction; operation

Infrastructure construction

1100 Design/Construction phase; Use phase

Vehicle manufacture, maintenance and dis-

1318 posal; infrastructure construction; operation

Construction, maintenance and operation of
railway infrastructure; production, mainte-
nance and operation of train vehicles

Construction, maintenance and opera-
740 tion of infrastructure; manufacturing and
maintenance of vehicles

556 Infrastructure construction; operation

Construction, maintenance, operation and
disposal of railway infrastructure; produc-
tion, maintenance, operation and disposal of
train vehicles

297

Operation of the train

180 Infrastructure construction; operation
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Source: Bellet Sanfeliu and Santos Ganges, 2016.

Figure 1. Spanish HSR network map (2016)

3. Casestudy
3.1. Data

Based on the application of the Life Cycle Assessment
(LCA) methodology, this work integrates into the anal-
ysis the construction and maintenance phases of the
HSR lines in operation in Spain in 2016 together with
their operation during that year, and verifies whether
construction is justified in terms of reducing environ-
mental impacts and energy consumption.

The analysis of the environmental burdens asso-
ciated with the construction of railway infrastruc-
ture requires, on the one hand, a precise descrip-
tion of the network (including a detailed inventory
of all the materials used) and, on the other, infor-
mation on the transport service provided by the
infrastructure —measured in terms of passen-
gers-km— and the modal shifts involved.

The functional unit for our analysis is the passenger
transport service provided by the entire HSR network
in one year of operation. For simplicity, the scenarios
we examine assume that transport conditions remain
unchanged during the infrastructure lifetime: annu-
al passenger transport on the network, passengers
shifted from other modes of transport, and the envi-
ronmental impacts associated with both the opera-
tion of the HSR and the operation of other modes of
transport (car, bus, conventional train and airplane).
Freight transport is not included in this analysis, since
the Spanish HSR network was designed exclusively
for the transport of passengers (Bel, 2010).*

* It can be argued that the construction of a HSR network
for passengers may release space for freight on the conventional
network and that this effect should be taken into account. How-
ever, we find this unnecessary given the conventional network’s
current idle capacity.
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Table 2
Details of the Spanish HSR network in 2016

Corridor km Tunnels (A) % Bridges &viaducts (B) % Total (A+B) Total % (A+B)
Andalusia 646.8 46.5 7.2 46.5 7.2 93.0 14.4
Northern 445.2 46.7 10.5 20.9 4.7 67.6 15.2
Catalonia 883.0 95.3 10.8 66.3 7.5 161.6 18.3
Levante 607.9 59.2 9.7 36.9 6.1 96.1 15.8
Total 2582.9 247.8 9.6 170.5 6.6 418.4 16.2

3.1.1. LayouT OF THE AVE NETWORK

A detailed diagram of each branch of the Span-
ish HSR network is essential for the calculation
of the environmental burdens of its construction
and maintenance. This includes maps, routes,
infrastructures, measurements, characteristics,
etc. Most of the information publicly available
consists of partial diagrams that do not allow
an adequate characterisation. To remedy this,
we conducted an exhaustive review of the routes
through satellite and aerial images using Google
Earth application, making it possible to charac-
terise the infrastructure in detail®* (Summary in
Table 2).

The first line of the Spanish AVE network be-
tween Madrid and Seville was inaugurated on 21
April, 1992; since then, the network has spread
throughout the country following a radial design
around Madrid (Bel, 2010). Currently, there are
four main corridors that connect different re-
gions with the state capital. These four corridors
are: Madrid-Catalonia, Madrid-Leén (Northern
corridor), Madrid-Levante and Madrid-Anda-
lusia. In total, 2 583 km were in service in the
year 2016.

5 The detailed description of the complete AVE network lay-
out is available in the files attached to the Data in Brief docu-
ment.

3.1.2. PASSENGER TRANSPORT DEMAND

An important problem that had to be addressed in
this work was the absence of detailed quantitative
data of HSR passengers and their corresponding
travelling distances, essential to adequately assess
the operation phase of the infrastructure.

Renfe Operadora, the only passenger operator in
the Spanish railway sector, does not provide annual
transport data —measured in pkm- on the Span-
ish HSR corridors, and only data for some specific
connections are available (see Table 3) (Fundacién
de los ferrocarriles espanoles, 2017). Every year,
conventional long-distance passenger statistics are
published without any reference to travelled dis-
tances, and with no specific reference to HSR pas-
senger data. The only HSR passenger information
available was provided by Galan et al. (2017), pre-
senting data for passenger arrivals and departures
for every HSR station in 2015. Similar information
for the year 2016 was provided by Garcia (2017).
These sources, however, lack crucial information
about the distances travelled. This information,
however, allows the density of transport to be de-
limited throughout the infrastructure. For this pur-
pose, a Python algorithm was programmed, which
calculated a series of randomly generated matrices
of passenger movements between stations compat-
ible with the information provided by Galan et al.
(2017) and Garcia (2017), also considering the data
provided for some specific connections by Fun-
dacion de los Ferrocarriles Espafioles (2017).

InpAkta 00 (2023) 245-267
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Table 3
Passenger traffic in specific connections of the Spanish HSR network in 2016,
provided by Fundacion de los Ferrocarriles Espaiioles (2017)

. . Annual passengers, Annual passengers, adjusted by
Corridor Connection published (in thousands) Python algorithm (in thousands)
Andalusia Madrid-Cérdoba 880 884
Madrid-Sevilla 2545 2556
Madrid-Malaga 1745 1751
Northern corridor Madrid-Valladolid 390 391
Madrid-Leén, -Ourense, 939 940
-Oviedo
Catalonia Madrid-Zaragoza 1373 1384
Madrid-Lleida 280 282
Madrid-Tarragona 335 338
Madrid-Barcelona 3875 3905
Zaragoza-Barcelona 787 793
Levante Madrid-Albacete 328 313
Madrid-Alicante 1394 1330
Madrid-Valencia 2336 2227
Table 4

Estimation of annual transport and density of transport for each corridor in 2016

b } . N Transport Length of Equivaient ) Equiv:lglnt passelntgers
Corridor Length(km) dis alfaasc:ee?fznts (r?l?lslie; (million pkm, average piﬁseeclz)g;l sl:t‘;e O‘;ifra:tizgggrz )
© g prace standard displacement . P poy
o (million) pkm, mean) deviation) (km) infrastructure (million, standard
= (million, mean) deviation)
[0}
() .
o Andalusia 647 9.32 3467 75.05 355 5.36 0.116
X
: Northern 445 3.01 583 1.3 194 1.31 0.048
E Catalonia 883 11.01 5083 85.7 462 5.76 0.097
g Levante 608 4.23 1650 1.8 390 2.71 0.003
X
w Total 2583 27.57 10783 391 4.17

For any HSR line with n stations, characterised by of an nxn matrix of movements among stations
its distance matrix (an nxn matrix with the dis- complying with the boundary conditions. Multiple
tances between the n stations) and a vector with the  executions (10°) of the algorithm provided probabil-
annual travellers arriving/departing from each sta-  ities for passenger transport on the line under re-
tion, the algorithm allowed the random generation view that could be statistically treated.
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Table 4 contains the estimation of transport for
each of the four corridors of the Spanish HSR in
2016. For the Catalonia corridor, for example, while
11.01 million passenger journeys were recorded in
2016, 10° possible distributions of those movements
compatible with the available record of passengers
in stations provide a transport estimation with a
mean value of 5 083 million passenger-km, and a
standard deviation of 85.7 million passenger-km.
This estimation is equivalent to a density of trans-
port of 5.76 million passengers annually over the
complete infrastructure, and implies that the aver-
agejourney on the corridor is 462 km. For the whole
Spanish network (2 583 km), the average journey is
391 km and density of transport is equivalent to
4.17 million passengers on the complete network.
Figures 1-4 of de Data in Brief show the histograms
for the transport calculation of 10° runs of the algo-
rithm for each corridor.

3.2. Modelling approach

The net Environmental Impact (EI) balance of a
new HSR infrastructure is provided by the compar-
ison of the environmental impacts of all modes of
transport in two alternative scenarios, one without
the HSR, and the other with the HSR in service.
Therefore, the net EI of constructing and operating
anew HSR for a specific environmental parameter,
such as CO,eq or NO, emissions, is mathematically
represented as:
NetEI(t) = EI

WithHSR

EIwithoutHSR (1)
Nevertheless, the calculation of the net EI does not
require the explicit calculation of both transport
scenarios, with and without the HSR line in opera-
tion, but just the differences between them:i.e. the
impacts linked to the HSR transport of passengers
in the scenario with HSR, and the impacts linked to
the transport of passengers in other modes without
the HSR that are shifted to the HSR when it is op-
erative.

NetEI=EI

transportinHSR -

EI @

shifted transport from other modes to HSR

The modal shift of passengers from other more
polluting modes of transport to the HSR is an
environmental benefit of a HSR line. However, it
needs to be balanced with the environmental im-
pacts associated with its construction and to con-
sider the induced transport. So, we calculate the
net environmental impacts of any HSR line con-
sidering the phases of construction, maintenance
and operation, and subtracting from it the envi-
ronmental burdens linked to the transportation of
passengers in other modes of transport that are
shifted to the HSR. Mathematically, this can be
expressed as:

_ HSR HSR i
NetEI - 2 EIConstruction A Maintenance + 2 EIOpemtian - E i EIi—)HSR (3)

Where, i denotes the alternative passenger modes
of transport to the HSR, i.e. aeroplane, conven-
tional train, bus and private car. As the functional
unit for the LCA is the transport service provided
by the infrastructure of the HSR in a year of opera-
tion, in this calculation the environmental burdens
associated with construction and maintenance of
the infrastructure are evenly distributed along the
considered lifetime horizon (60 years) in order to
provide impact indicators in a yearly basis (Ta-
ble 5).

According to equation [3], any HSR project will
provide a net environmental benefit in a particu-
lar category if the annual environmental burdens
associated to its construction, maintenance and
operation are lower than the avoided burdens that
transport shifted from other modes to the HSR
would produce in a scenario without the HSR in
operation (i.e. Net EI < 0). Consequently, net en-
vironmental benefits from any HSR line in a given
category critically depend on the ability to attract
substantial amounts of traffic from other modes of
transport with higher emissions and energy inten-
sity levels. In the following subsections, we exam-
ine the environmental burdens associated with the
construction, maintenance and operation phases
of the infrastructure (section 3.2.1) and the envi-
ronmental savings produced by shifting passengers
from other more polluting modes of transport to
the HSR (section 3.2.2).
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3.2.1. ENVIRONMENTAL LOADS OF THE
CONSTRUCTION, MAINTENANCE
AND OPERATION OF THE HSR

Environmental impacts linked to the construction,
maintenance and operation of the HSR infrastruc-
ture were calculated as:

_ HSR HSR
EIHSR - E EIConstruction A Maintenance + E EIOpemtion (4)

The Spanish HSR network had a total length of
2 583 km for the four corridors built and in oper-
ation in 2016. Out of the total railway network,
170 km (6.6%) correspond to viaducts and bridges,
and 248 km (9.6%) correspond to tunnels, with the
independent tunnels of Guadarrama standing out,
with a length of 28 km each.

The environmental impacts associated with the
construction and maintenance of the HSR network
were calculated applying to each item of the in-
frastructure (bridge, tunnel, etc.) the correspond-
ing impact coefficient following Tuchschmid et al.

(2011). All the coefficients for each infrastructure’s
element and impact category are contained in the
Data in Brief. As some infrastructure elements,
such as rail for tracks and sleepers, have a 30 years
lifespan, some construction burdens will occur after
half the lifetime of the infrastructure has elapsed.
Most maintenance burdens occur throughout the
infrastructure lifespan, but our calculation con-
siders them together with all construction burdens
and assumes that they occur in the construction
phase, for simplification. This deviation from real
behaviour implies an overestimation of the years
of operation needed for compensation (Tables 9
and 10). This error, however, is very limited, as total
maintenance burdens are only 1% of construction
burdens (Tuchschmid et al. 2011).

Table 5 provides the total environmental impact
in each parameter linked to the construction and
maintenance of the Spanish HSR network, sub-
divided by the corridors. These impacts are quan-
tified in terms of annual tonnes or terajoules per
kilometre of network.

Table 5
Annual environmental impact linked to construction and maintenance
of the four corridors of the Spanish HSR network

The environmental impacts are similar for all the
corridors when measured in relative terms. Although
the Catalonia corridor presents higher relative im-
pacts and the Andalusia corridor lower relative im-
pacts, deviations from the average for each corridor
are below 15% in CO, emissions, 10% for CED, and
below 7% for PM_, NO, and NMVOC emissions. The
average for CO, emissions (75.85 t-km™y™) is slightly

CO, CED PM,, SO, NO, NMVOC
tkm™y? TJ-km1y? tkm™ty! tkmty? tkm™y? tkmty?
©
]
% Andalusia corridor (647 km) 64.846 0.885 0.102 0.164 0.254 0.041
% Northern corridor (445 km) 77.775 0.971 0.106 0.171 0.263 0.042
s Catalonia corridor (883 km) 83.593 1.051 0.117 0.183 0.289 0.047
m
E Levante corridor (608 km) 76.212 0.993 0.112 0.178 0.279 0.045
:
X
W

higher than the range provided by Tuchschmid et al.
(2011) for conventional networks in some countries
(from 38.8 to 71 tkm™.y"), but slightly lower than the
range provided by Baron et al. (2011) for some HSR
networks (from 79 to 270 t-km™y™).

The environmental loads associated with the oper-
ation of the HSR were obtained from the Ecoinvent
database, version 3.7, processed with the open LCA
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software (see Table 6). As the Ecoinvent database
includes the environmental burdens linked to the
construction and maintenance of the transport
infrastructures and vehicles (roads and railways,

cars, bus, conventional trains, aeroplanes, etc.), the
construction and maintenance burdens of the HSR
were previously removed from Ecoinvent results in
order to avoid double counting.

Table 6
Impact category coefficients for modes of transport. Own elaboration based
on Ecoinvent v3.7 (S1, S2, S3, S4, S5 refer to sensitivity analysis scenarios)

Global

. CED PM SO NO NMVOC
TRANSPORT MODE W 10 2 X
oC Oj;r-l;)ifn’l MJ.pkm?* gpkm? gpkm? gpkm? gpkm?

passenger aircraft, very short haul 159.37 2.41 0.04 022 0.72 0.10
passenger coach 49.44 0.82 0.03 0.05 0.47 0.05

3 (o) 1 (o)
passenger car mix (56% diesel, 44% petrol, 18739 5 86 011 0.31 0.46 0.17
1,68 p/v)

o) 1 49
passenger car mix (56% diesel, 44% petrol, 124.92 Lo1 007 ool 0.31 011
2,52 p/v) (S1)

1 (o) 1 (o)
passenger car mix (56% diesel, 44% petrol, 93 69 143 005 016 0.3 0.08
3,36 p/v) (S2)
ele.:ctrlc passenger car, Spanish electricity 92.74 1.99 012 036 029 0.07
mix, 1,68 p/v (S4)

- O,
electric passenger car, 100% renewable 28.15 070  0.05 009 0.09  0.03
electricity mix, 3,36 p/v (S5)
passenger train, Spanish electricity mix 54.65 1.18 0.05 019 0.31 0.03
: o .

passenger train, 100% renewable electricity 27 12 073 004 005 022 0.03
mix (S5)
passenger train, high-speed, Spanish
electricity mix, (HSR infrastructure 32.91 0.86 0.03 0.15 0.10 0.01
excluded)
passenger train, high-speed, 100%
renewable electricity mix (HSR 6.42 0.43 0.02  0.02  0.02 0.00

infrastructure excluded) (S5)

The same environmental parameters proposed by
Tuchschmid et al. (2011) were obtained from the
Ecoinvent v3.7: Cumulative Energy Demand (CED),
as an indicator of primary energy consumption;
Carbon dioxide equivalent emissions (CO,eq), as an

indicator of global warming; and Particulate matter
(PM,), Sulphur dioxide (SO,), Non-methane volatile
organic compounds (NMVOC) and Nitrogen oxides
(NO,) emissions as indicators of potentially severe
consequences to human health and ecosystems.
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3.2.2. ENVIRONMENTAL LOADS ASSOCIATED WITH
SHIFTED TRANSPORT TO THE HSR

Avoided environmental impacts linked to all the
transport shifted from other modes to the HSR,
were calculated as:

The net environmental balance of any HSR infra-
structure benefits from any environmental saving
that may arise from its implementation, main-
ly due to the passengers shifted from other more
polluting modes of transport. Betancor and Llobet
(2015) estimated the origin of the passengers trav-
elling through each of the HSR line sections, spec-

EI . =SEL ©)
it = > ifying percentages of shifted (and induced) traffic.
This information is contained in Table 7.
Table 7

Shifted transport from other modes of transport to the HSR.
Own elaboration based on Betancor and Llobet (2015)

LINE SECTION

Madrid-Barcelona Madrid-Zaragoza  Restof Catalonia Andalusia Levante Northern

Zaragoza-Barcelona corridor corridor  corridor  corridor
From airplane 43.00% 2.67% 0% 45% 45% 0%
From bus 3.25% 1.33% 0% 2% 2% 5%
From car 16.07% 20.00% 45% 12% 15% 30%
From train 27.29% 49.33% 45% 26% 30% 35%
New demand 10.39% 26.67% 10% 15% 8% 30%

For any specific category, the avoided environmen-
tal impact linked to transport shifted from any
mode in a section of the corridor to the HSR, is
calculated by multiplying the corresponding trans-
port density in the corridor (Table 4, measured in
pkm-y™) by the percentage for the shifted transport
for that mode (Table 7) and by the corresponding
impact category coefficient (Table 6; e.g. 159.37
gCO,eq-p™-km™ for avoided CO,eq emissions due
to shifted air transport).

3.3. Description of scenarios

All the scenarios examined in this paper consider
a fixed technological and socioeconomic context
during the entire infrastructure’s life cycle. This
implies that important variables, such as trans-
port demand, diverted traffic, vehicle occupation
rates, energy intensities or electricity mix were
considered invariable. The calculation period is

established in 60 years, as it is the expected useful
lifetime of most of the components of a railway net-
work (Stripple and Uppenberg, 2010).

The Baseline Scenario that serves as a reference for
this LCA departs from the following assumptions:
56% of the private vehicles in Spain are diesel cars,
and 44% are petrol cars®; shifted transport from
other modes to HSR follows Betancor and Llobet
(2015); passenger transport in each corridor of the
HSR infrastructure in every year of the lifetime ac-
cording to section 3.2.2 (Table 4); electricity mix for
Spain in 2017 (Ecoinvent v3.7) and, occupancy rate
in private vehicles is 1.68 passengers per vehicle
following the survey carried out by the S.G de Ex-
plotacién in 2014 (Ministerio de Transportes, Movi-
lidad y Agenda Urbana, 2018).

¢ Statistical data of the DGT (DGT, 2018) about the park of
vehicles of Spain in 2018.
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In order to respond to the uncertainty of some of
the variables considered, five sensitivity scenarios
were examined (S1, S2, S3, S4, S5). In each case,
one of the variables assumed in the Baseline Sce-
nario was modified in order to analyse its influence

on the results. These scenarios do not have any in-
fluence on the construction and maintenance bur-
dens, but they may have an impact on the burdens
associated with the shifted transport from other
modes and the operation of the HSR.

Table 8
Description of the scenarios

Passenger car occupancy HSR demand Passenger car Electyicity
rate (persons per vehicle) mix
Baseline Scenario 1.68 Baseline Scenario  56% diesel car, 44% petrol car ~ Spain 2017
S1 2.52 Baseline Scenario  56% diesel car, 44% petrol car  Spain 2017
S2 3.36 Baseline Scenario  56% diesel car, 44% petrol car  Spain 2017
S3 1.68 100% higher 56% diesel car, 44% petrol car  Spain 2017
S4 1.68 Baseline Scenario Electric car Spain 2017
. . . 1009
S5 3.36 Baseline Scenario Electric car %
renewable

The first two scenarios analyse the influence of an
increment of the vehicle occupancy rate. The S1 sce-
nario assumes an occupancy rate of 2.52 passengers
per vehicle, as estimated for Spain in 2020 by Adra
et al.(2010). The second scenario (S2) analyses the
influence of new mobility policies that institutions
may promote in terms of vehicle sharing, specifically
if the average occupancy rate of private vehicles were
to double, 3.36 passengers per vehicle. The third
scenario (S3) examines the influence of transport
demand assuming that current demand doubles on
all corridors. The fourth scenario (S4) explores the
influence of transport electrification assuming that
all private cars are electric. Finally, the fifth scenario
(S5) considers an all-electric car scenario with an av-
erage occupancy rate of 3.36 passengers per vehicle,
and cars, conventional trains and HSR powered with
a 100% renewable electricity mix.

4. Results

This section presents the results obtained with the
modelling carried out for the Baseline Scenario, as

well as for each of the five alternative scenarios pro-
posed for sensitivity analysis.

4.1. Baseline Scenario

Detailed information about the environmental bal-
ance of each corridor of the AVE network is con-
tained in the Data in Brief. Table 9 summarises the
main results in the Baseline Scenario for the Cata-
lonia corridor, which supports 47% of total trans-
port on the network (see Table 4). Table 10 summa-
rises the main results in the Baseline Scenario for
the whole Spanish HSR network.

A negative result in the net impact balance corre-
sponds to a benefit in environmental terms. Ac-
cording to equation [3], a negative result implies
that environmental burdens associated with the
construction, maintenance and the operation of
the HSR network are counterbalanced by the bur-
dens avoided which are linked to the transport of
those passengers that are shifted from other modes
of transport to HSR.
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Table 9
Environmental impact balance for the Catalonia corridor in the Baseline Scenario

. . Global
Catalonia corridor Warming CED PM | SO, NO, NMVOC
ke-CO,eqy? Tyt ty! ty! ty?! ty!
Infrastructure Construction & Maintenance 73.81 927.77 103.72  161.62 254.79 41.69
Operation (5.76 million passengers) 167.27  4370.85 172.39  779.85 524.49  32.17
Shifted transport in other modes 543.71 8900.62 288.55 1017.30  2101.56 393.85
Net Impact -302.64 -3602.00 -12.44 -75.83  -1322.29 -319.99
Years required for compensation 11.76 12.29  53.57  40.84 9.69 6.92
Table 10

Environmental impact balance for the AVE network (four corridors) in the Baseline Scenario.
(N.C: No Compensation in 100 years)

As most of the impacts linked to the construction
and maintenance of the infrastructure occur before
the line is put into operation, any new HSR network
will start with an environmental deficit that will be
compensated after a number of years of operation,
if the operation impacts are less than the impacts
avoided in other modes of transport. The number
of years of operation needed to compensate that
initial deficit will vary for each impact category.

Spanish HSR Network WC; Ir(;giargg CED PM SO, NO, NMVOC
kt-CO,eqy? TJy* ty! ty! ty?! ty!

Infrastructure Construction & Maintenance 196.69  2535.83 285.02  452.22 705.31 114.96
Operation (4.17 million passengers) 354.82  9271.65 365.68 1654.25  1112.56 68.24
Shifted transport in other modes 1161.63  18838.51 562.48 2088.87  4696.56  809.87
Net Impact -610.13  -7031.03 88.22 17.60 -2878.69 -626.67
Years required for compensation years years years  years years years
Four corridors (4.17 million passengers) 15 16 87 62 12 9

©

I Andalusia corridor (5.36 million passengers) 9 11 96 57 8 7

3 Northern corridor (1.31 million passengers) 79 98 N.C N.C 73 34

% Catalonia corridor (5.76 million passengers) 12 12 54 41 10 7

K Levante corridor (2.71 million passengers) 20 21 N.C 80 16 14

3

S

X

w

The exact moment in which these compensations
begin is crucial information, especially regarding
national objectives related to energy savings and
emissions reduction deadlines. The years needed
to provide such compensation in each impact cate-
gory are provided in the last rows of Tables 9 and 10.

As can be observed in Table 10, the net environmen-
tal balance for the entire AVE network is negative in
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all impact categories, except for PM, .and SO, emis-
sions. CO,eq, CED, NO, and NMVOC impact cate-
gories need between 9 and 16 years to reach com-
pensation, while SO, emissions need 62 years, and
PM  emissions (87 years) will not be compensated
during the useful life of the infrastructure.

However, these global results vary significantly
from corridor to corridor (see data in Tables 22-25
in the Data in Brief). All the corridors connect the
periphery of the peninsula with Madrid in a radial
design, but with very different conditions regard-
ing transport density and the avoided transport
mode mix. Then, it is essential to study the intro-
duction of the HSR in a case-by-case analysis, tak-
ing a deeper look into the environmental perfor-
mance of each of the corridors. By doing so, this
work has detected elements that may go unnoticed
in other more analytical and methodological stud-
ies (D'Alfonso et al., 2015). This is the case of the
burdens associated with the construction of the
infrastructure. DAlfonso et al. (2016) assume, based
on other studies, that the construction of the HSR
infrastructure adds an extra 5 g CO, per passen-
ger-kilometre of transport served in the network.
This value, however, depends absolutely on the
amount of transport served by the network, which
in the case of the Spanish HSR is much lower than
that of other networks in the world (see Table 15).
The data collected in Tables 4 and 5 allow for the
calculation of the GHG footprint associated with
the construction and maintenance of each of the
corridors and for the whole network, taking into
account the annual transport in each corridor (see
Table 26 in the Data in Brief). The average footprint
is 18.24 gCO,eq/pkm for the whole network (3.6
times the value assumed by D'Alfonso et al. (2016)),
but with large differences between corridors: 12.1
g in Andalusia, 14.5 g in Catalonia, 28.1 in Levante
and 59.3 in the Northern corridor.

The Catalonia corridor (Madrid-Barcelona-France)
supports the highest transport volume on the net-
work and a high proportion of transport shifted
from aeroplane, which provides similar results
to the Andalusia corridor. CO,eq, CED, NO, and
NMVOC impacts need between 7 and 12 years to be
compensated; SO, needs 41 years, and PM is com-

pensated in 54 years. Clearly, this corridor stands as
the main contributor to the global warming emis-
sions reduction of the entire Spanish network, as
it is responsible for 44% of the total reduction of
CO,eq emissions. This corridor also stands as the
main contributor to the reduction of energy con-
sumption (51%) of the network.

The Andalusia corridor (Madrid-Sevilla-Malaga)
requires between 7 and 11 years to compensate
CO,eq, CED, NO, and NMVOC impacts. Around 57
years are needed to compensate SO,, and no com-
pensation (96 years) is achieved regarding PM_,
mainly due to the high proportion of transport
shifted from aeroplane (45%). But the annual GHG
emissions avoided by air transport (249 kt CO, an-
nually) amount to 65% of the total emissions avoid-
ed, and are even much higher than the emissions
linked to the transport induced in the HSR (15% of
the total transport, 17.1 kt CO, annually).

Results worsen in the other two corridors, mainly
due to the very low density of transport. In the Le-
vante corridor (Madrid-Valencia-Alicante) CO,eq,
CED, NO, and NMVOC impacts need between 14
and 21 years to be compensated; SO, (80 years) and,
PM, (143 years) emissions would not be compen-
sated during the lifetime of the infrastructure.

The Northern corridor (Madrid-Ledn-Zamora) of-
fers the poorest results. A transport density of just
1.3 million passengers over the complete infrastruc-
ture gives rise to no compensation in the lifetime of
the infrastructure in all of the impact categories ana-
lysed except for NMVOC, which would need 34 years.

4.2. Sensitivity analysis

A sensitivity analysis was carried out in order to
check the influence of changes in certain varia-
bles over the total net environmental balance of the
Spanish HSR infrastructure. Five alternative sce-
narios were analysed (see section 3.3 for a detailed
description). The results are presented in Tables 11-
14, in terms of years needed for compensation of
environmental burdens linked to construction and
maintenance of the infrastructure, for each of the
four corridors in the AVE network.
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Table 11
Results of the net balance in the Andalusia corridor for the sensitivity analysis.
(N.C: No Compensation in 100 years)

Global Warming CED PM, SO NO NMVOC

2 X
Years required for compensation (Baseline, years) 9 11 96 57 8 7
Years required for compensation (S1, years) 11 13 NC 9% 8 8
Years required for compensation (S2, years) 11 14 N.C N.C 8 8
Years required for compensation (S3, years) 5 6 48 29 4 4
Years required for compensation (S4, years) 11 13 85 49 8 8
Years required for compensation (S5, years) 9 10 65 18 7 9
Table 12

Results of the net balance in the Northern corridor for the sensitivity analysis.
(N.C: No Compensation in 100 years)

olobal CED PM, SO, NO, NMVOC
arming 10 2 X

Years required for compensation (Baseline, years) 79 98 N.C N.C 73 34
Years required for compensation (S1, years) N.C N.C N.C N.C N.C 48
Years required for compensation (S2, years) N.C N.C N.C N.C N.C 61
Years required for compensation (S3, years) 40 49 N.C N.C 36 17
Years required for compensation (S4, years) N.C N.C N.C N.C N.C 67
Years required for compensation (S5, years) N.C N.C N.C N.C NC N.C

Table 13

Results of the net balance in the Catalonia corridor for the sensitivity analysis.
(N.C: No Compensation in 100 years)

VVGa.lron};)?rllg CED PM, SO, NO, NMVOC
Years required for compensation (Baseline, years) 12 12 54 41 10 7
Years required for compensation (S1, years) 15 17 88 92 11
Years required for compensation (S2, years) 17 20 N.C N.C 12 10
Years required for compensation (S3, years) 6 6 27 20 5 3
Years required for compensation (S4, years) 17 16 47 33 11 10
Years required for compensation (S5, years) 17 17 64 24 11 12
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Table 14
Results of the net balance in the Levante corridor for the sensitivity analysis.
(N.C: No Compensation in 100 years)

“g L?E?rllg CED PM, SO, NO;, NMVOC
Years required for compensation (Baseline, years) 20 21 NC 80 16 14
Years required for compensation (S1, years) 22 25 N.C N.C 17 16
Years required for compensation (S2, years) 24 27 N.C NC 17 17
Years required for compensation (S3, years) 10 11 72 40 8 7
Years required for compensation (S4, years) 24 25 NC 71 17 17
Years required for compensation (S5, years) 21 22 N.C 36 16 19

It can be seen that the results are somewhat sensi-
tive to the occupancy rate of private vehicles. Im-
pact compensation requires a few more years when
the occupancy rate of private vehicles is higher (S1
and S2). Average occupancy rate could increase dur-
ing the lifetime of the infrastructure, since there
are currently several institutional initiatives aimed
at promoting vehicle sharing in society, such VAO
road lanes exclusively for high occupancy vehicles
in Madrid. If that rate is doubled, 3.36 people per
vehicle (S2), keeping the number of HSR travellers
constant, every environmental indicator worsens
with respect to the Baseline Scenario. This is due
to the fact that the greater the occupation of pri-
vate vehicles, the lower the environmental impact
per person and kilometre of this mode of private
transport. Thus, under S1 and S2 circumstances,
attracting passengers to the HSR from private ve-
hicles provides less beneficial effects on the net en-
vironmental impact of the HSR project.

Section 3.1.2 described the estimation of the HSR
transport demand for each corridor in the year 2016
for the Baseline Scenario. The network considered
in this study includes all the HSR corridors in op-
eration at the end of 2016. Under the assumption
that passenger transport demand may increase in
the future, the S3 scenario considers that the an-
nual transport demand in each corridor doubles,
with the rest of the parameters remaining equal.
From an environmental point of view, a rise in de-

mand has two opposite impacts: a positive impact,
when it relates to a modal shift from more pollut-
ing modes of transport, such as air or road; and a
negative impact, when it is due to induced (new)
demand.

As shown in Tables 11 to 14, doubling passenger
demand improves the environmental performance
of all the corridors, reducing the compensation pe-
riod by more than half, given that the previously
mentioned positive effect is greater than the nega-
tive effect. However, it is important to denote that
these results are highly sensitive to the magnitude
of the induced demand: (1) induced demand should
not be higher than 70% of the new demand in the
corridor of Andalusia, in order to achieve an im-
provement in CO,eq emissions; (2) in the Catalonia
corridor all new demand could be induced demand;
(3) it should not exceed 63% in the case of the Le-
vante corridor; and (4) it should stay below 44% and
34% in the Northern corridor in order to obtain an
improvement in terms of CO,eq and CED, respec-
tively.

The S4 scenario explores a situation in which pri-
vate vehicles are electric. It is reasonable to consider
a progressive penetration of electric motion in the
automotive sector, which will reduce future envi-
ronmental impacts in road transport. The influence
of this variable on the annual results of the AVE is
noteworthy. In this scenario the burdens associated
with the construction, maintenance and operation
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of the Spanish HSR four corridors do not vary with
respect to the Baseline Scenario, but the loads asso-
ciated with shifted transport are now reduced. All
the indicators worsen their balance with respect to
the Baseline Scenario, except for PM, jand SO, that
improve, although the former is almost residual.
When electrifying road transport, the environmen-
tal burdens significantly reduce in this mode, so the
benefits from diverting traffic from road to rail are
lower. These environmental benefits are even low-
er if electric vehicles are powered with electricity
from renewable sources. This context is explored in
the fifth and last scenario (S5), where an occupan-
cy rate of 3.36 passengers per vehicle is considered,
together with the assumption that all private vehi-
cles are powered with electricity from renewable
sources. Compensation years for this scenario are
similar to those provided by the previous one, S4,
as aworsening derived from doubling vehicle occu-
pancy tends to compensate with the benefit derived
from the fact that the HSR would also operate on
100% renewable electricity.

5. Discussion

The main factor behind the net environmental
balance of the Spanish HSR network is clearly the
density of total demand as long as it is capable of
diverting traffic from more polluting modes of
transport (air or road) rather than inducing new
demand. Vehicle occupancy rates, electrification
of road transport and electricity mix have also been
found to have a significant impact on the environ-
mental balance of the network.

In line with the findings of many economic analy-
ses (e.g. Albalate and Bel, 2011; Betancor and Llobet,
2015; De Rus, 2011), the performance of the Spanish
HSR network is clearly hampered by its low pas-
senger demand. In 2016 the Spanish HSR network
transported the equivalent of just 4.17 million pas-
sengers over the complete infrastructure; signifi-
cantly lower than the transport density supported
by other networks in the world, as can be observed
in Table 15.

Table 15
Passenger transport density in national HSR networks in 2016.
Own elaboration based on UIC Railway Statistics (2016)

Network length, Network length, Average density
maximum speed between maximum speed Transport of transport
160 and 250 km/h greater than 250 km/h (passeir;%gsst(;zggsgplete
National network Year (km) (km) (Mpkm) (Mp)
Spanish AVE 2016 669 2503 15059 4.75
France 2015 0 2043 49980 24.46
Germany 2016 1511 994 27213 10.86
Italy 2012 2767 653 12 794 3.74
China 2017 12276 20305 577 635 17.73
Japan (CJRC) 2017 0 553 54 756 99.02
Japan (EJR) 2017 0 1194 23371 19.57
Japan (WJRC) 2017 0 813 21023 25.87
Taiwan (THSRC) 2016 0 350 10488 29.97
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The Spanish HSR network is also hampered by the
fact that it allows only for passenger transport,
which prevents attracting potentially more pollut-
ing traffic from road freight transport. As argued
by Akerman (2011, p. 208), “HSR investments may
not be justified for the passenger markets alone.”

The LCA of Spanish HSR is quite robust in showing
that the launch of the Catalonia and Andalusia cor-
ridors of the Spanish HSR network has led to a net
environmental benefit in CO,eq after nine-twelve
years of operation. However, it also shows that re-
sults worsen as the network expands to corridors
with lower demand (Levante or Northern corri-
dors). This also coincides with transport economics
literature (see e.g. Albalate and Bel, 2011).

However, two questions also need to be addressed
in order to evaluate the environmental perfor-
mance in absolute terms: firstly, is there a signif-
icant annual reduction in CO,eq emissions and
energy consumption provided by the Spanish HSR
operation? And secondly, how does this reduction

compare with other alternative strategies for man-
aging transport passenger demand?

Overall environmental impact reductions derived
from the HSR operation in Spain are very limited,
if not negligible. Spain’s transport sector had a to-
tal volume of direct emissions of 85.9 Mt CO,eq in
2016 (European Environment Agency, 2016). The
HSR network presents in the Baseline Scenario an
annual net balance of -610.13 kt CO_eq (Table 10),
or less than 1% of emissions linked to transport.
Regarding energy consumption, the net balance of
-7 031.03 TJ (0.17 million toe) in cumulative energy
demand isless than 0.5% of the energy consumed by
the transport sector in Spain in 2016 (International
Energy Agency, 2017). In other words, the Spanish
HSR network’s capacity to mitigate climate change
and reduce oil dependency is clearly insufficient
in the current context of the global environmental
crisis, which requires a drastic reduction in GHG
emissions. In cost-efficiency terms, it is important
to consider that the total investment in AVE over
the last 25 years has exceeded 50 000 million euros.

Table 16
Comparison of the environmental impact balances for the Catalonia corridor in the Baseline Scenario
and a motorway corridor of the same length with scenarios of occupancy doubling (HW1),
vehicle electrification (HW2), and occupancy doubling and renewable electricity vehicles (HW3)

Global
Warming  CED PM, SO, NO,  NMVOC
Net Impact balance kt.CO,eq:y* TJy? ty! ty?! ty?! ty!

Catalonia corridor (Baseline Scenario) -303 -3602 -12 -76 -1322  -320
HWT1 - toll high f length, 883 I

o Lon Mighway Of same Iength, 885 KL _geg _12924 —601 -1586 -2132 -752
(6 million vy, double occupancy)
HW2 - toll high f length, 883

¢ tOF ugnway of same engtl, 965 KMy )19 13336 -177  -426 -2709 871
(6 million v-y?, electric vehicles, renewable elec.)
HW3 - toll highway of same length, 883 km 1431 19350 —684 —1718 —4287 —1114

(6 Mv-y"*, double occupancy, ren. elect. vehicles)

From a sustainable mobility perspective, it is im-
portant to bear in mind the existence of other al-
ternatives that could further reduce environmental
impacts in the transport sector without the need to

build new infrastructures (Hoyos, 2009). To illustrate
this, Table 16 collects the environmental impact bal-
ance of the Catalonia corridor of the AVE network in
comparison with three other scenarios applied to a
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motorway corridor of the same length (883 km). Ac-
cording to traffic statistics from the Ministry of Pub-
lic Works and Transport (Ministerio de Fomento,
2017), the average daily flow on motorway toll roads
in Spain (2 550 km) was 16 471 vehicles (heavy vehicles
excluded) in 2017, which is equivalent to an annual
transport density of 6.01 million light vehicles an-
nually. While the Catalonia corridor gives rise annu-
ally to a reduction of emissions of 303 kt CO eq, the
doubling of light vehicle occupancy on a motorway
toll road with the same length (883 km) and under
average Spanish traffic conditions would provide an
annual reduction of 858 kt CO,eq (HW1 in Table 16).
If those light vehicles were electrified, the reduction
would increase to 1 218 kt CO,eq (HW2); and up to
1 431 kt COeq if vehicles were also powered with
electricity from renewable sources, and with double
the average occupancy (HW3).

6. Conclusions

Climate change and oil scarcity have received in-
creasing attention in transport policy. In this con-
text, HSR has often been presented as a sustaina-
ble mode of transport, having a leading role in the
European Commission’s environmental goal of
net-zero GHG emissions by 2050, due to its poten-
tial contribution to energy savings and GHG emis-
sions reductions. In this paper, it is assessed the
environmental performance of the Spanish HSR
network by means of LCA under 2016 traffic con-
ditions. Results show that the construction loads of
the Spanish network are not disproportionate, as
they remain within the lower limit of the range of
construction burdens found with other HSR lines.
Although these construction loads are not exces-
sive, the net environmental balance of the entire
network in the Baseline Scenario, without being
detrimental in almost all indicators, is modest: an
annual emission reduction of 610 kt CO,eq, of 7 031
TJ of CED, of 2 879 t NO, and of 627 t NMVOC, to-
gether with an annual increase of 88 t PM, of 17
t SO,. This modest balance means that the infra-
structure requires a minimum number of years of
operation to offset the initial loads associated with
the construction: between 9 and 16 years in all the

environmental categories studied except for SO, (62
years) and PM, with 87 years. In absolute terms, it
means a reduction in CO,eq emissions equivalent
to less than 1% of the annual transport emissions in
Spain in the base year (2016), together with a reduc-
tion in primary energy demand which is less than
the equivalent of 0.5% of annual energy consump-
tion in the transport sector.

The environmental balance varies according to the
network corridor considered. The corridors of Cat-
alonia (5.76 Mp) and Andalusia (5.36 Mp) present a
slightly better balance than the total average, man-
aging to compensate the initial construction loads
in less than 7-12 years in all the analysed catego-
ries except for PM, and SO,. The Northern corri-
dor (1.31 Mp) would not be able to compensate the
initial loads in the whole time of operation, and
the Levante corridor (2.71 Mp) would need around
14-21 years (except for SO, with 80 years and PM
which would not be compensated). According to
these results, the construction of the Levante and
Northern corridors is not justified in terms of en-
ergy savings and emission reductions. Thus, in line
with the findings on cost-benefit analysis, the deci-
sion to build new HSR sections should be based on
the analysis of demand in order to build only those
sections that ensure a high demand, that s, to build
only those corridors that connect centres with high
demographic density (De Rus, 2011).

The sensitivity analysis confirms that the main fac-
tor that conditions the net environmental balance
is the density of the transport. The density of trans-
port served by the network in 2016, measured in
terms of equivalent passengers over the entire net-
work layout (4.17 million passengers) is much lower
than the transport served by the French network (24
Mp), the Japanese networks (between 20 and 99 Mp),
China (18 Mp) and Taiwan (30 Mp) (Table 4 and 15).
Initially, every HSR project starts operation with
an environmental deficit that can be compensated
only if transport demand is sufficiently high and it
comes, sufficiently, from other modes of transport,
minimising new induced demand.

Doubling the quantity of passengers, which is not
very likely in the medium term, shows that the
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results improve in all the corridors, even in the
Northern corridor, and the amortisation of sever-
al indicators will be given within the term of the
infrastructure’s useful life. But the nature of this
increase in transport demand is a relevant aspect
that conditions the results in a crucial way. It is es-
sential that this increase in total demand for HSR is
not new induced demand in its entirety; otherwise,
the adverse consequences on the environment will
increase. In other words, the environmental per-
formance of HSR improves if traffic is diverted
from more polluting modes of transport and in-
duced transport remains low. According to results,
induced demand should not exceed 44-70% of total
demand (except for Catalonia corridor) if positive
effects are to be found in terms of CO,eq emissions.
Similar results are found regarding other pollut-
ants and energy consumption. So, from a sustaina-
bility perspective, our findings suggest that public
institutions should focus on increasing the current
levels of passenger demand in the AVE network,
prioritising the diversion of existing demand from
planes and private cars.

Finally, the United Nations has recently declared a
climate emergency under the latest scientific evi-
dence on the consequences of climate change, em-
phasising the urgent need to be carbon neutral in
2050 and to achieve a 45% reduction in emissions by
2030 in order to keep the rise of temperature below
1.5 degrees Celsius by the end of the century (UN-
FCCC, 2019). In this context, policymakers should
also consider other measures related to transport
that, in application of the transport hierarchy (Hoyos
etal.,2016), would provide considerable and rapid re-
ductions in environmental impacts without the bur-
den of building new infrastructures: e.g. reducing
the demand for transport, increasing the occupation
of private vehicles, promoting electric traction and
the use of electricity from renewable sources.

7. Acknowledgements
The authors acknowledge the funding provided by

the University of the Basque Country UPV/EHU
under research grant US15/11, by the Department

of Education of the Basque Government through
Grants IT-1359-19 (UPV/EHU Econometrics Re-
search Group) and IT-1365-19 (UPV/EHU Ekopol
Research Group), and by the Spanish Ministry of
Economy, Industry and Competitiveness through
grant ECO2017-82111-R.

8. References

ADIF, 2020. Adif - Lineas de alta velocidad [WWW Document]. ADIF
Alta Velocidad. URL http://www.adifaltavelocidad.es/es_ES/in-
fraestructuras/lineas_de_alta_velocidad/lineas_de_alta_veloci-
dad.shtml (accessed 2.14.20).

Adra, N., Michaux, J.-L., André, M., 2010. Analysis of the load factor
and the empty running rate for road transport. Artemis - assess-
ment and reliability of transport emission models and inventory
systems [WWW Document]. ResearchGate. URL https://www.
researchgate.net/publication/277183200_Analysis_of_the_load_
factor_and_the_empty_running_rate_for_road_transport_Ar-
temis_-_assessment_and_reliability of_transport_emission_
models_and_inventory_systems (accessed 2.10.20).

Akerman, J., 2011. The role of high-speed rail in mitigating climate
change — The Swedish case Europabanan from a life cycle per-
spective. Transportation Research Part D: Transport and Envi-
ronment 16, 208—217. https://doi.org/10.1016/j.trd.2010.12.004

Albalate, D., Bel, G., 2016. Evaluating High-Speed Rail: Interdiscipli-
nary Perspectives. Taylor & Francis.

Albalate, D., Bel, G., 2011. Cuando la economia no importa: auge y
esplendor de la alta velocidad en Espafa. Revista de Economia
Aplicada 19.

Banar, M., Ozdemir, A., 2015. An evaluation of railway passenger
transport in Turkey using life cycle assessment and life cycle cost
methods. Transportation Research Part D: Transport and Envi-
ronment 41, 88—105. https://doi.org/10.1016/j.trd.2015.09.017

Barnes, E., 2014. California High Speed Resilience to Climate
Change, in: Center for Earth Systems Engineering and Manage-
ment, Course Project Report Series.

Baron, T., Martinetti, G., Pépion, D., 2011. Carbon footprint of high
speed rail. International Union of Railways (UIC), Paris.

Bel, G., 2010. Espafia, capital Paris. Destino.

Bellet Sanfeliu, C., Santos Ganges, L., 2016. The high-speed rail
project as an urban redevelopment tool. The cases of Zaragoza
and Valladolid. Belgeo. Revue belge de géographie. https://doi.
0rg/10.4000/belgeo.18153

Betancor, O., Llobet, G., 2015. Contabilidad financiera y social de
la alta velocidad en Espafia. FEDEA: Area de infraestructuras y
Transportes.

Bueno, G., Hoyos, D., Capellin-Pérez, I., 2017. Evaluating the en-
vironmental performance of the high speed rail project in the
Basque Country, Spain. Research in Transportation Economics
62,44-56. https://doi.org/10.1016/j.retrec.2017.02.004

InpAkta 00 (2023) 245-267

265

S
=
o
o
$
]
i
£
)
S
X
w




S
=
o
o
$
]
o
£
o
3
X
w

Environmental balance of the high speed rail network in Spain: a life cycle assessment approach

California High-Speed Rail Authority, 2016. California High-Speed
Rail Sustainability Report 54.

Chang, B., Kendall, A., 2011. Life cycle greenhouse gas assessment
of infrastructure construction for California’s high-speed rail
system. Transportation Research Part D: Transport and Envi-
ronment 16, 429—-434. https://doi.org/10.1016/j.trd.2011.04.004

Chester, M., Horvath, A., 2010. Life-cycle assessment of high-speed
rail: the case of California. Environ. Res. Lett. 5, 014003. https://
doi.org/lo.1088/1748-9326/5/1/014003

Cornet, Y., Dudley, G., Banister, D., 2017. High Speed Rail: Impli-
cations for carbon emissions and biodiversity. Case Studies on
Transport Policy. https://doi.org/10.1016/j.cstp.2017.08.007

Cour des Comptes, 2014. La grande vitesse ferroviaire: un modele
porte au-dela de sa pertinence. Paris.

Cuenot, F., 2016. Carbon Footprint of Railway Infraestructure: com-
paring existing methodologies on typical corridors. UIC-ETF 51.

DAlfonso, T., Jiang, C., Bracaglia, V., 2016. Air transport and high-
speed rail competition: Environmental implications and mitiga-
tion strategies. Transportation Research Part A: Policy and Prac-
tice 92, 261-276. https://doi.org/10.1016/j.tra.2016.06.009

DAlfonso, T., Jiang, C., Bracaglia, V., 2015. Would competition be-
tween air transport and high-speed rail benefit environment and
social welfare? Transportation Research Part B: Methodological
74. https://doi.org/10.1016/j.trb.2015.01.007

De Rus, G., 2011. The BCA of HSR: Should the government invest in
high speed rail infrastructure? Journal of Benefit-Cost Analysis
2,1-28.

DGT, 2018. DGT- Parque de vehiculos en Espafia [WWW Docu-
ment]. DGT- Tablas estadisticas. URL http://www.dgt.es/es/
seguridad-vial/estadisticas-e-indicadores/parque-vehiculos/ta-
blas-estadisticas/ (accessed 2.14.20).

Dorsey, B., Olsson, M., Rew, L.]J., 2015. Ecological Effects of Rail-
ways on Wildlife, in: Ree, R. van der, Smith, D.]., Grilo, C.
(Eds.), Handbook of Road Ecology. John Wiley & Sons, Ltd, pp.
219-227.

European Commission, 2013. EU energy, transport and GHG emis-
sions - trends to 2050: reference scenario 2013. European Com-
mission, Luxembourg.

European Court of Auditors, 2018. A European high-speed rail net-
work: not a reality but an ineffective patchwork [WWW Docu-
ment]. URL https://www.eca.europa.eu/Lists/ECADocuments/
SR18_19/SR_HIGH_SPEED_RAIL_EN.pdf (accessed 11.15.18).

European Environment Agency, 2016. GHG Proxy Inventory-SPAIN
2016 [WWW Document]. European Environment Agency. URL
http://cdr.eionet.europa.eu/es/eu/mmr/art08_proxy/envwwefiw
(accessed 4.24.19).

Ferropedia, 2016. Lineas de Alta Velocidad (LAV) en Espafia - Ferro-
pedia [WWW Document]. URL http://www.ferropedia.es/me-
diawiki/index.php/L%C3%ADneas_de_Alta_Velocidad_en_Es-
pa%C3%B1a (accessed 4.25.19).

Flyvbjerg, B., Bruzelius, N., Rothengatter, W., 2013. Megaprojects
and Risk: An Anatomy of Ambition, First Edition. ed. Cambridge
University Press, United Kingdom.

Fundacién de los ferrocarriles espafioles, 2017. Atlas of High Speed
Rail in Spain.

Galan, J., Alameda, D., Abad, J.M., 2017. AVE: Estas son las estac-
iones de alta velocidad mas y menos utilizadas de Espafia |
Economia | EL PAIS [WWW Document]. URL https://elpais.
com/economia/2017/03/01/actualidad/1488362770_011434.html
(accessed 3.20.18).

Garcia Alvarez, A., 2010. Energy Consumption and Emissions of
High-Speed Trains. Transportation Research Record: Journal
of the Transportation Research Board 2159, 27-35. https://doi.
0rg/10.3141/2159-04

Garcia, P., 2017. Las ocho estaciones del AVE en Espafia con menos
de 150 pasajeros al dia [WWW Document]. El Independiente.
URL  https://www.elindependiente.com/economia/2017/11/12/
estaciones-ave-espana-menos-viajeros/ (accessed 6.9.18).

Hoyos, D., 2009. Towards an operational concept of sustainable mo-
bility. International Journal of Sustainable Development and
Planning 4, 158-173. https://doi.org/10.2495/SDP-V4-N2-158-173

Hoyos, D., Bueno, G., Capellin-Pérez, 1., 2016. Environmental as-
sessment of high-speed rail. Evaluating High-Speed Rail: Inter-
disciplinary Perspectives 7, 119.

International Energy Agency, 2017. Statistics | Spain - Total Primary
Energy Supply (TPES) by source (chart) [WWW Document]. URL
https://www.iea.org/statistics/?country=SPAIN &year=2016&-
category=Key%20indicators&indicator=TPESbySource&-
mode=chart&dataTable=BALANCES (accessed 4.23.19).

Jehanno, A., Palmer, D., James, C., 2011. High Speed Rail and Sus-
tainability.

Jones, H., Moura, F., Domingos, T., 2016. Life cycle assessment of
high-speed rail: a case study in Portugal. The International Jour-
nal of Life Cycle Assessment 22. https://doi.org/10.1007/s11367-
016-1177-7

Leboeuf, M., 2018. High Speed Rail: fast track to sustainable mobili-
ty. International Union of Railways (UIC).

Ministerio de Fomento, 2017. Boletin estadistico online - In-
formacién estadistica - Ministerio de Fomento [WWW
Document]. URL  https://apps.fomento.gob.es/BoletinOn-
line/?nivel=2&orden=06000000 (accessed 4.23.19).

Ministerio de Transportes, Movilidad y Agenda Urbana, 2018. Anu-
ario estadistico 2018. Capitulo 8. Trifico.

Stripple, H., Uppenberg, S., 2010. Life cycle assessment of railways
and rail transports - Application in environmental product dec-
larations (EPDs) for the Bothnia Line. Swedish Environmental
Research Institute, Sweden.

Tuchschmid, M., Knérr, W., Schacht, A., Mottschall, M., Schmied,
M., 2011. Carbon Footprint and environmental impact of Rail-
way Infrastructure.

UIC, 2016. RAILISA STAT UIC [WWW Document]. URL https://uic-
stats.uic.org/ (accessed 2.1.20).

UNFCCC, 2019. UN Chief Calls on G7 Leaders to Tackle Climate
Emergency | UNFCCC [WWW Document]. https://unfccc.int/
news. URL https://unfccc.int/news/un-chief-calls-on-g7-lead-
ers-to-tackle-climate-emergency (accessed 8.28.19).

266

InpAkta 00 (2023) 245-267



Andoni Kortazar, Gorka Bueno, David Hoyos

Yue, Y., Wang, T., Liang, S., Yang, J., Hou, P.,, Qu, S., Zhou, J., Jia, =~ Zembri, P., Libourel, E., 2017. Towards oversized high-speed rail

X., Wang, H., Xu, M., 2015. Life cycle assessment of High systems? Some lessons from France and Spain. Transportation
Speed Rail in China. Transportation Research Part D: Trans- Research Procedia, World Conference on Transport Research -
port and Environment 41, 367-376. https://doi.org/10.1016/j. WCTR 2016 Shanghai. 10-15 July 2016 25, 368—385. https://doi.
trd.2015.10.005 org/10.1016/j.trpro.2017.05.414

©
)
=
3
S
)
X
]
B
£
o
c
)
X
w

InpAkta 00 (2023) 245-267 267



