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Abstract

The shift to sustainable mobility is especially challenging for island regions, where limited
land, densely populated corridors, and strong reliance on fossil fuels constrain transport
options. This study develops a macroscale methodology to estimate reductions in energy
use, greenhouse gas emissions, and traffic congestion by replacing fossil-fuel-based public
and private road transport with an electric rail system supplied exclusively by dedicated
renewable energy sources. Unlike conventional electrification, this approach guarantees
genuine decarbonization by ensuring a fully renewable power supply for rail operations.
Gran Canaria is employed as a case study, applying the methodology through an intermodal
scenario that integrates the rail system with existing public transport services. Results show
substantial potential to lower the carbon footprint, improve energy efficiency, and relieve
congestion. The analysis focuses on the southeastern metropolitan corridor of the island,
where transport demand, population, and economic activities are most concentrated. The
proposed framework offers a transferable tool for supporting sustainable mobility strategies
in island contexts consistent with global climate goals and policy priorities. Although the
case study is specific to Gran Canaria, the methodology provides insights that may be
relevant for other territories with comparable mobility and energy challenges, including
isolated or weak-grid regions.

Keywords: sustainable mobility; guided transport systems; greenhouse gas emissions;
energy efficiency; intermodal transport; island transportation planning; rail transport
guided rail system; island mobility planning; renewable-powered transport

1. Introduction

Sustainable mobility is a key pillar for both quality of life and economic develop-
ment, as it facilitates the movement of people and goods while minimizing environmental
impacts [1]. However, island regions face specific challenges in the shift toward more
sustainable transportation models, due to limited territory, the high concentration of popu-
lation and economic activity along certain corridors, and a heavy reliance on fossil fuels for
both transportation and energy production.
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These factors contribute to severe congestion on main roads [2], high energy consump-
tion, and significant greenhouse gas (GHG) emissions [3]. In high-demand corridors, road
infrastructure often operates at or beyond capacity, and expansion options are typically
scarce or environmentally unfeasible [4].

At the international level, solutions such as the electrification of public and private
transport, the implementation of intermodal systems, and the reorganization of urban
mobility have been explored [5]. Examples include the redesign of multimodal corridors
in Athens [6], vehicle ownership controls in Singapore [7], and the impacts observed near
rail corridors in Los Angeles, all of which demonstrate that integrating guided transport
systems can significantly reduce emissions and improve energy efficiency [8]. However,
most of these studies have been carried out in continental and urban contexts and rarely
consider the territorial and energy-related specificities of island regions.

Moreover, transport electrification is often presented as a key solution for the decar-
bonization of the sector [9]. However, various studies have shown that electrification alone
does not ensure a net reduction in emissions if the electricity used is generated from fossil
fuels [10], as this implies that emissions are simply shifted from the transport sector to
the power sector. This issue is particularly critical in island territories, where the energy
mix often remains heavily dependent on fossil fuels and renewable energy self-sufficiency
is limited. In this context, it is essential to develop strategies that guarantee a dedicated
renewable energy supply for transportation, so that electrification genuinely contributes to
emissions reduction [11].

Gran Canaria, the third largest island in the Canary Islands archipelago, represents
a paradigmatic case of the challenges associated with island mobility. With an area of
1560 km? and a population exceeding 850,000 inhabitants, it ranks as the second most
populated island of the archipelago. This high demographic concentration, together with
the intense economic activity structured along the Las Palmas de Gran Canaria—tourist
south axis [12-14], places strong pressure on the transport system, generating high levels
of road congestion [15], energy consumption, and pollutant emissions [16].

The island’s high population density, the concentration of economic activity along
the eastern corridor, and an energy dependency exceeding 90% on fossil fuels—which
the PNIEC plans to reduce by 50% [17]—create a particularly complex scenario for the
development of sustainable mobility.

Figure 1 shows the geographical location of the Canary Islands archipelago in the
Atlantic context and the main territorial characteristics of Gran Canaria [12]. This corridor
handles the highest volume of recurring travel on the island, making it a strategic area for
implementing more efficient and sustainable transportation solutions such as the train [18],
and an ideal case for assessing the potential impact of a sustainable railway system [8].

In response to this situation, the island authorities have proposed the development
of an intermodal [19] rail system [5,20], with dedicated infrastructure and the potential
for integration with renewable energy sources [21], as a key tool for reducing emissions,
decreasing energy consumption, and improving both environmental quality and the well-
being of the population. This approach aligns with broader European goals for climate
neutrality [5,20] and with regional goals for climate neutrality and energy transition over
the coming decades.
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Figure 1. Geographical location of the Canary Islands in the Atlantic context. Source: Authors.

Purpose and Novelty of the Study

This study is set within the broader global context of the transition toward sustainable
mobility and the reduction of greenhouse gas emissions [3], with a particular focus on
the unique challenges faced by island regions. These regions, characterized by territorial
constraints, high population density concentrated in specific corridors, and a strong re-
liance on fossil fuels, require transportation planning strategies tailored to their specific
conditions [7].

The aim of this work is to develop and apply a macroscopic methodology to estimate,
in an integrated manner, the energy consumption, greenhouse gas emissions, and traffic
congestion impacts generated by public and private transport in high-demand corridors
within insular environments. This methodology, based on open data related to traffic
volumes, vehicle fleet characteristics, and mobility patterns [22], is presented as a repli-
cable tool to support decision-making in the strategic planning of sustainable transport
infrastructure [23].

This methodological framework is applied to the case of Gran Canaria to quantify the
achievable reductions in energy use, emissions, and congestion derived from replacing
fossil-fuel transport with a renewable-powered rail system.

The main novelty of the study lies in its analysis of the replacement of both public and
private fossil-fuel-based transport systems with an electric rail system powered exclusively
by renewable energy sources. Although a dedicated wind farm was selected in the case
study, the proposed methodology is flexible and can be adapted to other renewable sources
depending on the availability of resources in each island region. This approach ensures
that the shift toward electric transport results in genuine decarbonization [24], avoiding
the common pitfall of merely transferring emissions from the transport sector to the power
sector, an issue often encountered in conventional electrification projects.

With this, the study provides scientific and technical evidence that can serve as a
foundation for public policies aimed at decarbonization [9], energy efficiency, reduction of
road congestion [25], and the sustainable development of transportation in island territories,
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in alignment with the goals and scope of current international sustainability and climate
change agendas [5], and Amending Regulation (EU) [26].

While the application presented here addresses the particular conditions of Gran
Canaria, the analytical structure of the methodology makes it adaptable to other contexts
with similar constraints. Examples include remote corridors, isolated grids, or metropolitan
areas where transport systems can be explicitly coupled to a dedicated renewable supply.
In this way, the study combines local policy relevance with methodological insights of
broader interest.

2. Methodology

Energy consumption models for transport are important tools for planning [27] and
can be applied at the micro-, meso-, or macro-scale, depending on the data available.
With the growing availability of open data such as censuses, traffic counts, and vehicle
technical characteristics, large-scale modeling of transport energy use has become feasible.
Variables typically include the number of trips, vehicle types, distances traveled, and
specific consumption. For example, Dingil et al. [28] proposed a method to estimate annual
per capita energy consumption based on census and demographic data; Cortés et al. [29]
considered vehicle numbers, population, urban area, GDP, and income; Abdelaty et al. [30]
employed low-resolution open-source hourly load data; and Manrique et al. [31] established
a methodology for suburban contexts. Other approaches include [23,32-34]. For instance,
Ortego et al. [35] analyzed the Zaragoza tram system, developing an original methodology
that considered the effect of implementing a new guided transport mode.

This study develops a macroscopic analytical methodology designed to estimate
energy consumption, greenhouse gas (GHG) emissions, and traffic congestion impacts
generated by public and private transport in high-demand corridors within island regions.
The methodology is structured into three main components: analysis of public transport,
analysis of private transport, and integration of results to evaluate intermodal scenarios.
The overall structure of the methodology is summarized schematically in Figure 2, which
outlines the core analytical blocks and the processes described in the following sections.

The proposed methodology is presented as a replicable tool, suitable for application in
other island contexts or territories with similar characteristics, to support strategic planning
processes aimed at sustainability [4], energy efficiency, and the transition toward cleaner
and more efficient transport systems.

First, collective public transport is analyzed by identifying the existing bus lines within
the study corridor. The segments of each line are classified based on their potential for
re-placement by a rail system, considering geographic criteria and proximity to intermodal
stations. For each line, the number of trips, total distance traveled, and associated energy
consumption are quantified, distinguishing between trips with specific vehicle data and
those lacking detailed information. The substitutable portion of energy consumption is
estimated based on the percentage of kilometers overlapping with the proposed railway
alignment. As shown in Figure 3, the analysis of regular public transport follows a three-
stage process. Data inputs (stops, nodes, and routes) feed the processing and analysis steps,
which identify replaceable segments and fuel consumption. The resulting outputs include
replaceable distances and associated energy savings.
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impacts of implementing a rail transport system in high-demand island corridors. Source: Authors.

In the case of private transport, the number of light vehicles operating within the
corridor is estimated using traffic count data and vehicle fleet composition ratios. Based
on these inputs, the average daily mileage and annual fuel consumption are calculated,
disaggregated by vehicle type (cars and motorcycles) and fuel type (gasoline or diesel).
Emissions are then estimated using weighted average emission factors, considering the
distribution of vehicle brands and engine sizes within the local fleet. Figure 4 illustrates the
procedure applied to private transport. The process integrates several data inputs, such as
fleet composition and household vehicle ownership, to estimate the kilometers traveled
and the corresponding emissions from gasoline and diesel vehicles.
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Figure 4. Block diagram of the analysis of private transport. Source: Authors.

Finally, the results from both analytical blocks are integrated to assess the overall
impact in terms of energy savings, emissions reduction, and decreased congestion resulting
from the implementation of the rail system. A key innovative aspect of this methodology is
that it goes beyond the mere electrification of guided transport by considering the exclu-
sive use of energy from dedicated renewable sources, ensuring genuine decarbonization.
Although a dedicated wind farm was used as the renewable source in the case study, the
methodology is designed to be flexible and can be adapted to other renewable energy
sources available in the island region under consideration, such as solar or hydropower.

2.1. Methodology for Public Transport Analysis

The analysis of collective public transport in high-demand corridors focuses on esti-
mating the energy consumption and emissions generated by road-based public transport



Sustainability 2025, 17, 9518

7 of 23

lines operating within the study corridor, as well as identifying the segments that could
potentially be replaced by a rail or guided transport system in an intermodal scenario. The
procedure followed these steps:

e  The existing public transport network within the corridor was identified.

o  The segments of each line that may be replaced are delineated [36] based on their
geographical overlap with the planned rail route or their proximity to future inter-
modal stations [37]. This analysis considers reasonable walking distances, typically
around 400 m for urban bus stops [38] and up to approximately 800-1000 m for rail
stations [39], as reported in various urban mobility studies [39,40].

e  The number of passengers and total kilometers traveled along the identified segments
are quantified.

e  The energy consumption and emissions associated with these segments are calculated
to estimate the potential savings if they were to be replaced by the proposed rail system.

e The annual energy consumption of each line is computed as the sum of the energy
used by all its trips, distinguishing between trips with known vehicle data and those
lacking such information.

For trips where vehicle data were available, energy consumption was estimated using
Equation (1).
CEX; s = KmR; s-ConsV s @)

where:

e CEX; is the estimated energy consumption of expedition e; s (in liters).
e  KmR, is the kilometers traveled during expedition e; f.

e ConsV;  is the vehicle’s fuel consumption per kilometer.

In all equations, the products correspond to scalar multiplications between variables
or parameters and are represented by a centered dot “-”.

For expeditions without specific vehicle data, an average energy consumption was
assigned, calculated as the mean consumption of expeditions with known vehicle data op-
erating on the same route (Equation (2)). This value was then used to estimate consumption

for those trips (Equation (3)).
ConsEst; = ZfeE CO”SVirf/|E| (2)

where:

e  ConsEst, is the estimated average consumption per kilometer for line L;.
e  Eis the set of trips on L; with known vehicle consumption data.
e  |E|is the number of trips in the set E.

Thus, the estimated energy consumption for a trip without specific vehicle data is
calculated using Equation (3).

CEXD; s = KmR; g-ConsEst; 3)

The annual energy consumption of line L; is calculated as the sum of the consumption
of all expeditions carried out during the year, including those with known and unknown
vehicle data, Equation (4).

CLi=Y_ ser CEXip + ngg CEXD; ¢ 4)
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The average consumption per kilometer per line is estimated using Equation (5).

CL = (5)

CL; /
) s KmR; s

where )] KmR; ¢ is the sum of the kilometers traveled in all the expeditions of the L; line.
f

To estimate the energy consumption replaceable by the implementation of the train
we use Equation (6).
csz; = (KmRSi/ e, (6)
Kle'
where KmRS; representa represents the kilometers of the replaceable section of the route,
and KmL; represents the total kilometers if all stops per line L; completed.

This procedure provides an estimate of the potential savings in fossil fuel consumption
and emissions in public transport that could result from the implementation of the rail
system. Furthermore, the public transport analysis helps assess the potential impact on
road congestion by considering the reduction in the number of trips and kilometers traveled
by the lines that would be replaced by the rail system.

2.2. Methodology for Private Transport Analysis

The private transport analysis aims to estimate the fuel consumption and greenhouse
gas (GHG) emissions generated by private light-duty vehicles operating in high-demand
corridors, as well as to quantify the share that could potentially be shifted to a guided
transport system.

To this end, the first step is to estimate the number of private light vehicles present
at each traffic count point within the corridor, disaggregated by vehicle type (cars or
motorcycles) and fuel type (gasoline or diesel). This estimate is obtained using Equation (7).

_ (Nopt ol
Nojg, = ( NZJZR) nly-IMD, (7)

where:

Nuvjy, is the number of private light-duty vehicles of type j and fuel type k at point a.
NopR is the total number of private vehicles in region R.

NolR is the total number of light-duty vehicles in region R.

nl, is the proportion of light-duty vehicles in the total traffic at point a.

IMD, is the average daily traffic volume at point a.

The average daily mileage traveled by each vehicle type is then calculated using
Equation (8).

7]‘]{ = (va/]\] ) 'ZNZ)]‘kﬂ'd(pmA —1,pmA + 1) (8)
(%

where:

e 7 are the daily kilometers traveled by vehicles of type j and fuel k.

e  Nuy is the number of vehicles using fuel k.

e  Nuis the total number of light vehicles in the region.

o  d(pma_1/Pmas1) istheaverage between consecutive traffic count points in the corridor.
The average specific consumption per 100 km for each vehicle and fuel type, weighted

by brand m and engine capacity c, is calculated using Equation (9).

= Nowe - cligme
Cl]'k :ch Ume C]kmc/zmc

N ©)
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where:

. ijmc is the average consumption (liters /100 km) of vehicles of type j, fuel k, brand m,
and engine capacity c.
e Nuy, is the number of vehicles of brand m and engine capacity c.

Based on these data, the annual fuel consumption is estimated using Equation (10).
CC]'k = (365/100) 'ajk'?jk (10)

where CCj represents yearly consumption, in liters, for a type j and fuel k.

To estimate the annual CO, equivalent (CO;-eq) emissions, an analogous procedure
is used, employing average emission factors per 100 km instead of fuel consumption, as
shown in Equation (11).

Ejk =S (365/100) . Ejk : ?jk (11)

where:

e  Ej the annual amount of CO,-eq emitted by vehicles of type j and fuel k.
e ¢ is the average emission factor, in kg COz-eq per 100 km, calculated using
Equation (12).

?]’k = (ch ’ Ejkmc)/z N (12)

where €, is the average emission factor for vehicles of type j, fuel k, brand m, and engine
capacity c.

This procedure makes it possible to obtain a detailed estimate of the energy consump-
tion and emissions attributable to private transport in the study corridor, forming the basis
for assessing the potential impact of its partial substitution through the implementation
of the railway system. Likewise, the methodology allows for quantifying the volume of
private traffic that could be transferred to the railway system, which is key to estimating
the potential effect on congestion in the analyzed corridor.

2.3. Integration of Results and Intermodal Analysis

Finally, the results of both blocks are integrated to assess the aggregate impact in
terms of energy savings, emission reductions, and congestion mitigation derived from the
implementation of the railway system.

An innovative aspect of this methodology is the consideration of a dedicated renewable
energy supply for the railway system. This integration makes it possible to distinguish
between conventional electrification scenarios, in which emissions could be shifted to the
electricity sector, and electrification scenarios powered by dedicated renewable energies,
thereby ensuring genuine decarbonization of the transport system.

The proposed methodology is presented as a replicable tool, suitable for application in
other island contexts or territories with similar characteristics, to support strategic planning
processes aimed at sustainability [4], energy efficiency, and the transition toward cleaner
and more efficient transport systems.

2.4. Sensitivity Analysis

A sensitivity analysis was carried out to assess the robustness of the results with
respect to two critical assumptions: the share of rail users coming from private vehicles
(s) and the average car occupancy (0). Under constant total rail demand, the number of
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cars removed from the road corridor—and thus the associated energy savings, avoided
emissions, and congestion reduction—scales with the factor, Equation (13).

S 0p
F=(2). (—) 13
()6 &
where sy and oy represent the baseline values adopted for the case study. These baseline
values are presented in Section 3, which describes the data sources for Gran Canaria.

In addition to the proportional scaling used for private-car energy and emissions,
congestion effects were cross-checked using the Bureau of Public Roads (BPR) speed—flow

14+ (‘C’) ﬁ] (14)

with the standard parameters « = 0.15 and (3 = 4, as originally proposed by the U.S.

relationship, Equation (14).

t =ty-

Bureau of Public Roads [41] and widely adopted in traffic assignment studies [42]. These
default values continue to be used as reference points in more recent applications [43—45].
Reductions in car flow were modeled as, Equation (15).

DV =DV -F (15)

and the congestion reduction was then computed as, Equation (16).

R(F) = (t_tt/) (16)

where t and ' are the average travel times before and after the reduction in traffic volume,

respectively.
The steps described above collectively form an integrated framework for quantifying
energy use, emissions, and congestion impacts under different transport scenarios.

3. Materials

This study is based on a systematic integration of multiple public and private sector
data sources, with the aim of characterizing mobility patterns and energy consumption
in the southeastern corridor of Gran Canaria, affected by the future implementation of
the railway system. The period analyzed corresponds to the year 2023, selected as a
representative reference of normal mobility conditions following the recovery of post-
pandemic activity. The year 2024 was excluded due to the entry into force of exceptional
public transport fare-free measures (art. 74, RD-Law 8/2023), which significantly altered
usual demand [46] by oversizing services, and whose continuity is not guaranteed.

To characterize the baseline situation and estimate the potential impact of the new
railway system, this section is organized into four blocks. First, the current public transport
system is analyzed, considering routes, trips, fuel consumption, and fleet characteristics.
Second, the household vehicle fleet and private car mobility are studied, with special
attention to the traffic volume along the railway axis and its associated consumption. Third,
the energy and environmental analysis is addressed, including projected consumption
and the emission factors considered. Finally, the renewable energy resource that would
power the railway system is examined, ensuring complete decarbonization. Both public
and private transport would benefit from road decongestion through the use of the train.

3.1. Public Transport

Public transport in Gran Canaria consists of an interurban bus network operated by
the concessionaire company Global Salcai Utinsa S.A. (GSU), under the coordination of the
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Gran Canaria Single Transport Authority (AUTGC). The network covers all the island’s
municipalities, with a system of high-frequency services along the eastern corridor, which
accounts for the largest passenger traffic volume.

For this study, detailed information provided by the company GSU was used. The
data include:

e  Georeferencing of the stop and line system. The stop network (n = 660 unique) and
its relation to the intermediate arcs between nodes (1 = 4954), corresponding to 153
operational lines, were extracted from the operational database and validated against
the layout of the planned railway project.

o  The expeditions file containing 377,128 records for the year 2023. It includes informa-
tion per expedition: line, direction, origin and destination stops, duration, kilometers
traveled, commercial speed, vehicle type, seats offered, occupancy, and date. This
database enables a dynamic characterization of corridor usage by day of the week and
season of the year (school vs. holiday periods). Table 1 shows, as an example, the data
in this file for line 055/14.

e  The consumption file with technical information on 259 vehicles, including average
consumption (1/100 km), engine type and power (302-316 kW), emission category
(Euro 6 B, C, or D), passenger capacity (seated and standing), and fuel type (diesel).

Table 1. Example of data in the line shipment file. Source: Authors” own elaboration. Data extracted
by the authors from the expedition records of the company Global Salcai Utinsa S.A. and the AUTGC.

Line 055/014
Start year 2023
Direction IDA
Number of expeditions 767
Kilometers 10,254.79
Consumption 4945.72
Average consumption 0.48
Km of route 13.37
Non-substitutable travel 2.87
Replaceable travel 10.50
% Non-substitutable 21.47%
% replaceable 78.53%
Replaceable consumption 3884.07
Replaceable kilometers 8053.50

The analyzed fleet is equipped with an advanced onboard management system that
enables real-time monitoring and control through GPRS communication, integration with
ticketing platforms, inspection, and telemetry. This technological infrastructure allowed
for detailed traceability of operations during 2023, the year selected as representative of
stabilized mobility conditions following the COVID-19 pandemic.

In addition, georeferenced data on lines and stops were incorporated, with a total of
660 unique physical stops, more than 5000 passage records, and 4954 segments (arcs) de-
fined between consecutive nodes. This network made it possible to accurately assess which
current expeditions have a high degree of spatial overlap with the proposed railway align-
ment and, therefore, which could be fully or partially substituted after its implementation.

3.2. Private Transport

The analysis of private transport focused on characterizing the household vehicle fleet
and estimating its potential for modal shift to the railway system.
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Data were drawn from the Vehicle Fleet Statistics of the Canary Islands Statistics
Institute (ISTAC) and the Spanish Directorate-General for Traffic (DGT), with time series
spanning from 1961 to 2023. To characterize the structure of the vehicle fleet (Table 2), data
from the years 2013, 2014, and 2015 were used, as these were considered representative
of the balance between technological renewal and circulating volume. Only household
passenger cars were included, while vans, commercial, institutional, and heavy vehicles
were excluded.

Table 2. Cars and mopeds according to vehicle types and engine power. Gran Canaria, 2023. Source:
Vehicle Fleet Statistics. Prepared by the author based on vehicle fleet statistics. Canary Islands Institute
of Statistics (ISTAC) carried out with data from the Spanish Directorate-General for Traffic (DGT).

Petrol Diesel Alternative
Total (Except (Except Enerey (*) Electricity
Hybrids)  Hybrids) 24
TOTAL 711,572 464,787 216,903 29,882 5624
Moped 22,872 21,131 1445 296 296
Car 688,700 443,656 215,458 29,586 5328
Motorcycle 68,732 67,976 76 680 654
Tourism 479,090 358,406 93,460 27,224 4309
Bus 2788 20 2744 24 5
Van 31,045 5222 25,420 403 227
All-terrain 19,298 4068 14,372 858 0
Truck 31,323 1277 29,978 68 20
Adaptable mixed vehicle 48,847 6492 42,031 324 113
Tractor 2211 0 2211 0 0
Motorhome 5366 195 5166 5 0

(*) Includes all engine energy types other than petrol (except hybrids) or diesel (except hybrids), i.e., also
includes electric.

In addition, the traffic gauging data provided by the Cabildo de Gran Canaria, lo-
cated at strategic points of the corridor, especially at the accesses to the future railway
stations, were incorporated (Table 3). This information made it possible to identify the
most relevant road sections by traffic intensity and to estimate the volume of potentially
substitutable vehicles.

Table 3. Traffic recorded in both directions on the GC-1 road network of Gran Canaria (year 2023).
ADT = Average Daily Traffic. Source: Cabildo de Gran Canaria. Note: Station code refers to the
original numbering system; New code corresponds to the updated classification used by the Cabildo
de Gran Canaria [22].

S(t:aotg:!n New Code PK (km) Station Location (Vehilzllz ;I;Day)

001-02,3-C 2.25 La Laja 87,106

001-03,5-C 3.475 Potabilization Machine 77,128
574 001-06,8-C 6.804 El Cortijo 162,993
93 001-18,3-C 18.29 Las Puntillas 111,967
94 001-20,0-C 19.95 Carrizal 99,498
532 001-37,4-C 37.35 Tarajalillo 78,080
533 001-37,8-C 37.865 Bahia Feliz 74,059
534 001-43,1-C 43.095 Playa del Inglés 61,079
535 001-46,6-C 46.635 Tablero Maspalomas 46,005

To exclude vehicles not affected by modal shift, microdata from the Household Vehicle
Module of the Survey on Essential Characteristics of Population and Housing (ECEPOV)
of the Spanish National Statistics Institute (INE) were used. This module provides detailed
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information on the number of vehicles per household, main use (work, study, leisure),
travel frequency, and usual mode of transport.

The potential for modal transfer was estimated based on data from the Demand Study
prepared by INECO for the AUTGC, as well as academic studies from the University of Las
Palmas de Gran Canaria (ULPGC). Both sources agree that 60% of the projected railway
system users would come from private vehicles, with an average occupancy of 1.4 persons
per car. These values allow for estimating a reduction of up to 42% in the flow of passenger
cars circulating along the overlapping sections.

These empirical values (sgp = 0.60 and oy = 1.4 passengers per vehicle) are used as
reference inputs in the sensitivity analysis described in Section 2.4.

To determine the associated energy consumption, the IDAE Passenger Car Guide for
vehicles sold in Spain (2016-2023) [47] was used, which details standardized consumption
and emissions by model. Table 4 presents a summary of the five main brands.

Table 4. Passenger cars in Gran Canaria, year 2023, by engine power, main brands and cylinder
capacity. Source: Authors’ elaboration based on the annual reports of the Institute for Energy
Diversification and Saving (IDAE).

Total Less than From 1000 From 1200 From 1400 From 1600 2000
1000 to 1199 to 1399 to 1599 to 1999 or More

Petrol (except hybrids) 358,406 71,649 66,519 111,230 62,621 31,820 14,567
VOLKSWAGEN 45,149 15,432 7122 12,338 6801 3327 129
TOYOTA 35,305 3167 877 19,647 7737 3634 243
SEAT 32,341 11,669 4174 10,277 5550 661 10
OPEL 31,875 1437 7862 16,064 4684 1635 193
RENAULT 31,533 6741 12,275 7112 3547 1811 47
(-.2)
Diesel (except hybrids) 93,460 109 304 5674 35,380 34,047 17,946
RENAULT 11,877 0 149 8 9182 2419 119
MERCEDES-BENZ 9037 9 4 3 594 1596 6831
VOLKSWAGEN 6661 1 56 7 1509 4577 511
NISSAN 6306 0 3 3 4479 766 1055
PEUGEOT 6085 9 6 960 3629 1153 328

¢.)

Technological bias from the most recent models was avoided by averaging the ten
best-selling vehicles per year and engine size segment. The average consumptions used in
the model were: gasoline 5.48 1100 km and diesel 5.21/100 km.

3.3. Energy Consumption and Emissions

This section analyzes the energy consumption and associated emissions of both the
current transport system and the projected railway system, allowing for the estimation of
potential savings and decarbonization. According to the power study for direct current
electrification of the Santa Catalina—Meloneras line [21], the energy consumption of the
railway system was estimated for three types of service: island line, shuttle, and express.

In the planned operating scenario, which considers frequencies of up to 10 min during
peak hours, Figure 5 shows the electric energy consumption (kWh) over the 24 h of the
day. Higher demand is observed between 7:00 and 23:00, with values exceeding 6000 kWh,
and minimum consumption during the early morning (00:00-06:00). The estimated daily
electricity consumption is 149.18 MWh/day (Figure 5), which totals 69.73 GWh/year,
including traction, air conditioning, lighting, auxiliary facilities, and losses.
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Figure 5. Hourly distribution of daily energy consumption (kWh). Source: Authors.

The current consumption of the bus system and substitutable private vehicles repre-
sents, in energy terms:

e  Buses: 5,251,036 L of diesel, which according to PCI represent 202,706 GJ or 53.6 GWh.
e  Gasoline light vehicles: 22,998,799.41 L, equivalent to 786,558.94 GJ = 218.49 GWh.
e  Diesel light vehicles: 5,449,799.8 L, equivalent to 210,362.27 GJ] = 58.43 GWh.

The current system’s total energy consumption amounts to 1,199,627.23 MJ = 333.22 GWh,
compared to the 63.73 GWh required by the railway and its facilities.

For the calculation of emissions, standardized emission factors were applied in accor-
dance with the guidelines of the Intergovernmental Panel on Climate Change (IPCC) and
Directive 2009/33/EC [48]:

e  Gasoline: 2.3 kg CO, /L
e Diesel: 2.6 kg CO,/L

Throughout the document, emission figures are expressed in terms of CO, equivalent
(COy-eq), calculated according to the current global warming potentials (GWP) [49].

In 2023, the subsector with the greatest share of total GHG emissions continued to be
transport (32.5%) [50], with the following structure in percentaje:
Road transport: 79.6%
Passenger cars: 42.5%
Trucks and light vehicles: 32.3%
Buses: 3.9%

and in emissions:

e  Buses: The interurban bus fleet consumed 5,251,036 L of diesel on routes substitutable
by the train, resulting in emissions of 13,652.69 t CO,-eq/year.
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e  Gasoline light vehicles: 22,998,799.41 L, representing 53,021.21 t CO,-eq/ year.
e  Diesel light vehicles: 5,449,799.8 L, representing 14,233.47 t CO;-eq/year.

The total emissions eliminated by the new system amount to 80,907.4 t CO;-eq, ensur-
ing a net-zero emissions balance.

This calculation provided a solid basis for projecting the energy and environmental
benefits derived from the partial substitution of the current system by the railway.

Renewable Energy Resource

The railway model analyzed in this study is designed with an exclusively renewable
supply, based on a dedicated wind farm that will be connected to the general electricity
grid through a specific evacuation and distribution infrastructure, thereby guaranteeing
full coverage of the railway system’s needs with renewable energy.

This choice responds to several criteria set out in the PTECan [51]: high availability of
wind resources on the island, generation stability, technological maturity of wind turbines,
and competitiveness compared to other renewable technologies in the island context.

The wind farm will be located in the Piletas area, municipality of Agiiimes (Figure 6).
The installation consists of seven wind turbines with a total installed capacity of 26.4 MW. The
forecasted annual energy production of the farm, with a capacity factor of 0.35 for the chosen
area [52] is 80.94 GWh, which in any case covers the annual energy demand of the railway.

Wind farm area

Figure 6. Location of the self-consumption wind farm associated with the railway line. Source:
https:/ /grafcan.es/71aYsVT accessed on 15 September and Authors’ elaboration.
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The integration of this renewable source through a dedicated grid connection ensures
that the railway system generates neither direct nor indirect emissions associated with
electricity consumption, thus meeting the criteria for full decarbonization.

3.4. Traffic Congestion

To assess the points of greatest congestion, traffic count data from the Cabildo of Gran
Canaria were used. The most congested point occurs at the junction of the GC-1 and GC-3.
Table 5 shows traffic intensity at the four most critical points of the GC-1, broken down into
light vehicles (motorcycles, passenger cars, vans, and SUVs) and heavy vehicles (trucks
and buses).

Table 5. Average vehicle intensity at critical points of the GC-1. ADT = Average Daily Traffic. Source:
Cabildo de Gran Canaria.

Capacity in the GC-1Average Daily Vehicle Intensity (ADT)

La Laja El Cortijo Las Puntillas  Playa del Inglés
Distribution of capacity according to the distribution of the vehicle fleet
MOTOR VEHICLES 87,106 162,993 111,967 61,079
LIGHT a 78,369 148,712 100,736 54,952
Motorcycles C 9005 17,088 11,575 6314
Cars c 62,768 119,108 80,683 44,013
Vans c 4067 7718 5228 2852
All-terrain vehicles c 2528 4798 3250 1773
HEAVY b 8737 14,281 11,231 6127
Distribution of the estimated capacity of replaceable vehicles (light homes and public transport buses)
MOTOR VEHICLES 58,694 110,620 74,938 41,057
LIGHT d 57,939 109,945 74,476 40,627
Motorcycles f 6657 12,633 8558 4668
Cars f 46,405 88,059 59,650 32,539
Vans f 3007 5706 3865 2109
Vans f 1869 3547 2403 1311
HEAVY (BUSES) e 755 675 462 430

Legend: Non-replaceable vehicles because they are not light for household or bus use. The upper section shows
the average daily traffic intensity on the GC-1 by vehicle type for the years 2013-2015: (a) light vehicles, (b) heavy
vehicles, and (c) breakdown of light vehicles by fleet composition. The lower section shows the estimated
capacity of replaceable vehicles: (d) household light vehicles, (e) public transport buses estimated from Global
expedition data on the lines, affected by the train, and (f) distribution of household light vehicles according to the
fleet structure.

From the calculation of light vehicles likely to be replaced by the train, and based on
the demand studies conducted by INECO for the AUTGC (Figure 7), it is estimated that
60% of the future users of the train will come from household light vehicles. Considering
an average occupancy of 1.4 passengers per vehicle, this represents approximately 42% of
the traffic of light vehicles susceptible to being replaced.
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Figure 7. Vehicles susceptible to being replaced by the train (Source: Authors’ elaboration based on
demand studies carried out for AUTGC).

4. Results and Discussion

Following the methodological structure described in Section 2, the results are presented
in three parts: energy use, greenhouse gas emissions, and congestion reduction.

After assessing the mobility conditions in the study corridor, the routes undertaken,
the vehicles operating on them, and the energy and environmental impacts of interurban
collective public transport and private transport susceptible to being replaced by guided
transport were established. Likewise, the effect on road congestion was determined.

Regarding public transport, Table 6 presents the data comparing the baseline situation
with the estimated effects of railway implementation.

The avoidable emissions according to the conversion factor used (2.6 kg CO, /L diesel,
IPCC and Directive 2009/33/EC) amount to 13,652.69 t CO,-eq/year. According to the 2023
emissions inventory of the GSU fleet, which reflects an emissions index of 1244.16 t CO,-eq
per million km traveled, the avoidable emissions are 13,626 t CO,-eq/year. The small
differences between both values are attributed to the different methodological approaches
(operating vs. real model).

Regarding private transport, Table 7 presents the comparison between the baseline
and the estimated effects of train implementation.
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Table 6. Effects of the implementation of the train on public transport. Source: authors” own
elaboration based on the study data.

Year 2023
Initial results:
Expeditions carried out 336,435
Distance traveled (km) 14,365,182
Total diesel consumption (liters) 6,915,044
Average consumption (1/km) 0.48
Passengers carried 20,073,462
Final results:
Replaceable distance (km) 10,952,693
Replaceable diesel consumption (liters) 5,251,036
Substitutable Power (GJ) 202,706
Substitutable Energy (GWh) 56.3
Avoidable emissions (t CO,-eq/year) 13,652.69

Table 7. Effects of the implementation of the train on private transport. Source: Authors” own
elaboration based on the study data.

Year 2023
Petrol Diesel Total

Current scenario:
Distance traveled (km) 2,527,619.45 659,116.52
Average consumption [IDAE] (1/100 km) 5.94 5.39
Average emissions [IDAE] (g/km CO;-eq) 136.84 140.87
Fuel consumed [IDAE] (liters) 54,759,046.21 12,976,035.18
Emissions [IDAE] (t/year CO,-eq) 126,241.42 33,889.23 160,130.65
Emissions [emission factor] (t/year COz-eq) 127,064.19 33,737.69 160,801.88
Energy consumed (GJ) 1,872,759.39 500,875.00 2,373,634.39
Energy consumed (GWh) 520.21 139.03 659.24
Scenario with rail transport:
Replaceable consumption (liters) 22,998,799.41 5,449,799.80
Substitutable Power (GJ) 786,558.94 210,362.27 996,921.21
Substitutable Energy (GWh) 218.49 58.43 276.92
Emission reduction (t CO,-eq/year) 53,021.21 14,233.47 67,254.68

According to the methodology applied, based on the IDAE factor of 5.39 L/100 km,
the avoidable emissions for diesel fuel are estimated at 33,889.23 t CO,-eq/year. Using the
conversion factor of 2.6 kg CO, /L of diesel, in accordance with the IPCC and Directive
2009/33/EC, the avoidable emissions amount to 33,737.69 t CO,-eq/year.

Similarly, for gasoline vehicles, based on the IDAE factor of 5.94 L/100 km, the
avoidable emissions are estimated at 126,241.42 t CO,-eq/year. Using the conversion factor
of 2.3 kg CO, /L of gasoline, the avoidable emissions amount to 127,064.19 t CO,-eq/year.
The small differences between both values are attributed to the different methodological
approaches (operational model vs. real).

Table 8 summarizes the sensitivity analysis for a range of plausible values of modal-
shift share (s = 0.40-0.70) and average car occupancy (o = 1.2-1.7). The baseline corresponds
tos =0.60 and o = 1.4, as adopted in the original demand study.
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Table 8. Sensitivity of congestion reduction, avoided emissions, and avoided energy consumption to
modal-shift share (s) and average car occupancy (0). Source: Authors’ own elaboration based on the

study data.

Congestion Avoided Avoided

Scenario s o F Reduction Emissions Energy
(%) (t CO,-eq/year) (GWh/year)

Conservative low 040 1.60 0.583 24.5 52,885 217.84
Moderate low 050 150 0.778 32.7 65,962 271.68
Baseline (central) 0.60 1.40 1.000 42.0 80,907 333.22
High 070 130 1.256 52.8 98,152 404.23
Worst-case (high occ.) 040 170 0.549 23.1 50,577 208.33
Low occupancy 060 120 1.167 49.0 92,116 379.37

The results confirm that, even under conservative assumptions (s = 0.40 and o = 1.70),
the guided rail system reduces congestion by over 23% and avoids more than 50,000 t
COy-eq/year. Under more favorable assumptions (s = 0.70 and o = 1.30), congestion
reduction exceeds 50% and avoided emissions approach 100,000 t CO,-eq/year. These
findings demonstrate the robustness of the projected benefits across a wide range of
plausible conditions.

A non-linear sensitivity check using the BPR formulation (Equations (14)—(16)) con-
firmed that the estimated congestion reductions remain within the 23-53% range across the
tested values of s and o, supporting the validity of the linear approximation used in Table 8.

The sensitivity analysis demonstrates that the magnitude of the projected benefits
is not strongly dependent on a single set of behavioral assumptions. While the baseline
scenario reflects the best available empirical data, alternative combinations of modal shift
and car occupancy still yield substantial reductions in energy use, GHG emissions, and
road congestion. This reinforces the applicability of the framework as a robust decision-
support tool.

It should be noted that the decongestion benefits estimated in this study represent an
upper bound, since the potential rebound effect associated with induced demand has not
been explicitly modeled. In the long term, reductions in travel time and congestion could
encourage some additional car journeys that are currently deterred by traffic saturation,
thereby partially offsetting the gains in road capacity. However, this effect would not alter
the magnitude of the reductions in energy consumption and GHG emissions associated
with the modal shift from private cars and buses to rail, since those benefits are primarily
determined by the substitution of fossil-fuel transport with a renewable-powered rail
system. Future extensions of this work could integrate induced-demand models to capture
this phenomenon more accurately.

Integrating both transport modes, the guided system powered by renewable energy
would result in a total energy saving of 1,199,627.23 MJ = 333.22 GWh and would prevent
80,907 .4 t CO,-eq of emissions.

In addition, there would be a decongestion of 42% of household light vehicles and
70% of buses at the most critical traffic count point.

5. Conclusions

This study analyzed the factors conditioning mobility in the southeast of Gran Canaria.
It was identified that both the island’s orography and the degree of territorial protection act
as restrictions on population settlement and economic development. This corridor, which
includes the municipalities of Las Palmas de Gran Canaria, Telde, Ingenio, and Agtiimes,
concentrates over 80% of the island’s population and economic activity.
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This spatial configuration concentrates 81% of the population and 85% of economic
activity in the southeastern corridor, along with strategic infrastructures such as the port
and the airport.

The results indicate that the implementation of a collective public transport system,
with its own infrastructure and guided mode, as proposed by the Cabildo of Gran Canaria,
constitutes a viable solution to the current mobility problem and the saturation of the road
infrastructure. This new model would contribute to the decongestion of the GC-1, the
optimization of energy consumption, and the reduction of CO, emissions.

The research provides a precise methodology to estimate the energy consumed by the
current transport system—both public and private—susceptible to substitution by the new
system, as well as the expected degree of decongestion on the island’s main road artery.

In the field of public transport, the detailed analysis of the routes and stops of the
affected lines made it possible to identify those that can be efficiently replaced. High-
resolution quantitative results have been obtained, which, to date, had not been determined
in previous studies.

Regarding private transport, the estimation of the demand transferable to the new
system required the integration of multiple sources of information: characteristics of the
vehicle fleet, surveys on the use of private cars, and traffic data obtained at specific points
along the corridor. This enabled accurate and representative estimates of the potential
impact on the main road (GC-1) analyzed.

Additionally, since the proposed transport system allows operation with renewable
energy, the substitution of fossil energy and the resulting degree of decarbonization were
calculated. The source considered is wind energy; therefore, the study includes an analysis
of the estimated production of the wind farm in relation to the energy demand of the
guided system, considering its technical characteristics and service frequency.

The sensitivity analysis of the modal shift rate and average car occupancy confirms
that the projected benefits are robust. Even under conservative assumptions, the guided
rail system achieves substantial reductions in congestion, energy use, and GHG emissions.
This strengthens the generalizability of the methodology and supports its applicability to
other island or isolated-grid contexts where behavioral and modal-shift parameters may
vary. The sensitivity analysis of the modal shift rate and average car occupancy confirms
that the projected benefits are robust.

The findings obtained for Gran Canaria are closely linked to the island’s territorial and
energy context, but the methodology also offers lessons for other regions with similar chal-
lenges. By explicitly linking transport substitution with a dedicated renewable supply, the
framework provides guidance for insular territories as well as for isolated or metropolitan
contexts seeking to achieve genuine decarbonization rather than apparent local reductions.

Finally, it is proposed that improvements in traffic count systems through smart
cameras with automatic visual recognition and computer vision analysis would significantly
increase the accuracy of vehicle counts and the occupancy index of private cars. Under
the baseline scenario, the proposed guided rail system would reduce road congestion
by approximately 42% and avoid about 81,000 t CO,-eq/year, representing a significant
contribution to energy efficiency and emission mitigation on the island.

These results provide a robust technical basis for the future development of a
comprehensive and intermodal mobility plan in the metropolitan area of southeastern
Gran Canaria.

In addition, the framework can support decision-making processes for sustainable
mobility and energy planning in insular territories and in other regions with isolated
grids. In practical terms, the methodology may be applied to evaluate renewable-powered
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transport projects, to assess the integration of mobility policies with climate strategies, and
to guide infrastructure investments that ensure additionality of renewable supply.

Future research will focus on extending the framework in several directions. First, the
incorporation of induced-demand models would allow for a more dynamic assessment
of long-term congestion and mobility patterns. Second, the integration of economic and
financial analyses would complement the current energy and environmental evaluation,
providing policymakers with cost-effectiveness indicators. Third, methodological devel-
opment could address the coupling of different renewable technologies (solar, offshore
wind, storage) with transport systems, thereby enhancing the replicability of the approach
in a variety of contexts. These outcomes are consistent with the objectives of the European
Green Deal and the United Nations 2030 Agenda, providing evidence-based guidance for
transport decarbonization policies.
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