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Figure 15. Distribution of the thermal energy input within the Allam cycle. The figures across the chart
represent the percentage of the thermal input.

There are also some other power cycles that run on the oxy fuel combustion concept. Clean Energy
Systems [117] proposed a cycle which uses water instead of recycled flue gas to control the turbine
inlet temperature. Fuel is combusted with an oxidant in a high-pressure combustor in the presence of
supercritical steam. The hot gas is then expanded in three different turbines with reheating between
them. This cycle is considered by CES as a long-term solution to use in the oxy combustion process
with natural gas. A schematic of the proposed cycle is shown in Figure 16.

��
Figure 16. Schematic diagram of a supercritical CES cycle.
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3.2. Chemical Looping Combustion (CLC)

Chemical looping combustion is a novel process in the field of carbon capture. This method
has the potential to be the most efficient and a low-cost process for capturing carbon dioxide from
fossil fuel power plants. IPCC identified this method as one of the cheapest technologies for carbon
capture [93]. It has the inherent advantages of CO2 separation with a minimum energy requirement.

There is no direct contact between the air and fuel which is why it is also known as unmixed
combustion [118]. Instead of air, an appropriate oxygen carrier brings oxygen from the air to fuel [119].
Two fluidized bed reactors are used in this process. One is known as the air reactor and the other as
the fuel reactor. A schematic of the process is shown in Figure 17. A solid oxygen carrier is circulated
between these two reactors. The solid oxygen carrier is oxidized in the air reactor. After oxidation,
the carrier goes to the fuel reactor. Fuel is oxidized in the fuel reactor while the oxygen carrier is being
reduced. The corresponding chemical reaction can be written as follows [120]:

Fuel reactor: (2n + m)MyOx + CnH2m → (2n + 1)MyOx−1 + mH2O + nCO2

Air Reactor: MyOx−1 +
1
2 O2 →MyOx

Figure 17. Schematic of the chemical looping combustion process [120].

After the completion of the fuel oxidation, the metal oxygen carrier is circulated back to the
air reactor [120]. CO2 and water are produced in the fuel reactor. CO2 can be easily separated by
condensing H2O and then sequestered or used for other purposes. After oxidizing the oxygen carrier,
the remaining air contains only nitrogen and unreacted oxygen. As they are not harmful to the
environment, they can be released without further processing. Syngas produced from gasification of
coal is used in the fuel reactor when coal is as the main fuel. A schematic layout of a power plant using
chemical looping combustion with syngas from coal is shown in Figure 18.

Here, Ni reacts with high-pressure air in reactor 2 to form NiO and to remove oxygen from the
air. Then, NiO is separated from the air. The hot and high-pressurized nitrogen-rich stream is passed
through a turbine to generate power. NiO is passed to reactor 1 where it is reduced and the fuel is
oxidized into CO2 and H2O. This high-pressure and high-temperature CO2 and H2O streams are used
to produce steam for additional power generation. After that, CO2 is captured by condensing H2O
from the stream. Reduced NiO forming Ni is returned to the air reactor to repeat the cycle.

Despite the novelty of the CLC process, this method has certain challenges. For example, the design
of the reactor with two separated reaction zone is one of the main challenges. A CLC reactor system
with two interconnected fluidized bed is shown in Figure 19. Here, the oxygen carrier should circulate
between the zones, but the gas streams should not be leaked into one to another. The first continuous
operation of this type of reactor was achieved with a 10 kW prototype at Chalmers University of
Technology [122]. It showed a stable operation with 99.5% fuel conversion efficiency at ambient
pressure. There was no significant gas leakage. There are also some other approaches in the design of
the reactor. Shimomura [123,124] proposed a reactor with a rotating reactor wheel. Air and fuel were
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to be fed at separate compartments of the wheel. They considered an adsorbent wheel which would
use Li4SiO4 based absorbent. Ivar et al. [125] worked on developing novel concepts of reactor. Their
initial testing showed that the mixing of air and fuel could only be avoided partly. A steam stream was
employed as a gas wall between the fuel and air. The flue gas in this experiment contained 85% CO2

after steam removal.

Figure 18. Layout of a power plant using chemical looping combustion with NiO and syngas [121].

Figure 19. A CLC reactor with two interconnected fluidized beds [126].

The thermal efficiency of a combined cycle power plant equipped with CLC was found to be
around 52–53% with respective operating temperature and pressure of 1200 ◦C and 13 atm in the air
reactor. Implementation of CLC yields 3–5% higher efficiency than other carbon capture methods [127].
A 2.8% higher thermal efficiency was found for a CLC-IGCC power plant compared to an IGCC using
physical absorption for carbon separation. Also, the CLC allowed for 100% capture of carbon dioxide
while the physical absorption yielded 85% capture from the IGCC plant [122].

An important aspect of research in the CLC field is to find a suitable oxygen carrier that would
have a high fuel conversion ratio, a good stability, and a high oxygen transport capacity [122]. Various
materials are being tested for this purpose. Materials with reactivity above or near their melting point

122



Energies 2019, 12, 4143

should not be used as the oxygen carrier because they would have to undergo a cyclic operation at a
high temperature. Along with the reactivity, thermal stability, toxicity, and cost should be considered
when choosing an oxygen carrier [128]. Some of the most likely elements to use as oxygen carrier are
iron, copper, manganese, and nickel. They should be combined with inert materials like alumina, silica,
titanium oxide etc. [122]. Lyngefelt et al. [129] tested more than 290 different particles as oxygen carrier
including active oxides of copper, nickel, manganese, and iron. A conversion efficiency of 99.5% was
attained in a 10 kW prototype reactor. In another experiment, 99% conversion efficiency was gained
when NiO/MgAl2O4 was used as an oxygen carrier [130].

Another significant factor for better efficiency is the temperature of the air reactor. The temperature
of the air reactor can be compared with the turbine inlet temperature of a conventional power plant [122].
The reaction that takes place in the air reactor is endothermic whereas the reaction at the fuel reactor can
be endothermic or exothermic. Rehan et al. [131] examined a multi-stage chemical looping combustion
for combined cycle. They found that at an oxidation temperature of 1200 ◦C, a CLC combined cycle
would operate at achieved 52% efficiency without reheating. The same power plant exhibited 51%
efficiency at 1000 °C and 53% efficiency at 1200 °C reactor temperature when a single stage reheat was
employed. However, employing a double stage reheat did not improve the efficiency over the single
reheat system. Zhu et al. [132] compared the performance of an IGCC with chemical looping and
calcium looping processes. They concluded that the CLC based technology exhibits higher efficiency
(39.78%) than the pre-combustion capture with physical absorption (36.21%) and calcium looping
(37.72%). The payback period of the above three capture methods was estimated to be 13.45 years,
13.21 years and 17.25 years, respectively.

4. Comparison of the Methods

Carbon capture requiring separation of CO2 is an age-old process and it has reached a certain
maturity with various established full-scale application. A lot of experimental and numerical modeling
studies have been done on these processes. The main advantage of post combustion capture is its easy
integration capability with the existing power plants, but the partial pressure and concentration of
CO2 are very low in the flue gases. For transportation and storage of CO2, a minimum concentration
should be reached. The required extra energy and extra costs of carbon capture to attain a minimum
required concentration are significantly high.

When using chemical absorption process for the separation, degradation of the solvent and severe
corrosion of the used equipment take place. Therefore, a huge cost for solvents and other equipment
becomes necessary for this process to make CO2 ready for transportation and storage. These may
increase the cost of producing electricity around 70% [118]. Research is ongoing for new solvents to
reduce the cost of carbon capture. Large equipment size results in the high capital and operating cost
in this method.

Pre-combustion carbon capture is mostly used in process industries. There are also full-scale
CCS plants in some industries which use this method [11]. The amount of CO2 is much higher in the
gas mixture in this process than the conventional flue gas mixture. Due to the higher pressure and
lower gas volume, less energy is required in this process compared to post combustion capture, but
still, the energy penalty is high. Precombustion is mainly used in integrated gasification combined
cycle technology. This technology demands a huge auxiliary system for smooth operation. Therefore,
the capital cost of this system is too high compared to other systems.

On the other hand, carbon capture processes without requiring separation are comparatively
novel in power generation. There is no full-scale operational plant based on these processes. There are
some pilot scale operation and some subscale demonstration plants under development using oxy
fuel combustion [10,30,94]. The most promising step regarding oxy fuel combustion is the 50 MWth
demonstration power plant built in Texas by Net Power using the concept of Allam cycle. It will
ensure near zero emission. This method has some other advantages like reduction in equipment size,
compatibility with various kinds of coals, and no need for an onsite chemical plant [10].
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The process, however, requires a large amount of high purity oxygen. Therefore, an
energy-intensive ASU is needed for oxygen production. Membrane-based technology for air separation
may compete with cryogenic ASU through a higher degree of integration into the power cycle [133]. Due
to this ASU and CO2 compression unit used in this process, net power output decreases significantly.
Along with these, there are some technical uncertainties that demand more research to understand the
full-scale operation. However, since no extra cost is required for CO2 separation, this process remains
a promising one to produce electricity at a lower cost while confirming near zero emission.

The CLC process for carbon capture is still in the preliminary stage. It has not been implemented
on a commercial level yet. Further research is required to take advantage of this method. Due to the
absence of flame, no NOx is produced thermally and the outlet stream of air reactor is harmless for the
environment [93]. Developing a proper oxygen carrier to use in CLC will make it more attractive than
other processes.

A comparison of the thermal efficiency of power plants with different CO2 capture processes is
provided in Table 6. The efficiencies shown in the table are based on the lower heating value of the
fuel. Bituminous coal is considered for coal-based power plants due to its extensive use in power
production [30]. The Selexol process is taken into consideration for precombustion carbon capture in an
IGCC GE type gasifier. In the case of chemical looping combustion, ilmenite was used as oxygen carrier
for coal-based power production whereas Nickel Aluminum oxide was used for natural gas-based
power production [134,135].

Table 6. Efficiency comparison of power generation with different carbon capture processes [30,107,134,135].

Fuel Type Process Net Efficiency Net Power (MW)

Coal (Bituminous)

Without carbon capture 44 758

Precombustion 31.5 676

Post combustion 34.8 666

Oxy Combustion 35.4 532

Oxy Combustion (Allam Cycle) 51 226

Chemical looping combustion 44 115.5

Natural Gas

Without carbon capture 55.6 776

Pre combustion 41.5 690

Post combustion 47.4 662

Oxy Combustion 44.7 440

Oxy Combustion (Allam Cycle) 59 303

Chemical looping combustion 52.2 364

When coal is used as a fuel, the CLC exhibits the same efficiency as the base combustion technology
using pulverized coal without any capture. Reduction in the efficiency is the highest in pre-combustion
carbon capture. Post combustion and oxy combustion carbon capture show an almost similar drop
in efficiency. An interesting observation in this comparison is the efficiency of the Allam cycle.
The targeted efficiency of the Allam cycle is almost the same as the reference power plant efficiency
without capture. If this cycle can be implemented commercially at a larger scale, the overall power
generation efficiency will increase while ensuring total carbon capture.

When natural gas is used as fuel, the pre-combustion carbon capture shows a 14% drop in the
efficiency from the reference powerplant whereas the post combustion carbon capture shows an 8%
drop. The traditional oxy combustion process exhibits an efficiency of 44.7%. Chemical looping
combustion indicates only a 4% drop in efficiency from the reference plant. The Allam cycle shows an
extraordinary performance whose efficiency happens to be over 3 percentage points higher than that
of the reference combined cycle without CO2 capture.
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From the efficiency comparison of Table 6, it may be concluded that the chemical looping
combustion and the Allam cycle are expected to be the leading technologies in the near future for
fossil fuel-based power generation. The 50 MWth Allam cycle provides the basis for deployment of
large-scale facilities. Currently, 300 MW natural gas-fired plants are under development. The chemical
looping method is not yet technologically ready to implement on an industrial basis. The method is still
in the investigation stage. More experimental data are necessary before large-scale commercialization.

Conventional carbon capture process results in the reduction of efficiency. More fuel is burnt per
unit of electricity production due to this inefficiency which leads to more production of CO2. Also,
the processes used for capturing carbon dioxide may affect the environment in different ways other
than direct emission of CO2. For example, different substances used for separating and capturing CO2

may have undesired effect on the human body and environment. Using a solid sorbent covered with
coating was experimented to reduce the formation of dust from the substance [136]. This could also
reduce the capacity of the substance to capture carbon dioxide. Also, stripping of organic solvent from
membranes and sorbents is suggested to prevent undesired odor. Before employing carbon capture, it
should be ensured that reducing CO2 is not being achieved at the cost of other environmental impacts.

Life cycle assessment of the plants is necessary to properly understand environmental impacts of
the carbon capture methods. Schreibar et al. [7] used the life cycle assessment (LCA) methodology for
post combustion carbon capture using MEA whose impact on the environment and human health was
investigated for five power plants. The global warming potential (GWP), human toxicity potential
(HTP), acidification potential (AP), photo oxidant formation potential, eutrophication potential (EP)
were considered as impact categories. As expected, GWP was much lower with MEA compared to the
power plants without capture whereas HTP was three times higher with MEA plants. Schreibar et al. [7]
concluded that upstream and downstream processes such as emissions from fuel and material supply,
waste disposal, and waste water treatment influence the environmental impact measures for power
plants with carbon capture. Viebahn et al. [137] revealed about a 40% increase in AP, EP, HTP when
post combustion carbon capture was implemented in a power plant.

A similar result was found by Veltman et al. [138]. They showed that a power plant with post
combustion capture yields a 10 times increase in toxic impacts on freshwater compared to a plant
without capture. Impacts on other categories were negligible. Degradation of MEA resulted in the
emission of ammonia, acetaldehyde, and formaldehyde. Cuellar et al. [139] compared life cycle
environmental impacts of carbon capture and storage with carbon capture and utilization. GWP with
utilization was much greater than that with storage. The highest reduction of GWP was found for
pulverized coal and IGCC plants employing the oxyfuel capture method as well as combined cycle gas
turbine plants equipped with a post combustion capture technology.

Pehnt et al. [140] showed that a conventional power plant operating on coal with post combustion
carbon capture would result in an increase in the environmental impact in almost all categories
except GWP. Solvent degradation and energy penalty due to CO2 capture process are the main
reasons for this increase. Precombustion capture showed a decrease in all the environmental impact
categories compared to a conventional power plant. They identified oxyfuel combustion as the most
potential process to reduce all the environmental impact categories if co-capture of other pollutants
can be achieved.

Nie et al. [141] investigated comparative environmental impacts of post combustion and oxy fuel
combustion carbon capture. Their analysis showed that almost all environmental impact categories
except GWP would increase with post combustion carbon capture. The same is true for oxyfuel
combustion except GWP, AP and EP. However, the amount of increase of these impact categories was
found to be less in oxyfuel combustion compared to the post combustion carbon capture. No LCA
analysis was found for chemical looping combustion and the newly proposed Allam cycle based on
oxyfuel technology.
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5. Conclusions

Despite their harmful effects on the environment, fossil fuels will continue to be the primary
source of power production. A comprehensive discussion of the technologies to reduce emissions
from fossil fuels is presented in this review. Post-combustion carbon capture technology requiring
separation is the best technology to retrofit the existing fossil fuel power plants. Pre-combustion carbon
capture is more suitable in an integrated gasification combined cycle. A post combustion carbon
capture process can be applied to the running power plants without much modification.

The separation of CO2 from the gas stream in these processes requires additional energy which
leads to an increase of the electricity price. Several technologies are available for separating CO2

from the gas stream. Separation is less costly in precombustion processes because of the higher
partial pressure of CO2 in the gas stream. Among the separation technologies, the absorption process
has become almost matured, but it requires attention to corrosion of equipment and high cost for
regeneration of the solvent. An adsorption process for separation cannot be applied at large scales due
to the low CO2 adsorption and capacity and influence of gases on the adsorbents. New adsorbents
should be developed to remove the barriers. Membrane technology is less energy intensive than other
processes, though it is less effective at low concentration of CO2. Also, more research is necessary to
determine membrane behavior at high capacity. Formation of clathrate hydrate to separate CO2 from
gas mixture needs more attention. Proper additives or promoters should be developed to use in the
process to make this process more competitive.

Carbon capture with water condensation is economically more viable to implement due to a
simpler design and higher plant efficiency and better environmental aspects for the life cycle compared
to the pre- and post-combustion capture methods. LCA shows that oxyfuel combustion has much less
effect on the environment compared to other methods. The combustion characteristics are different in
this case from traditional combustion. Due to the different characteristics, further research is necessary
to make this technology competitive with others. There still is limited knowledge of many important
aspects of oxy fuel combustion. Along with the theoretical achievement, it is necessary to find more
experimental data in order to validate theoretical models.

Further research is necessary to properly understand the oxy fuel combustion-based near-zero
emission power cycles like the Allam cycle. Successful commercial implementation of these cycles
will be a significant step in reducing emissions, thus meeting the challenge of global climate change.
Chemical looping combustion has also the potential to become a cost-effective way to reduce emissions.
It requires attention as a novel technology in this sector. The availability of suitable oxygen carriers
and appropriate designing of the reactors can make this process comparable with others. LCA of these
new methods is also necessary to properly understand their impact on the environment.
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Abbreviations

CCS Carbon Capture and Storage
IGCC Integrated Gasification Combined Cycle
TSA Temperature Swing Adsorption
PSA Pressure Swing Adsorption
VSA Vacuum Swing Adsorption
THF Tetrahydrofuran
TBAB Tetrabutylammonium Bromide
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TBAF Tetrabutylammonium Fluoride
ESP Electrostatic Precipitator
FGD Flue Gas Desulphurization
LCA Life Cycle Assessment
MEA Monoethanolamine
MOF Metal Organic Framework
CLC Chemical Looping Combustion
CFB Circulating Fluidized Bed
CES Clean Energy System
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Abstract: Testing the relationship between economic performance and energy consumption is of
utmost importance in nearly all countries. Taking the European Union as scope, this paper analyses
the impacts of energy efficiency legislation on a selection of household appliances. In particular,
it analyses the employment and value added impacts of the stricter energy efficiency requirements
for dishwashers, washing machines, and washer dryers. To do so, this paper combines a bottom-up
stock model with a macro-econometric dynamic general equilibrium model (FIDELIO) to quantify
the direct and indirect value added and employment impacts in the European Union. The analysis
shows that stricter energy efficiency requirements on household dishwashers, washing machines,
and washer dryers have a net negative macroeconomic impact on value added (roughly 0.01 % of
the total European Union value added) and a slightly net positive impact on employment. In fact,
the regulations cause a shift in the composition of the household consumption basket that seems to
favor labor-intensive industries.

Keywords: energy efficiency policy; household appliances; eco-design; energy labelling; indirect
impacts; general equilibrium model; FIDELIO model

1. Introduction

This paper (The views expressed are purely those of the authors and may not in any circumstances
be regarded as stating an official position of the European Commission) focuses on the relationship
between energy efficiency policies and macroeconomic performance. A better understanding of this
relationship is of key importance due to the increasing volume of regulated energy related products,
as well as the number of countries implementing energy efficiency standards. In particular, the aim of
the analysis is to add new empirical evidence regarding the macroeconomic impact of specific energy
efficiency regulations on three household appliances: dishwashers, washing machines, and washer
dryers in the European Union (EU). These appliances contribute approximately 2.8% to the residential
energy consumption of the EU [1].

Nowadays, energy efficiency policies are one of the key measures to reduce the impact of human
activities on the environment and the climate. Looking at the EU current growth strategy, climate
change and energy sustainability priorities establish, for instance, the need of a 32.5% energy efficiency
improvement for 2030. The improvement of energy efficiency has key impacts on the efforts that the
EU undertakes to reduce energy consumption and greenhouse gas (GHG) emissions [2].

Theoretically speaking, energy efficiency policies are expected to have impacts not only on the
environmental footprint of human activities, but also on the economic system through different
channels [3]. In a first instance, these policies create incentives for certain economic sectors to introduce
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Energies 2019, 12, 4312

new production technologies, with possible consequent changes in the costs and product prices. On the
other hand, energy efficiency technologies imply a reduction in energy consumption and, therefore,
a consequent reduction in energy expenditure. These two direct effects will then have repercussions
in the entire economy, through changes in the distribution of productive resources or changes in the
composition of end-user spending.

The growing attention and use of energy efficiency policies has given rise to a growing body of
literature that seeks to provide scientific evidence on the economic impact of these policies. These studies
propose different methodologies, and can be classified into two main approaches: analyses that use
partial models, and analyses that instead use general equilibrium models.

When considering the first approach, in recent years a growing number of analyses [4–7] focus
on the effects of the implementation of energy efficiency measures on household appliances by using
engineering approaches and bottom-up stock models. For example, there are some scientific studies
analyzing and projecting the electricity use, water use, pollutant emissions, and consumer welfare
implications for household appliances in Europe [8,9]. McNeil et al. (2013) [10] use a bottom-up stock
accounting model that predicts the energy consumption of different equipment in 11 EU countries
according to engineering-based estimates of the annual unit energy consumption. The authors model
a high-efficiency policy scenario and conclude that significant energy savings can be achieved by
adopting the current best practices of appliance energy efficiency policies. Braungardt et al. (2016) [11]
investigate the impact of eco-innovations on the EU residential electricity demand (excluding heating)
while using a detailed bottom-up modelling approach and find out that energy savings are achieved
through the development of technologies with efficiencies beyond the status quo. Studies on the
market penetration of high energy efficiency appliances in the residential sector are carried out by
Radpout et al. (2017) [12]. These authors develop a model based on econometrics and time series
analysis combined with the cost models. They find that government incentives to encourage people to
buy higher energy efficient appliances are more effective than electricity price policies. Yilmaz et al.
(2019) [6] publish a study that describes the development and application of a stock model that allows
for quantifying the changes in the number of household appliances in stock, the related evolution
of energy efficiency, as well as the changes/projections of electricity consumption between 2000 and
2035 in Switzerland. From the methodological point of view, this bottom-up stock model addresses
the limitations of other previous models [13,14] that offer insight into demand dynamics but provide
scarce information regarding the evolution of key parameters, such as new technologies, systems,
or practices or the forecasting of the sales and stock. Specifically, for washing machines, washer-dryers,
and dishwashers, Boyano et al. (2017) [15,16] analyze the environmental, employment, and economic
impacts in the EU of stricter energy efficiency requirements for these appliances. The authors built-up
a bottom-up stock model that projects stock sales, lifespans, and related evolution of energy efficiency
classes. They estimate the electricity consumption, water consumption, and consumer welfare between
2015 and 2030. The authors find a decrease in the employment, but they were unable to quantify
indirect, supply-chain, or cross-sectorial impacts.

While using a general equilibrium framework, other studies focus instead on the economic and
environmental impact of energy efficiency policy while considering all interlinkages and dependences of
the economic system. Hanson and Laitner (2004) [17] use the All Modular Industry Growth Assessment
(AMIGA) system to analyse the policies that increase investment in energy-efficient technologies in
the United States (U.S.) economy. They find that the policies would lead to substantial domestic
reduction of carbon emissions and a net positive impact on the economy. Rose and Wei (2012) [18]
analyse the impacts of the Florida Energy and Climate Change Action Plan that was introduced in 2001.
Using the econometric general equilibrium REMI model, they find that most of the recommended
options individually—as well as the combined recommendations—have positive impacts on the state’s
economy. Barker et al. (2016) [19] analyse four different policies that the International Energy Agency
suggests in order to close the 2020 emissions gap. They estimate the GDP and employment effect
while using the econometric general equilibrium model Global Energy-Environment-Economy Model
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(E3MG), finding that the policies are not enough to reach the required emissions reduction, although
presenting positive impacts on GDP and employment.

There is finally a third group of studies that combine the two approaches using hybrid models.
These analyses integrate detailed bottom-up technical descriptions of specific industries affected
by the policies with a broader economic perspective provided by the macroeconomic framework.
Barker et al. (2007) [20] analyze the UK Climate Change Agreements and related energy efficiency
policies for energy-intensive industrial sectors. They combine bottom-up estimates of the effects of
these policies and the dynamic econometric model of the UK economy Multisectoral Dynamic Model-
Energy-Environment-Economy (MDM-E3). They find final energy reduction and a slight increase in
economic growth through improved international competitiveness. Ringel et al. (2016) [21] use a hybrid
approach—bottom-up model together with the Assessment of Transport Strategies (ASTRA) model—to
analyze the environmental and socio-economic impacts of Germany’s latest energy efficiency and climate
strategies for the year 2020. They find that enhanced green energy policies bring about economic benefits
in terms of GDP and employment, even in the short term. Additionally, the European Commission
uses a hybrid approach in the impact assessment of the proposal for the revision of the energy efficiency
directive [22]. The analysis uses bottom-up models— Price-Induced Market Equilibrium System
(PRIMES), Greenhouse gas - Air pollution Interactions and Synergies (GAINS), Global Biosphere
Management Model - Global Forest Model (GLOBIOM-G4M), Prometheus, Common Agricultural
Policy Regional Impact (CAPRI)—together with two different general equilibrium macroeconomic
models: the computational general equilibrium model GEM-E3 and the dynamic econometric global
model E3ME. While the E3ME model presents positive impacts GDP and employment in all analyzed
scenarios, the results for the GEM-E3 models are mixed. Finally, Hartwig et al. (2017) [3] present
a case study for Germany, where a scenario including ambitious energy efficiency measures for
building, household appliances, industry, and the service sector is compared to a reference scenario
with respect to the macroeconomic impacts. Connecting the energy demand models Forecast and
invert/EE-lab with the macroeconomic model ASTRA-D is undertaken to analyze the effects of the
policy scenarios. The authors conclude that the macroeconomic effects of ambitious energy efficiency
policies in Germany have considerable positive impacts on employment (particularly in those that
produce energy efficiency technologies and construction and manufacturing sector, as well as in
real-state and consulting) and GDP.

In this paper, we follow the third approach to use the technical information that is offered by
bottom-up models, while going beyond the direct impacts on employment and value added of the
energy efficiency regulations to analyze their impacts across industries and countries. In particular,
we use a hybrid framework combining the detailed bottom-up energy demand stock based model that
Boyano et al. developed [15,16], together with the macro-econometric dynamic general equilibrium
model FIDELIO [23]. The resulting hybrid model is used to provide new empirical evidence on a
specific energy efficiency policy, which is the revision of the energy efficiency regulatory framework
for dishwashers, washing machines, and washer dryers. In particular, the overarching regulatory
framework for energy efficiency products is the combination of two policies: The Energy Labelling
Regulation (EU) 2017/1369 [24], which defines the process of determination of energy label to be
displayed in new appliances, and the Eco-design Directive 2009/125/EC [25], which specifies the process
of defining minimum energy performance levels. Acting in combination as a pull-push effect, these
regulatory measures have improved the average energy efficiency of the household appliance stock
over the years in the EU [26]. Regarding the analyzed appliances, their specific regulations are: (1) for
washing machines, Regulation EU No 1061/2010 on energy label and Regulation EU No 1015/2010 on
Eco-design requirements, (2) for washer dryers Regulation EU No 96/60/EC on energy label, and (3)
for dishwashers, Regulation EU No 1060/2010 on energy label and Regulation EU No 1016/2010 on
Eco-design requirements. These regulations have been revised in 2014–2018, and adopted in 2019.
The revision introduces stricter energy efficiency requirements of the products that enter the EU market
from March 2021, and a rescaling of the energy efficiency classes. Additionally, some changes in the
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testing programs are introduced to bring the energy efficiency developments of the products closer to
the end-user behavior. This paper quantifies the EU-wide economic (in terms of value added) and
employment impacts between 2020 and 2030 of such proposed changes to the EU energy efficiency
regulations on the aforementioned household’s appliances. The analysis provides results by countries
and for most of the economic sectors in the EU.

The paper is organized as follows. Section 2 provides an overview of the methods and materials
that were used in the study. Section 3 presents the impacts from changes in the EU regulations
estimated using FIDELIO. Section 4 discusses a range of implications of the empirical results, while
Section 5 draws some concluding remarks.

2. Methods and Materials

The modelling tool that is proposed in this analysis has two main components: a bottom-up
approach, used together with the top-down macro-economic Fully Interregional Dynamic Econometric
Long-term Input-Output model (FIDELIO). In this section, we first describe the two models (in
Sections 2.1 and 2.2, respectively). Next, Section 2.3 describes the necessary further steps to link the
two approaches, and it offers a graphic representation of the methodological proposal.

2.1. Bottom-Up Approach

We use a bottom-up energy demand model covering all EU countries. In this model, the EU
electricity consumption and sale prices of dishwashers, washing machines, and washer dryers are
based on the related energy efficiency technological improvements, which are estimated while using
an engineering approach.

The technological improvements that were triggered by the implementation of the new regulations
have an effect on the sales price of the appliances as well as in the electricity consumption of the overall
stock at EU level. The sales price of each machine is estimated based on the manufacturing costs,
manufacturers and retailers’ mark-ups, the value added tax, and, wherever appropriate, the additional
costs of the improvement options that are added to the basic models to achieve a better energy efficiency
and, therefore, a better energy efficiency label classification. The manufacturing costs are provided
by the manufacturers and assumed to decrease over time according to the experience curve [27],
experience gained by the manufacturer in producing the machines. This correction is applied to the
sale prices beyond 2015.

The annual electricity consumption of the overall stock at the EU level is estimated based on the
average unitary electricity consumption of one appliance. Data regarding the energy consumption of
the appliances are based on the performance data provided by the manufacturers, data from consumer
surveys on how the appliances are used, and the evolution of technology. This unitary electricity
consumption also depends on the sales distribution over the energy efficiency classes of the year when
the appliance is purchased. The annual market share of each energy efficiency class is based on the
historical data series and the influence that labelling has on the investment decisions of consumers,
directing preference towards more energy efficiency appliances [28].

The way that this bottom-up model calculates the energy consumption is similar to that used
by Yilmaz et al. [6], as both models estimate the number of replaced machines throughout a Weibull
distribution. However, Yilmaz et al. [6] disregard the effect of the users when using the appliances and
assumed the testing program energy consumption as the average value. For a complete description of
the calculations and the assumptions that were considered in this bottom-up stock model, see [15,16].

A variety of studies have addressed the rebound effects for appliances, including an increase
in operation hours, appliance size, or ownership rate [11,29,30]. The direct rebound effect related to
dishwashers, washing machines, and washer dryers has been estimated to be negligible. The most
recent user surveys [10,13] report that consumers remain using these appliances in the same way,
regardless of their energy efficiency class, and this behavior has been stable in the last years. For example,
the annual number of cycles of use of the appliances is stable and it mainly depends on the household
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size. The laundry load has remained constant through the last years at approx. 3.4 kg laundry/cycle,
and the number of washing machines per household has remained constant, which indicates a
saturated market.

2.2. Top-Down Model: FIDELIO

FIDELIO is based on a neo-Keynesian demand-driven non-optimization macroeconomic
framework in the line of the E3ME (Cambridge Econometrics) model. This family of models is
frequently compared to another set of macroeconomic models that are often used for policy and
environmental analysis that is computational general equilibrium (CGE) models. One of the main broad
differences between the two types of models is that CGE models are based on neoclassical assumptions
in line with economic theory of optimization. Prices adjust to market clearing, aggregate demand adjusts
to meet potential supply, and output is determined by available capacity. Instead, macro-econometric
models assume that agents lack perfect knowledge and do not optimize their decisions. They provide
a more empirically grounded approach and the alternative assumption ruling agents’ choices is
represented by econometric estimations. The parameters are estimated from time-series databases;
therefore, they are validated against historical relationship: agents behave as they did in the past.
Differently from CGE models, market imperfections exist and the economy is not assumed to be in
equilibrium. There is no guarantee that all available resources are used. The level of output is a
function of the level of demand and it might be less than potential supply.

Besides offering a relatively strong empirical grounding, the use of FIDELIO offers two additional
advantages for the analysis carried out. First, the model offers a fairly high level of geographical and
sectorial disaggregation. FIDELIO covers 35 regions (the 28 EU Member States plus Brazil, China, India,
Japan, Russia, Turkey, and the United States), with each of them being disaggregated in 56 industries
and products (see in Appendix A, Table A1, the list of industries available in FIDELIO).

Second, the model offers a useful instrument to analyze policies that influence household
consumption. In fact, while the supply side is described in a relatively simple way—it is characterized by
an input-output core enlarged with nested constant-elasticity-of-substitution production function—the
household block is modelled with relatively high detail. In FIDELIO, households receive three sources
of income: wages, a share of the firms’ gross operating surplus, and some government transfers.
This income, after taxes, is either used for consumption or saved. In particular, households consume
different categories of products: durable products (housing rents and vehicles) and non-durable
products, such as appliances, electricity, heating, fuel for private transport, public transport, food,
clothing, furniture and equipment, health, communication, recreation and accommodation, financial
services, and other products. For almost all consumption categories—including also appliances and
electricity consumption—the demand is characterized through econometric estimations with different
consumption categories modelled with different functional forms. For a complete description of the
characteristics, the assumptions and equations of the FIDELIO model, see [23]. Appendix B offers a
short description of the data sources that are needed to build the FIDELIO database.

2.3. Bridging Bottom-Up and Top-Down Approaches

Introducing the shock values into the FIDELIO model requires additional information. In fact, both
shocks—to the sale prices of appliances and to the electricity requirements—are separately estimated for
each specific appliance: dishwashers, washing machines, and washer dryers. However, the FIDELIO
model only operates with one single household consumption category, which includes these and all
other appliances together. Therefore, additional information is required to weigh the estimated shocks
and calculate the corresponding equivalent shocks that are to be introduced in the FIDELIO model.

As regards the shock of the sale prices of appliances, we use the penetration rates that were
estimated in [31] for dishwashers, washing machines, and washer dryers to weigh each (exogenously
estimated) sales price shock and compute the single weighted equivalent sales price shock that includes
all three household appliances. Next, we use information from the 2010 Household Budget Survey
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(HBS) micro-data produced by Eurostat in the COICOP (Classification of Individual Consumption
According to Purpose) classification at the five-digit level. In particular, the survey provides information
on the household total consumption of appliances and the household consumption of “clothes washing
machines, clothes drying machines, and dish washing machines”. Using this information, for each
EU country, we compute the share of “clothes washing machines, clothes drying machines, and dish
washing machines” over the broader category “household appliances”. Eventually, we compute the
sales price variations that are to be used in the FIDELIO model by using the weighted equivalent price
shock for washing machines, washer dryers, and dishwashers, and the weights based on the HBS data.
These price variations are introduced as shock parameters into the endogenously determined prices of
appliances of FIDELIO. We implicitly assume that the shock in the sales price affects both domestic
and imported products since the price of appliances in FIDELIO is computed as an average of the price
of the domestic products and the price of the imported products. This is how the policy is actually
expected to operate.

We use a similar approach to combine the electricity consumption shock related to each appliance
into an aggregate shock in the value of the household total electricity consumption. First, we use
the weights based on the penetration rates previously described to compute a weighted variation
in the value of electricity consumed for dishwasher, washing machine and washer-dryer appliances.
Next, to know the share of electricity consumption that households use for dishwashing, washing
machine and washer-dryer appliances over the household total consumption of electricity we use data
from the European Environment Agency [32] and from the ODYSSEE database [33]. These databases
distinguish among different uses of household electricity (for electrical large appliances, other
appliances, lighting, space heating, water heating, cooking, and air cooling). These shares are used to
compute the final variations in household total electricity consumption used as a shock in FIDELIO.
In FIDELIO, household electricity consumption depends on the stock of appliances, the electricity price,
an exogenous index capturing the efficiency of appliances, the previous year’s electricity consumption
and stock of appliances, and the demand for energy that is needed for heating. We impose a shock
in the efficiency parameter that would be equivalent, ceteris paribus, to the exogenously computed
shock in the electricity consumed to simulate the electricity consumption variation computed through
the bottom-up model. Appendix C—Tables A2–A6—presents the cost variations and the household
total electricity consumption variations that were introduced in FIDELIO, and the weights used to
compute them.

Given how consumers’ choices are described in FIDELIO, the model takes indirect rebound effects
into account. By reducing their energy consumption, households might use their additional savings to
buy other goods and services that require additional use of electricity, partially offsetting the initial
electricity reduction.

Figure 1 provides a graphical description of the two models used for the analysis and of the
input (in yellow) and outputs (in green) flows between the two models. As the figure shows,
the revised ecodesign requirements and the new energy efficiency classes are inputs for the bottom-up
model that computes the shock in the appliances sale prices and household electricity consumption.
These outputs of the bottom-up model are inputs for FIDELIO that simulates the policy revision
impacts on employment and value added.
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Figure 1. Graphical representation of the hybrid model used in the analysis. For more details,
see [15,16,23].

3. Results

We shock the model in 2020 and run it up to 2030 for a baseline scenario (no new regulatory
measures) and for a scenario with the proposed stricter EU energy efficiency regulations. The results
that are presented hereafter correspond to variations of value added and employment with respect to
the baseline scenario, in 2030. The results are very similar for the other years. While Section 3.1 focuses
on the macroeconomic impact of the policies, Section 3.2 provides an overview of the environmental
impact in terms of CO2-equivalent emissions.

3.1. Economic Impact

Table 1 shows the variations in value added and in employment in the EU economy as a whole.

Table 1. Absolute and relative variation of value added and employment.

Value Added Employment

Absolute Variation
(Million Euros)

Relative Variation
(%)

Absolute Variation
(Thousand Jobs)

Relative Variation
(%)

−1901.5 −0.01 23.9 0.01
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While the value added decreases by 1.9 billion euros, employment increases in around 24,000 jobs.
In relative terms, with 0.01%, none of these two results represents a significant share of the total value
added and the total employment in the EU.

Sections 3.1.1 and 3.1.2 provide more detailed results at the industry and country level, respectively,
in order to give more insight into the EU (negative) value added effects and the EU (positive)
employment effects.

3.1.1. Industry Level Analysis

Input-output based models typically provide results that are broken down by economic activities
or industries (also sometimes denoted as sectors). Even if the analyzed policies aim at influencing
the energy efficiency of some specific household appliances, produced by some specific industries,
FIDELIO simulates the indirect impacts that these policies would also have on other industries.
These impacts can be caused, for example, by an indirect effect of regulations—such as the reduction of
electricity consumption, or by changes in the quantity of intermediate inputs necessary to produce the
appliances, or by changes in the households’ bundle of goods and services consumed.

Table 2 shows the absolute and relative variations in the EU value added, broken down by industry.
The left hand side of Table 2 shows industries with value added increases, while the right hand side
shows industries that are worse off. In both sides, the industries are ranked based on their share over
the total variation in value added, in decreasing order.

Table 2. Value added variation in the European Union (EU) by industry.

Increase in Value Added Decrease in Value Added

Industry
Variation
(Million
Euros)

Relative
Variation

(%)

Share over
VA Increase

(%)
Industry

Variation
(Million
Euros)

Relative
Variation

(%)

Share over
VA Decrease

(%)

Accommodation 360.3 0.09 17 Electricity, gas −1945.6 −0.69 49
Retail trade 342.6 0.06 16 Mining and quarrying −484.5 −0.34 12
Other services 290.7 0.07 14 Construction −271.7 −0.04 7
Food, beverages 253.2 0.09 12 Public administration −146.3 −0.01 4
Crop and animal 175.1 0.09 8 Sewerage; waste collection −103.7 −0.1 3
Telecommunications 97.8 0.04 5 Forestry and logging −96.7 −0.42 2
Electrical equipment 89.7 0.08 4 Machinery and equipment −79.2 −0.04 2
Financial service activities 87.8 0.02 4 Chemicals −72 −0.05 2
Human health activities 78.4 0.01 4 Coke and refined petroleum −71.4 −0.24 2

Activities of households 77 0.12 4 Architectural and
engineering −66.4 −0.03 2

Insurance and pension 69.1 0.06 3 Land transport −64.4 −0.02 2
Auxiliary to financial 33.7 0.03 2 Fabricated metal products −62.1 −0.03 2
Motion picture production 30.6 0.04 1 Rental and leasing −59.7 −0.01 1

Textiles 21.2 0.03 1 Legal and accounting
activities −53.9 −0.01 1

Publishing activities 18.2 0.02 1 Repair −53.8 −0.06 1
Furniture 13.6 0.01 1 Real estate activities −53.6 0 1
Wholesale trade 11.9 0 1 Warehousing −40.8 −0.02 1
Wholesale and retail
(vehicles) 9 0 0 Basic metals −31.8 −0.04 1

Fishing 7.1 0.09 0 Other non-metallic products −31.7 −0.04 1

Printing and reproduction 5.1 0.01 0 Computer, electronic
products −30.8 −0.03 1

Other professional 4.9 0.01 0 Computer programming −25.2 −0.01 1
Paper and paper products 3.1 0.01 0 Other transport equipment −22.7 −0.03 1

Advertising 2.7 0 0 Wood and of products of
wood −20.6 −0.05 1

Postal activities 2.4 0 0 Motor vehicles −18.9 −0.01 0
Pharmaceutical products 0 0 0 Scientific research −16.5 −0.02 0

Education −16 0 0
Water collection and supply −15.1 −0.05 0
Rubber and plastic products −13.5 −0.01 0
Air transport −6.3 −0.02 0
Water transport −6.2 −0.01 0
Pharmaceutical products −5.7 0 0

TOTAL 2085.2 0.02 100 TOTAL −3986.7 −0.03 100

Even when the total value added decreases, it does not shrink in all industries. The value added
of the household appliances producer industry (electrical equipment) increases by 90 million euros.
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However, the positive impact in other industries is even greater. In fact, 60% of the value added growth
takes place in the accommodation and food services (360 million euros), retail trade (343 million euros),
food and beverages (253 million euros), and other services (290 million euros), including activities,
such as repairing services, art, entertainment, and recreation services, among others.

A possible reason why these sectors are increasing their production and, consequently, their value
added, can be found in the way consumers’ choices are modelled in FIDELIO. Households increase
their demand of these products mainly due to savings made in electricity consumption. In fact, 50%
of the value added reduction takes place in the electricity production industry (and corresponds to
around two-billion euros). However, this decrease only represents 0.69% of the value added of the
electricity industry.

Regarding employment, the results present a positive effect in the EU economy, in contrast to the
value added decrease. The reason lies in the fact that the industries that show an increase in production,
value added, and employment are more labor intensive than the industries that are worse off. Table 3
shows the absolute and relative variations in employment at the EU level, broken down by industry
(with the same structure as Table 2).

Table 3. Employment variation in the EU by industry.

Increase in Employment Decrease in Employment

Industry
Variation

(Thousand
Jobs)

Relative
Variation

(%)

Share Over
Total

Increase
(%)

Industry
Variation

(Thousand
Jobs)

Relative
Variation

(%)

Share Over
Total

Decrease
(%)

Crop and animal 19 0.14 26 Electricity, gas, −12.2 −0.75 25
Accommodation 12.1 0.09 17 Construction −7.4 −0.04 15

Retail trade 10 0.04 14 Mining and quarrying −5 −0.41 10
Other services 8.1 0.07 11 Forestry and logging −3.1 −0.52 6

Food, beverages 6 0.1 8 Public administration −2.9 −0.02 6
Activities of households 5.8 0.13 8 Land transport −1.9 −0.03 4
Human health activities 2.3 0.01 3 Fabricated metal products −1.6 −0.04 3

Textiles 1.7 0.05 2 Rental and leasing −1.6 −0.01 3
Electrical equipment 1.6 0.09 2 Sewerage; waste collection −1.5 −0.1 3

Financial service activities 0.9 0.02 1 Architectural and
engineering −1.4 −0.04 3

Insurance and pension 0.8 0.07 1 Machinery and equipment −1.3 −0.04 3
Telecommunications 0.7 0.05 1 Repair −1 −0.06 2

Furniture 0.6 0.02 1 Legal and accounting
activities −1 −0.01 2

Auxiliary to financial 0.6 0.03 1 Wood and of products of
wood −0.7 −0.05 1

Motion picture production 0.4 0.04 0 Other non-metallic products −0.7 −0.04 1
Publishing activities 0.3 0.03 0 Chemicals −0.6 −0.04 1

Fishing 0.2 0.09 0 Basic metals −0.6 −0.05 1
Printing and reproduction 0.2 0.02 0 Warehousing −0.6 −0.02 1

Postal activities 0.2 0.01 0 Coke and refined petroleum −0.4 −0.24 1
Paper and paper products 0.1 0.01 0 Computer programming −0.4 −0.01 1

Wholesale and retail
(vehicles) 0.1 0 0 Rubber and plastic products −0.3 −0.01 1

Pharmaceutical products 0 0 0 Computer, electronic
products −0.3 −0.02 1

Wholesale trade 0 0 0 Motor vehicles −0.3 −0.01 1
Advertising 0 0 0 Other transport equipment −0.3 −0.03 1

Other professional 0 0 0 Scientific research −0.2 −0.02 1
Water collection and supply −0.2 −0.05 0

Real estate activities −0.2 −0.01 0
Air transport −0.1 −0.02 0

Pharmaceutical products 0 0 0
Water transport 0 −0.01 0

Education 0 0 0
TOTAL 71.7 0.03 100 TOTAL −47.8 0.02 100

The total positive impact on employment (ca. 72,000 jobs) in some sectors more than compensates
the negative impact (ca. 48,000 jobs) in others. The positive impacts mainly come from the agricultural
sector, accommodation and food services, retail trade, and other services. On the negative side,
the electricity industry is the one that suffers most in terms of employment (25% of the total impact),
although much less than in terms of value added (50% of the total impact). Other industries that
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show a decrease in employment are, for example, construction, mining and quarrying, and forestry
and logging.

3.1.2. Country-Level Analysis

In addition to the analysis at the industry level, in this section we analyze how the impact is
distributed among the different EU countries. Figure 2 shows the absolute variation in value added
and employment by country.

  
(a) (b) 

Figure 2. Impact at a country level: (a) Variation in value added (million euros); and, (b) Variation in
employment (thousand jobs).

All EU countries would see their total value added reduced, except Hungary and Italy.
However, these reductions would represent very small values in relative terms with respect to
their total national levels, with most of them being close to zero. The maximum value is −0.05% for
Lithuania, Latvia and Slovakia.

In absolute terms, the countries absorbing most of the value added decrease are Germany, Spain,
France, United Kingdom, and Poland. For these countries, between 31% and 54% of the value added
decrease occurs in the electricity industry. However, this just corresponds to a 1% value added of the
electricity industry in France, Poland, Spain, and United Kingdom. Other industries contributing to
the overall value added decrease are the mining sector and the construction sector.

Although not representing relevant variations in absolute terms, there are other industries that
show higher value added decreases, between 1% and 3%—the relatively most affected sectors, these
are the manufacture of transport equipment in Cyprus (1%); the electricity industry in Denmark (1.1%),
Lithuania (1.3%), Slovakia (1.3%), and Greece (1.6%); the forestry and logging industry in Greece
(3%), Romania (1.9%), Lithuania (1.1%), Slovenia (1.1%), and Italy (1%); and, the refined oil products
industry in Slovenia (1.3%).

The positive impact in Italy and Hungary is driven by industries, such as accommodation,
repairing, retail trade, agriculture, and manufacture of food products.

The employment effects are positive in most of the countries. The three countries showing
the biggest employment increase are Germany (ca. 6100 jobs), Italy (ca. 8600 jobs), and Romania
(ca. 8300 jobs). In Germany and Italy, the industries that mostly drive the employment increase are
accommodation, retail trade, agriculture, and manufacture of food products. For Romania, 70% of the
employment increase is in the agricultural sector, followed by the manufacture of food products and
the manufacture of textiles.
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For some countries, such Estonia, France, Lithuania, Latvia, the Netherlands, Slovenia,
and Slovakia, employment (slightly) decreases around less than 1000 jobs in all cases. The exception is
United Kingdom, where the employment decrease was around 1300 jobs.

3.2. Environmental Impact

In FIDELIO, the monetary value of energy that is consumed by firms and households is linked to
energy consumption and is then used to compute emissions of carbon dioxide (CO2), methane (CH4),
and nitrous oxide (N2O) related to energy production and consumption (see [23] for a description of
the conversion factors from primary energy consumption to emissions). To describe the environmental
impact of the proposed stricter energy efficiency requirements, we look at the variation of GHG
emissions. In particular, for a synthetic measure of the GHG effect, the emissions are converted into
CO2-equivalent units while using the Global Warming Potential (GWP), as in [34]. Conversion factors
are 1 for CO2, 265 for N2O and 28 for CH4.

The emissions increase is, in absolute terms, smaller than the emission reduction that is driven by
stricter energy efficiency requirements (as expected), and the net effect is a decrease in GHG emissions
equal to 1.5 million tonnes. This reduction is driven by the industry producing electricity that is
responsible for the 70% of the total reduction, followed by mining and quarrying (15%), sewerage and
waste collection and treatment (10%), and the manufacture of coke and refined petroleum products (3%).

Figure 3 shows the industries that are responsible for the resulting increase in emissions and those
industries that are responsible for emission reductions.

(a) (b) 

Figure 3. CO2-equivalent emissions variation: (a) Distribution of emissions increase by industry; and,
(b) Distribution of emissions decrease by industry (unit: percentage).

The three main industries showing the biggest shares of emission increases are the agriculture
industry, the manufacture of food and beverages, and accommodation services. Together, they would
cause GHG emissions to increase in around half a million tonnes, out of which 95% would correspond
to the agriculture industry. This effect might be considered as rebound effects, a reduction in the
expected environmental gains of the regulation caused by behavioral responses.

Figure 4 shows the distribution of emissions decrease among EU countries. Germany, Poland,
and the United Kingdom are responsible of half of the total reduction of GHG emissions that are
caused by the proposed stricter energy efficiency requirements on dishwashers, washing machines,
and washer dryers.
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Figure 4. Distribution of CO2-equivalent emissions decrease among EU countries (unit: percentage).

4. Discussion

One of the main findings of our analysis is that energy efficiency regulations on household
dishwashers, washing machines, and washer dryers have a net negative macroeconomic impact
on value added (roughly 0.01 % of the total EU value added) and a slightly net positive impact on
employment (ca. 24,000 jobs). In both cases, energy efficiency regulations have positive and negative
economic effects, depending on the industry sector analyzed. Most of the negative impact comes
from the reduction in the consumption of energy due to the implementation of more energy-efficient
technologies in household appliances. Positive impacts are derived from the new investments on more
efficient technologies, and the shift in the composition of the household consumption basket, while
using less energy in favor of goods and services that are produced by more labor-intensive industries.

While the most part of studies analyzed in the literature review find positive impacts of energy
efficiency policies on both GDP and employment, these analyses usually consider the impact of a
bundle of policies together. On the contrary, our results are consistent with the findings of Barker et al.
(2016) [19]. The authors test whether energy efficiency measures contribute to closing the 2020 emissions
gap without a loss in GDP and employment, and they offer the results disaggregated by different policy
measures. One of the policy measures that they analyze is the use of more efficient appliances and
lighting in residential and commercial buildings. For this specific measure, in line with our results, they
find negative economic impacts for the EU, particularly in Germany and positive economic impacts
in Italy. These authors also reported net positive employment effects. Therefore, it seems useful to
specifically analyze individual energy efficiency policies, given that different measures may have
different impacts on the economy.

In any case, it would be important to validate the results that were obtained using alternative
theoretical frameworks to check the sensitivity of the results that were obtained to the assumptions
underlying the used approach. For instance, following the findings of [11,29,30], in the bottom-up
approach, we assume no relevant direct rebound effects induced by the revised regulations. A further
extension of the analysis might corroborate how the results change relaxing this assumption. It is
also important to note that one of the strengths of the FIDELIO model is its capacity to re-allocate
household consumption across different goods and services in reaction to price changes, based
on a relatively simple description of the electricity market and the electricity production function.
Thus, the model is neither able to consider strategic choices that the electricity industry can make
to accommodate the new energy efficiency policies nor the possible incentives towards innovative
business models. Therefore, it would be interesting to deepen the analysis that was carried out with
complementary approaches, for instance through microeconomic analyses of the electricity sector,
or through energy models.

The revised energy efficiency regulations on household appliances that are studied in this paper
are part of the EU initiatives to reach the EU targets on energy efficiency and GHG emissions reduction.
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Even if the main aim of the regulation is environmental, in the political discussion it is necessary to
add information regarding economic and social impacts.

In particular, the energy efficiency policies force producers’ and consumers’ intertemporal choices.
Whenever technological improvements are already available, but not used, stricter regulations create
incentives for firms to anticipate investments that bring future revenues. For consumers, the revision
of the regulations implies an increase in the purchase cost of the appliances, but a decrease in the future
spending in electricity. Further research could dwell on the alternative investments not realized by
producers and consumers, as a consequence of forced investments in energy efficiency.

The approach that is used to address the quantification of indirect impacts of product energy
efficiency policies has the potential to expand and nuance the policy-making discussion. Assuming that
the proposed changes are required to reach the EU environmental targets therefore they are appropriate
per se, the analysis shows that they are expected to have negative but small economic impact
(with a small 0.01% decrease in the EU GDP) and a small positive social impact on employment.
Indeed, the economic brake that a reduction in the use of energy could cause is compensated by other
trade-off in the economic system, such as a change in the household consumption basket or the economic
growth that is driven by the new investments induced by the revised regulations. The presented hybrid
approach provides quantitative information that complements the policy discussion of energy saving
policy, enriching this discussion with knowledge of the indirect impacts and tradeoffs between the
economy sectors and countries/regions in the EU. Being able to highlight which sectors and countries
are most benefited and which bear the weight of the policy the most adds relevant information.
This information can indeed be used during the policy process to adjust the reform, for example by
introducing some compensation mechanism for countries or sectors that are more disadvantaged.

Further research might look more in depth to distributional issues across the EU countries and
regions, as well as non-EU trade issues. Additionally, another important aspect to be investigated
could be the impacts of these regulations not only on the energy efficiency requirements, but also on the
lifetime of the appliances. In fact, some papers demonstrate that an extension of the lifetime of durable
goods has a positive effect on the overall lifecycle energy consumption and GHG emissions, as long as
the production and end of life stages require less energy than the use phase [35–38]. Moreover, in a
background of progressive greening and de-carbonization of the economy, the incentives behind
energy efficiency policy are transforming. In a new metric of social welfare, carbon footprint and
intensity might deserve further analysis to articulate the narrative for and/or against stricter product
efficiency policies.

5. Conclusions

Many studies support a positive correlation between income growth and energy consumption [39].
This implies that policies aimed at improving energy efficiency and decreasing energy consumption
can have a negative impact on economic growth. With respect to this topic, the study that is reported
in this article provides additional insights and granularity on the energy-growth relationship, at EU
level, and it suggests two main outcomes.

First, the analysis shows that stricter energy efficiency requirements of three household
appliances—washing machines, dishwashers, and washer-dryers—have a negative macroeconomic
impact on value added, a decrease of around two-billion euros. The order of magnitude of the changes
that the regulations introduce is small as compared to the whole EU economy since these appliances
constitute around 20% of total household appliance energy use. In terms of value added, with 0.01%
of the total EU value added, the impact is very small. The reasons behind this result are manifold.
Firstly, the stricter requirements are expected to cause an increase in the cost of manufacturing and,
consequently, the sales price of appliances, which increases by ca. 10%. Secondly, the result is also due
to a change in the composition of household spending: households’ savings resulting from a reduction
in energy demand can be used to consume other goods and services. Although the energy market is a
key industry for economic development, the negative impact that the proposed changes in the EU
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regulations are expected to have on this industry is partially compensated by the increase in other
industries’ production.

The second main outcome is that while the impact on value added is negative, the impact on
employment is small but positive. Again, the shift in the composition of the household consumption
basket seems to mainly favor industries that use relatively more labor than the industries that are
negatively affected by the analyzed policies.

In terms of industry distribution, the sector that has the greatest negative impact on value added
is the electricity industry, and this effect is quite homogenous among European countries. This result
is straightforward: policies that aim at controlling emissions by improving energy efficiency have a
negative impact on the electricity production, which is one of the main sectors responsible for GHG
emissions. According to the European Environment Agency, in 2017 electricity production generated
the largest share of GHG emissions (23.3% of total GHG emissions) [40].

Finally, our results suggest that the proposed changes in the EU regulations would cause a
reduction in emissions of around 1.5 million tonnes of CO2-equivalent emissions. As expected, this
reduction is driven by the industry producing electricity, but the 30 % of total GHG emissions reduction
comes from other industries, such as mining and quarrying, sewerage and waste collection and
treatment, or manufacture of coke and refined petroleum products.
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Appendix A

Table A1. List of NACE Rev. 2 industries in FIDELIO.

Sector Description

A01 Crop and animal production, hunting and related service activities
A02 Forestry and logging
A03 Fishing and aquaculture
B Mining and quarrying
C10T12 Manufacture of food products, beverages and tobacco products
C13T15 Manufacture of textiles, wearing apparel and leather products
C16 Manufacture of wood and of products of wood and cork, except furniture; manufacture of articles of straw

and plaiting materials
C17 Manufacture of paper and paper products
C18 Printing and reproduction of recorded media
C19 Manufacture of coke and refined petroleum products
C20 Manufacture of chemicals and chemical products
C21 Manufacture of basic pharmaceutical products and pharmaceutical preparations
C22 Manufacture of rubber and plastic products
C23 Manufacture of other non-metallic mineral products
C24 Manufacture of basic metals
C25 Manufacture of fabricated metal products, except machinery and equipment
C26 Manufacture of computer, electronic and optical products
C27 Manufacture of electrical equipment
C28 Manufacture of machinery and equipment n.e.c.
C29 Manufacture of motor vehicles, trailers and semi-trailers
C30 Manufacture of other transport equipment
C31_32 Manufacture of furniture; other manufacturing
C33 Repair and installation of machinery and equipment
D35 Electricity, gas, steam and air conditioning supply
E36 Water collection, treatment and supply
E37T39 Sewerage; waste collection, treatment and disposal activities; materials recovery; remediation activities and

other waste management services
F Construction
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Table A1. Cont.

Sector Description

G45 Wholesale and retail trade and repair of motor vehicles and motorcycles
G46 Wholesale trade, except of motor vehicles and motorcycles
G47 Retail trade, except of motor vehicles and motorcycles
H49 Land transport and transport via pipelines
H50 Water transport
H51 Air transport
H52 Warehousing and support activities for transportation
H53 Postal and courier activities
I Accommodation; food and beverage service activities
J58 Publishing activities
J59_60 Motion picture, video and television program production, sound recording and music publishing activities;

programming and broadcasting activities
J61 Telecommunications
J62_63 Computer programming, consultancy and related activities; information service activities
K64 Financial service activities, except insurance and pension funding
K65 Insurance, reinsurance and pension funding, except compulsory social security
K66 Activities auxiliary to financial services and insurance activities
L68 Real estate activities
M69_70 Legal and accounting activities; activities of head offices; management consultancy activities
M71 Architectural and engineering activities; technical testing and analysis
M72 Scientific research and development
M73 Advertising and market research
M74_75 Other professional, scientific and technical activities; veterinary activities
N Administrative and support service activities
O84 Public administration and defense; compulsory social security
P85 Education
Q Human health and social work activities
R-S Arts, entertainment and recreation. Other service activities
T Activities of households as employers; undifferentiated goods and services producing activities of

households for own use
U Activities of extraterritorial organizations and bodies

Appendix B

To build the FIDELIO database, many different data sources are used. The core of the database
is the IO data, which is the main source of information that feed the production block and the trade
block. The IO core is built mainly using the World Input Output Database [41] (WIOD, 2016 release).
In particular, the model uses the WIOD international and national supply and use tables. Whenever the
WIOD database does not provide all the necessary information, other databases, such as Eurostat
supply and use tables or OECD data are used.

Besides the IO core, other databases are necessary in order to compile data for the other
blocks of the model. For the household block, the main data sources come from Eurostat.
The main datasets used are “non-financial transactions of households and non-profit institutions
serving households” (nasa_10_nf_tr), “final consumption expenditure of households by consumption
purpose—COICOP 3 digit” (nama_10_co3_p3), “heating degree-days by NUTS 2 regions—annual data
under Energy statistics” (nrg_esdgr_a) and “financial balance sheets of households and non-profit
institutions serving households” (nasa_10_f_bs). Other datasets come from the OECD—“simplified
non-financial accounts” (no. 13), “final consumption expenditure of households” (no. 5) and
“financial balance sheets—consolidated” (no. 710)—and from the National Statistical Institutes
of Belgium, China, Czech Republic, Hungary, India, Slovakia, Turkey and the United Kingdom.
Some data on household energy consumption are taken from the EU Reference Scenario 2016 on energy,
transport and GHG emissions containing trends to 2050 [42]; population demographics from United
Nations projections [43]. As regards the government block, the main sources come from Eurostat
datasets—the main datasets used are: “non-financial transactions” (nasa_10_nf_tr), “government
revenue, expenditure and main aggregates” (gov_10a_main) and “government deficit/surplus, debt
and associated data” (gov_10dd_edpt1)—, WIOD data, the OECD dataset on general government
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debt—“general government debt – Maastricht” (no. 750)—and data from the World Bank. The labor
market is described using the WIOD social accounts, and other data from Eurostat, World Bank,
and CEDEFOP. Finally, for the energy block data comes from the WIOD (2019) energy accounts
(https://europa.eu/!Un47Cp), the POLES model, the Eurostat table on “air emissions accounts by NACE
Rev. 2 activity” (env_ac_ainah_r2), the ODYSSEE database [33], the EXIOBASE database [44] and the
KLEMS database [45]. A detailed description of all the data sources and methods used to build the
FIDELIO database can be found in [23].

Appendix C

This appendix show the information used to weight the exogenous shocks in the price of each
appliance and the exogenous shocks in the total electricity consumption as described in Section 2.2.

Table A2. Penetration rates (Unit: percentage).

Dishwashers Washing Machines Washer Dryers

2020 52.5 92.0 6.9
2021 53.8 92.0 6.8
2022 55.2 92.0 6.8
2023 56.5 92.0 6.8
2024 57.8 92.0 6.8
2025 59.0 92.0 6.8
2026 60.1 92.0 6.7
2027 61.2 92.0 6.7
2028 62.2 92.0 6.7
2029 63.2 92.0 6.7
2030 64.1 92.0 6.7

Table A3. Share of washing and drying machines over total appliances from Eurostat HBS (Unit: percentage).

Country Share

Austria 20
Belgium 21
Bulgaria 2
Croatia 16
Cyprus 20
Czech republic 9
Denmark 35
Estonia 20
Finland 18
France 28
Germany 20
Greece 19
Hungary 19
Ireland 39
Italy 12
Latvia 22
Lithuania 4
Luxembourg 15
Malta 3
Netherland 20
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Table A3. Cont.

Country Share

Poland 19
Portugal 19
Romania 3
Slovakia 5
Slovenia 19
Spain 19
Sweden 20
United Kingdom 12

Table A4. Share of electricity used by large appliances over total electricity use from EEA and ODYSSEE
databases (Unit: percentage).

Country Share

Austria 28
Belgium 26
Bulgaria 19
Croatia 22
Cyprus 22
Czech republic 15
Denmark 29
Estonia 14
Finland 17
France 21
Germany 23
Greece 24
Hungary 22
Ireland 20
Italy 32
Latvia 23
Lithuania 32
Luxembourg 27
Malta 19
Netherland 34
Poland 28
Portugal 15
Romania 38
Slovakia 36
Slovenia 14
Spain 29
Sweden 23
United Kingdom 20
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Table A5. Price variation for the aggregate household consumption category “appliances”
(unit: percentage).

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Austria 1.3 1.4 1.5 1.6 1.7 1.9 1.8 1.9 1.9 2.0 2.0
Belgium 1.3 1.5 1.6 1.7 1.8 1.9 1.9 2.0 2.0 2.1 2.1
Bulgaria 0.1 0.1 0.1 0.1 0.1 0.2 0.1 0.2 0.2 0.2 0.2
Croatia 1.0 1.1 1.2 1.3 1.3 1.5 1.4 1.5 1.5 1.6 1.6
Cyprus 1.3 1.4 1.5 1.6 1.7 1.8 1.8 1.9 1.9 2.0 2.0
Czech Republic 0.6 0.6 0.7 0.7 0.8 0.8 0.8 0.9 0.8 0.9 0.9
Denmark 2.2 2.4 2.5 2.8 2.9 3.1 3.1 3.3 3.2 3.4 3.4
Estonia 1.2 1.3 1.4 1.6 1.6 1.8 1.8 1.8 1.8 1.9 1.9
Finland 1.1 1.2 1.3 1.4 1.5 1.6 1.6 1.7 1.7 1.7 1.8
France 1.8 1.9 2.0 2.3 2.3 2.5 2.5 2.6 2.6 2.7 2.8
Germany 1.3 1.4 1.5 1.6 1.7 1.9 1.8 1.9 1.9 2.0 2.0
Greece 1.2 1.3 1.4 1.5 1.6 1.7 1.7 1.8 1.7 1.8 1.9
Hungary 1.2 1.3 1.4 1.6 1.6 1.8 1.7 1.8 1.8 1.9 1.9
Ireland 2.5 2.7 2.9 3.2 3.3 3.6 3.5 3.7 3.6 3.8 3.9
Italy 0.8 0.8 0.9 1.0 1.0 1.1 1.1 1.2 1.1 1.2 1.2
Latvia 1.4 1.5 1.6 1.8 1.9 2.1 2.0 2.1 2.1 2.2 2.2
Lithuania 0.2 0.3 0.3 0.3 0.3 0.3 0.3 0.4 0.3 0.4 0.4
Luxembourg 0.9 1.0 1.1 1.2 1.2 1.4 1.3 1.4 1.4 1.4 1.5
Malta 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.3 0.3 0.3
Netherland 1.3 1.4 1.5 1.6 1.7 1.9 1.8 1.9 1.9 2.0 2.0
Poland 1.2 1.3 1.4 1.5 1.5 1.7 1.7 1.7 1.7 1.8 1.8
Portugal 1.2 1.3 1.4 1.5 1.6 1.7 1.7 1.8 1.8 1.8 1.9
Romania 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.3 0.3 0.3 0.3
Slovakia 0.3 0.4 0.4 0.4 0.5 0.5 0.5 0.5 0.5 0.5 0.5
Slovenia 1.3 1.4 1.5 1.6 1.7 1.9 1.8 1.9 1.9 2.0 2.0
Spain 1.2 1.3 1.4 1.6 1.6 1.8 1.7 1.8 1.8 1.9 1.9
Sweden 1.2 1.3 1.4 1.5 1.6 1.7 1.7 1.8 1.8 1.8 1.9
United Kingdom 0.8 0.8 0.9 1.0 1.0 1.1 1.1 1.2 1.1 1.2 1.2

Table A6. Shock in household total electricity consumption (unit: percentage).

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Austria −3.1 −3.4 −3.6 −3.9 −4.4 −4.6 −4.7 −4.9 −5.0 −5.2 −5.5
Belgium −3.0 −3.2 −3.4 −3.8 −4.2 −4.4 −4.5 −4.7 −4.8 −5.0 −5.2
Bulgaria −2.2 −2.3 −2.5 −2.7 −3.0 −3.2 −3.3 −3.4 −3.5 −3.6 −3.8
Croatia −2.5 −2.7 −2.9 −3.2 −3.5 −3.7 −3.8 −4.0 −4.1 −4.2 −4.4
Cyprus −2.4 −2.7 −2.8 −3.1 −3.4 −3.6 −3.7 −3.8 −3.9 −4.1 −4.3
Czech Republic −1.7 −1.9 −2.0 −2.2 −2.4 −2.6 −2.6 −2.7 −2.8 −2.9 −3.1
Denmark −3.3 −3.6 −3.8 −4.2 −4.6 −4.9 −5.0 −5.2 −5.3 −5.5 −5.8
Estonia −1.6 −1.7 −1.8 −2.0 −2.2 −2.3 −2.4 −2.5 −2.6 −2.6 −2.8
Finland −2.0 −2.1 −2.3 −2.5 −2.7 −2.9 −3.0 −3.1 −3.2 −3.3 −3.5
France −2.3 −2.6 −2.7 −3.0 −3.3 −3.4 −3.5 −3.7 −3.8 −3.9 −4.1
Germany −2.6 −2.8 −3.0 −3.2 −3.6 −3.8 −3.9 −4.0 −4.1 −4.3 −4.5
Greece −2.7 −3.0 −3.1 −3.4 −3.8 −4.0 −4.1 −4.2 −4.4 −4.5 −4.8
Hungary −2.5 −2.7 −2.9 −3.2 −3.5 −3.7 −3.8 −3.9 −4.0 −4.2 −4.4
Ireland −2.3 −2.5 −2.7 −2.9 −3.2 −3.4 −3.5 −3.6 −3.7 −3.8 −4.0
Italy −3.6 −3.9 −4.2 −4.6 −5.1 −5.3 −5.5 −5.7 −5.8 −6.1 −6.4
Latvia −2.6 −2.9 −3.1 −3.3 −3.7 −3.9 −4.0 −4.1 −4.3 −4.4 −4.6
Lithuania −3.6 −4.0 −4.2 −4.6 −5.1 −5.3 −5.5 −5.7 −5.9 −6.1 −6.4
Luxembourg −3.1 −3.4 −3.6 −3.9 −4.4 −4.6 −4.7 −4.9 −5.0 −5.2 −5.5
Malta −2.2 −2.4 −2.5 −2.8 −3.1 −3.2 −3.3 −3.4 −3.5 −3.7 −3.8
Netherland −3.8 −4.1 −4.4 −4.8 −5.3 −5.6 −5.8 −6.0 −6.1 −6.4 −6.7
Poland −3.2 −3.5 −3.7 −4.0 −4.4 −4.7 −4.8 −5.0 −5.1 −5.3 −5.6
Portugal −1.7 −1.9 −2.0 −2.2 −2.4 −2.5 −2.6 −2.7 −2.8 −2.9 −3.0
Romania −4.3 −4.6 −4.9 −5.4 −5.9 −6.2 −6.4 −6.7 −6.9 −7.1 −7.5
Slovakia −4.1 −4.5 −4.8 −5.2 −5.8 −6.1 −6.2 −6.5 −6.7 −6.9 −7.2
Slovenia −2.6 −2.9 −3.0 −3.3 −3.7 −3.9 −4.0 −4.1 −4.2 −4.4 −4.6
Spain −3.3 −3.6 −3.8 −4.1 −4.6 −4.8 −4.9 −5.1 −5.3 −5.4 −5.7
Sweden −1.5 −1.7 −1.8 −2.0 −2.2 −2.3 −2.3 −2.4 −2.5 −2.6 −2.7
United Kingdom −2.3 −2.5 −2.6 −2.9 −3.2 −3.3 −3.4 −3.6 −3.7 −3.8 −4.0
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Abstract: Considering that the world transport sector is the second largest contributor of global
greenhouse gas (GHG) emissions due to energy use and the least decarbonized sector, it is highly
recommended that all countries implement ambitious public policies to decarbonize this sector.
In Mexico the transport sector generates the largest share of greenhouse gas emissions, in 2014 it
contributed with 31.3% of net emissions. Two original scenarios for the Mexican transport sector,
a no-policy baseline scenario (BLS) and a low carbon scenario (LCS) were constructed. In the LCS
were applied 21 GHG mitigation measures, which far exceeds the proposals for reducing transport
sector GHG emissions that Mexico submitted in its National Determined Contributions (NDC). As a
result, the proposed LCS describes a sector transformation path characterized by structural changes
in freight and passenger mobility, new motor technologies for mobility, introduction of biofuels,
price signals, transportation practices and regulations, as well as urban planning strategies, which
altogether achieve an accumulated reduction of 3166 MtCO2e in a 25 year period, producing a global
net benefit of 240,772 MUSD and a GHG emissions’ reduction of 56% in 2035 in relation to the BLS.

Keywords: road transport; low carbon scenario; GHG mitigation measures; cost-benefit; mitigation
cost; financing; climate change

1. Introduction

On a global scale, the world transport sector generates the second largest share of GHG emissions.
In 2014, this sector contributed 21% of global GHG emissions generated by energy use [1]. The rapid
growth of the global transport sector’s GHG emissions has been driven by road transport, which
increased by 71% between 1990 and 2016, and represented 75% of the sector’s global emissions in
2016 [2]. If this trend continues, this sector will generate 10,317 million tons of CO2e (MtCO2e) by the
year 2040, which would represent a growth of 38% compared to transport GHG emissions in 2014 [3].

To know which substantive measures are being implemented currently for mitigating GHG
emissions from transport sector that can help us to construct the LCS scenario, a survey of literature
from national and international cases was carried out, specially selecting China, Germany, India and
USA. Our search process and criteria to define the selection of these countries were the following: first,
they are among the eight top world transport sector GHG emitters (see Table 1); second, their road
transport sector represented more than 60% of their transport sector GHG emissions according to data
available for 2010, third they have prospective studies with great ambition to reduce GHG reductions
above 40% in their transport sector by year 2035 in relation to a baseline scenario or a reference year
and finally, they present at least two future scenarios and five transport sector mitigation measures.
Table 1 shows the four countries and the studies that were selected after applying this search process
and mentioned criteria.
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Table 1. Countries with the highest proportion of global greenhouse gas (GHG) emissions in the world
transport sector and the high ambition GHG reduction prospective country studies in this sector.

Country
(World

Ranking
GHG From
Transport
Sector) *

GHG
Transport

Sector
Emissions,

2014 *
(MtCO2)

GHG Road
Transport/
GHG Total
Transport
Emissions,

2010 **

Scenarios Measures

2035 GHG
Reduction

from Baseline
or Base Year

(MtCO2e)

2035 GHG
Reduction

from Baseline
or Base Year

Prospective
Country
Studies

USA (1) 1,729 79% 2 7 1,595 56% [4]
CHINA (2) 781 64% 7 11 335 44% [5]
INDIA (3) 232 83% 2 5 346 51% [6]

GERMANY
(8) 155 78% 3 7 148 88% [7]

* [8]; ** [9]. Source: Based on [4–9].

Consequently, this review considered the following four country studies with ambitious mitigation
scenarios in the transport sector: USA [4], China [5], India [6] and Germany [7]. The proposed mitigation
measures of these four studies are diverse and have high potential for reducing GHG emissions.
They include traffic optimization; bus rapid transit; light urban train; railways and waterways; subways;
increase of public and non-motorized transport, such as the bicycle; vehicle sales’ restriction; mode
shift; efficient vehicles and trucks; plug-in electric vehicles; plug-in hybrid electric vehicles; battery
electric vehicles; fuel cell electric vehicles; electric trains; hybrid buses; diesel hybrid cars; hydrogen
hybrid cars; and use of ethanol and biodiesel to substitute fossil fuels.

In relation to GHG emissions from fuel combustion, in 2014 Mexico was ranked eleventh in the
world, generating 1.6% of the global volume, equivalent to 422 MtCO2e, of which 78% came from two
sectors: transport and energy (electricity and fossil fuels) [10]. Transport sector contributed with 31.6%
followed by electricity generation with 23.1%.

In year 2013, due to concerns about the growth of criteria air pollutants generated by automobiles
in Mexican big cities, which have negative effects on public health, an Official Mexican Standard (NOM
in Spanish) was published NOM-163-SEMARNAT-ENER-SCFI-2013 [11], with the purpose of obliging
automotive manufacturers to increase the fuel efficiency of light vehicles, thereby reducing the unit
consumption of energy and, consequently, the emissions of SOx, NOx, particles, and CO2e. Public
concern about the problem of the growing emissions of the Mexican transport sector has also led to
various studies that include GHG emissions’ reduction in the transport sector, [12–15]. These studies
consider mitigation measures, such as hybrid and electric cars; biofuels such as ethanol and biodiesel;
and management measures and practices for the efficient use of energy, such as the implementation of
efficiency standards, increased use of rail for freight transport, and a public bus rapid transport system.
Together, these measures from these studies [12–15] have the potential to reduce CO2 emissions by the
year 2030 by between 16% to 38%, which is equivalent to 48 and 131 MtCO2e of avoided emissions.

In year 2015, Mexico signed the Paris agreement, a non-mandatory commitment to comply with
its national determined contributions (NDC) [16] where Mexico obliges itself to reduce its national
GHG emissions by 22% in its unconditioned goal, and 36% GHG reduction in its conditioned goal
(that implies greater foreign investment and technology transfer), in relation to an official baseline
GHG emissions, which in year 2030 would have emissions of 762 MtCO2e; in addition to achieving a
maximum emission peak in 2026. In the Mexican NDCs, the transport sector is compelled to achieve
18% reduction in GHG emissions by 2030 as an unconditioned goal, according to its official baseline
GHG emissions, which represents a reduction of 48 MtCO2e.

According to the literature review on Mexican studies, the National Institute of Ecology and
Climate Change (INECC by its acronym in Spanish), carried out a study in 2018 [15] analyzing
8 measures that will reduce emissions by 48 MtCO2e by 2030, to comply with the Mexican NDC
commitments; nevertheless, this constitutes the least ambitious scenario among the mentioned authors.
Other, more specific studies, cover only one type of measure at a national level, such as focusing on
CO2 mitigation through mixing liquid biofuels as additives to fossil fuels in different proportions,
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either ethanol with gasoline or biodiesel with diesel [17–20]. For studies at cities level with some
mitigation measures see [21–23].

This paper describes the construction of a very ambitious but feasible scenario to establish a low
carbon transport sector in Mexico through the integration of 21 GHG mitigation measures. To shape
the range of measures, both international and domestic experiences that might contribute to increasing
mitigation ambition in the proposed new NDC to be reviewed in 2020 were considered. The main
objective of this article was developed through the following structure: in the introduction section an
overview of world transport sector was displayed, then the literature review findings and the followed
steps to determine the selected transport sector prospective studies were described along with the
current situation of Mexican transport sector. Then, the general methodology is described: starting from
explaining how the original model was implemented using Excel spreadsheets and LEAP software,
as well as a clarification of the scope of this article. Subsequently, once defined the reference year,
the baseline scenario (BLS) and the alternative low carbon scenario (LCS) were constructed including
input data, assumptions for both scenarios and a description of the 21 mitigation measures to the LCS
were added. Next, the evolution of the vehicle fleet and the energy consumption calculation model as
well as the cost benefit analysis model are described. Finally, results and conclusions are presented.

2. Mexican Transport Sector Current Situation

The energy consumption of the Mexican transport sector increased at an average annual growth
rate of 4.4% between 1965–2014, consuming 2246 PJ in 2014, that represented a share of 45.9% of the
country´s final energy consumption. Road transport energy consumption was 91.3% of the whole
sector, air transport contributed 6% of total consumption, maritime contributed 1.3%, rail contributed
1.2%, and electric transport contributed 0.2%. In terms of fuel type, gasoline was the most consumed
fuel, contributing 65% of the total transport energy, followed by diesel, at 27%, kerosene, at 6%,
liquefied petroleum gas (LPG), at 1.76%, electricity, at 0.18%, and dry gas and fuel oil together at
0.06% [24]. The number of vehicles increased at an average annual growth rate (AAGR) of 5.9%
between 1995–2014, totaling 38 million by the end of that period. Private vehicles accounted for 67.2%
of the total, followed by cargo trucks, at 25.9%, motorcycles, at 6.0%, and passenger buses, at 0.9%
according to [25]. Carbon dioxide (CO2) emissions due to road transport increased at an AAGR of
2.4% between 1990–2014, reaching 153.5 MtCO2e by the end of the period, with 71.7% of the total due
to gasoline burning, 25.5% to diesel, and 2.5% to LPG. Therefore, gasoline road transport is responsible
for 67% of the GHG emissions of the transport sector, with passenger vehicles contributing 38% and
cargo trucks contributing 29% [10].

3. General Methodology

The following general methodology is used:

• The year 2010 is established as the reference year, since for that year it was possible to combine all
the information needed to represent the Mexican transport sector demand, especially because for
this year, the road transport fleet by vehicle type and its survival curves data were available [26],
which facilitated the BLS development.

• A BLS is constructed for the period 2011–2035, in which the amount of the most consumed energy
carriers, gasoline and diesel, is estimated through an evolution model of the road transport
vehicle fleet. Meanwhile, for other transport fuels or energy carriers used, such as kerosene, fuel
oil, electricity, natural gas, and liquefied petroleum gas (LPG), their future consumption in this
sector is estimated assuming the official consumption prospective of each of these fuels [27,28].
Subsequently, the annual CO2 emissions are calculated for each of the fuels mentioned in the BLS.

• A low carbon scenario (LCS) is constructed with the 21 mitigation measures, as will be described
in the section covering the LCS construction, where the main assumptions are stated.
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• Finally, a cost-benefit analysis is carried out to determine the economic viability of the LCS
scenario in relation to the BLS scenario. Table 2 shows the fuels levelized prices assumed to
be representative of fuels price evolution between 2011–2035 which were incorporated into our
calculations in Excel spreadsheets as constants. Last column shows fuel’s information sources.
All monetary values in this study are expressed in constant year 2007 US dollars (USD).

Table 2. Levelized price of fuels used in Transport sector.

Fuel USD/GJ Own Data Based on:

Gasoline 19.0 [29]
Diesel 16.5 [30,31]

Fuel oil 11.2 [30–32]
Natural Gas (NG) 5.1 [33]

Liquid Petroleum Gas (LPG) 20.9 [29,31,34]
Electricity 30.6 [28]

Source: Based on [28–34].

Each phase of the methodology was simulated first in individual Excel spreadsheets, and
later, energy results were exported to the Long-Range Energy Alternatives Planning System (LEAP)
software [35] to obtain the aggregated energy and GHG emissions in the BLS and LCS scenarios.

3.1. Methodology Development in Excel Spreadsheets

a) Baseline scenario (BLS)

• The vehicle stock was classified according to the following vehicle types: Light Duty Vehicles
(LDV): subcompact, compact, luxury and sport cars, SUVs and light trucks all gasoline vehicles,
and Heavy Freight Vehicles (HDV): freight transport and passenger buses that use diesel (see
Table 3).

• For the reference year 2010, the existing vehicle stock was structured in terms of age, type of
vehicle and fuel type according to [36] to obtain the vehicle stock in the reference year in the
format required by LEAP.

• New vehicle sales specified by type of vehicle and fuel were obtained from [36], then, they were
projected with an AAGR of 6% equivalent to the global rate of historical annual sales between
1995 and 2009, according to this same author.

• It was considered that in the reference year 771,135 used vehicles were imported according to [26],
an AAGR of 5% after the reference year was adopted according to [36]. It was also assumed
from [26], that from total annual imported used vehicles per year, 48% were light trucks, 31%
compact cars and SUVs the remaining 21%. Finally, an age composition of vehicles per year of
entry was estimated (see Supplementary Material).

• Once this is done, the corresponding vehicle survival curves shown in Figure 1 is used to calculate
the stock of vehicles in each year.

• To obtain the annual energy consumption of vehicle stock (existing, new and imported used
vehicles) by vehicle type and fuel, was estimated considering the fuel economy and traveled
kilometers values showed in Tables 4 and 5, according to model in Section 6.1.

b) Low carbon scenario (LCS)

• The LCS was constructed from BLS described previously. For each of the first 17 measures
described in Section 5, input data and assumptions were integrated impacting the fuel economy
and traveled kilometers, and also to obtain the energy consumed for each of the mitigation
measures in the analyzed period. In this simulation the number of vehicles is mostly not affected
by modal changes, except in few specified cases.
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• For each of these 17 mitigation measures the incremental costs investment, maintenance and fuel
(positive or negative) and cost-benefit were calculated according to the assumptions, the economic
input data and the calculation model in Section 6.2, also, results were obtained in terms of stock
vehicle by type and consumption by energy type.

• In relation to the last four mitigation measures described in Section 5.1, according to [37] the
consumptions by biofuel were calculated based on input data and assumptions made to replace
gasoline and diesel with biofuels. Likewise, using the economic assumptions and input data
from [37], the results of incremental investment, maintenance and fuel costs as well as the
cost-benefit were estimated, applying the model of Section 6.2.

3.2. Methodology Development in LEAP Software

The LEAP software [35] is a bottom-up model that allows the energy supply and demand to be tied
in a friendly way in trend and alternative scenarios. LEAP is also an accounting framework that allows
to be fed with exogenous technical and economic data, contains also an environmental database from
the IPCC. These features allow LEAP to carry out the analysis of the trend and alternative scenarios in
terms of energy, economic and greenhouse gas emissions from different levels of aggregation. LEAP
also allows the analysis of different mitigation measures to be represented in individual scenarios
(one for each measure) and later, aggregated to represent an alternative global scenario. So, taking
advantage of these features, in this article the LEAP software was used as follows:

• The transport sector was divided into five subsectors, following the National Energy Balance [38],
namely: (1) road transport, (2) air, (3) rail, (4) maritime, and (5) electric public transport (subway,
trams and trolleybuses).

• The transport sector total energy consumption in 2010 the reference year, was reproduced in LEAP
from the energy consumption data of each one of the previously mentioned sub-sectors obtained
from [38], so that the aggregate energy consumption of subsectors coincides with the official total
energy consumption of the transport sector for that year.

• The BLS was constructed in LEAP representing the future fuel consumption between 2011 and 2035
of each subsector, and was estimated as follows: (1) For road transport subsector, the prospective
fuel consumption was estimated in Excel spreadsheets as explained in the previous section and
whose results were exported to LEAP. It should be noted that the LEAP software has a module
called Transport Analysis which has a similar calculation model as the model in Section 6.1, but
it was not used because it was necessary to model the imported used vehicles that are legally
introduced to the country and these imported used vehicles currently are not considered in the
LEAP transport model, that´s why our model was developed in Excel spreadsheets. (2) In the case
of the air, rail, maritime and electric public transport subsectors, the future demand for energy
from the BLS was projected using future energy consumption rates obtained from the official
prospective [27,28], the annual growth rates obtained were introduced into LEAP exogenously.

• Once the energy consumption is obtained in the reference year and the BLS, the GHG emissions
in the reference year and the BLS were calculated using emission factors obtained from the
technology and environmental database (TED) of LEAP (see Table 6).

• The LCS was also constructed in LEAP applying its characteristic of allowing scenarios aggregation,
in this case, one scenario for each mitigation measure was developed; the results of the new energy
demands in each mitigation measure calculated, as we mentioned in the previous section, were
imported for each subsector specifying the energies involved in the addressed mitigation measure.
Finally, from the sum of the 21 scenarios, one for each mitigating measure, the LCS was created
combining the results of these 21 scenarios which gives rise to a new total energy demand where
the demand for each energy type involved was specified.

• Once calculated the future energy demand, the GHG emissions from the LCS are calculated using
the aforementioned TED database.
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3.3. Assumptions about the Interaction, Additivity and Linearity of the Transport Systems

Given this methodology, this article does not consider the interactivity or the effects of additionality
that real transport systems have, either in the BLS or in the LCS, except for the interactions that are
described precisely and clearly in the description of the 21 mitigation measures. Thus, in this article
that deals with Mexican transport systems, it is considered that both in the BLS and in particular in the
LCS, it is assumed that different transport systems have a dynamic of a linear nature, independent of
other transport systems evolution. For this reason, there are no effects of interaction or additionality
between Mexican transport systems in most of the 21 mitigation measures analyzed, in this way the
demand for energy estimated in each of the transport systems as well as GHG emissions are not
influenced by the interaction between transport systems, except for those required in the description of
mitigation measures in Section 5, nor by the additive effects that may exist in these systems.

Consequently, this article considers for most of the 21 mitigation measures only direct interventions
within the same transport system, except in certain measures where it is explicitly established that
there are interactions with other transport systems. These considerations about the low interactivity,
the null additionality and the linearity in the dynamics of transport systems could lead to conservative
results in the reduction of GHG and in the economic calculations presented in this article, both for each
mitigation measure as above all for the evaluation of the LCS.

4. Reference Year Establishment and Construction of Baseline Scenario (BLS)

Table 3 shows the structure of Mexican road transport vehicle fleet in the reference year 2010.
From this year´s structure, the energy demand was estimated using equations 1, 2, and 3 toward the
year 2035 for each type of vehicle. To do so, first it was necessary to estimate the evolution of the age of
the vehicle fleet, the annual national sales and imported used vehicles by type of vehicle, the survival
factors, the vehicle fuel economy and the annual average distance travelled by each type of vehicle.

Table 3. Mexican vehicle fleet structure and fuel type in year 2010 (millions).

Vehicle Type Millions

Compacts (gasoline) 5.7
Subcompacts (gasoline) 4.0

Luxury & Sport (gasoline) 2.1
Sport Utility Vehicles (SUV) (gasoline) 2.2

Light Trucks (gasoline) 7.0
Heavy Duty Vehicles-Freight (HDV-F) (diesel) 0.5

Heavy Duty Vehicles-Passengers (HDF-P) (diesel) 0.3

Source: Data from [26].

The AAGR used to estimate the growth of sales of new LDVs in Mexico was obtained from the
historical sales’ analysis for the 1995–2009 period, coming to an average annual rate of approximately
6.0%. Concerning the introduction of imported used vehicles to Mexico, an AAGR of 4.3% from 2010
to 2035 was assumed for both light and heavy vehicles.

The survival curves (f ) from [26] for the different vehicle types is shown in Figure 1. The f values
for vehicles are relatively optimistic because they reflect the conditions and times in which the vehicle
stock is used in Mexico and whose main feature is a slow renewal of the vehicle stock, especially the
HDV freight, because users try to delay the purchase of new trucks due to their relatively high costs.
This situation is worse for the imported used vehicles from the United States to Mexico. Thus, in 2009,
the vehicle stock of vehicles that have been sold in Mexico had an average age of 12.98 years while that
of imported used vehicles was 18.01 years old, which resulted in a vehicle stock being in circulation
that had an average age of 16.34 years according to [39].
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Figure 1. Survival curves by vehicle type. Source: [26].

Regarding fuel economy by vehicle type, the values in Table 4 from [36] were used in the energy
consumption calculations in the BLS. These values represent the average performance of the future
vehicle fleet comprising: existing, new and imported used vehicles. These values are relatively low
because this work is considering a high growth percentage of imported used vehicles (5% per year) and
comparable to that of new vehicles (6% per year) as well as the high survival factors that characterize
the existing Mexican vehicle fleet. Finally, these values allow that the total volume calculation of
gasoline and diesel are in accordance with the official prospective of these fuels [27].

Table 4. Fuel economy evolution by vehicle type.

Vehicle Type
2010 2035 AAGR

(km/lt) (%)

Compacts 7.0 9.0 1.0
Subcompacts 9.6 15.1 1.9

Luxury and Sport 6.7 8.7 1.0
SUV 5.5 7.1 1.0

Light Trucks 5.5 5.9 0.3
HDV-F 3.3 7.7 3.4
HDV-P 3.3 7.4 3.3

Source: [36].

Finally, Table 5 shows the evolution of annual kilometers travelled by vehicle type for the
period 2010–2035.
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Table 5. Evolution of annual kilometers travelled by vehicle type.

Vehicle Type
2010 * 2035 AAGR

(km/year) (%)

Compacts 11,290 14,964 1.10%
Subcompacts 11,052 15,626 1.40%

Luxury and Sport 11,964 15,631 1.10%
SUV 12,378 15,804 1.00%

Light Trucks 12,218 15,229 0.90%
HFV-F 65,557 49,977 −1.10%
HDV-P 55,438 41,096 −1.20%

* Reference year. Source: [36].

The data in this table come from [36] which considers the introduction of a degradation factor in
the use intensity that depends on vehicle age (see Supplementary Material), which is associated with
the high survival factors that characterize the Mexican vehicle fleet. Altogether these assumptions
result in a conservative growth in the annual kilometers travelled by LDVs and even a decrease in this
parameter by HDVs.

Regarding other fuels that are used for transportation in Mexico, such as Natural Gas, LP gas,
fuel oil, kerosene, and electricity, their consumption in this sector in the BLS was estimated following
the official consumption outlook of each of these fuels in the transport sector [27,28]. Finally, CO2

emissions were estimated considering the emission factors shown in Table 6.

Table 6. Emission factors by fuel type.

Fuel Type (tCO2/TJ)

Gasoline 68.6
Diesel 73.3

Liquid Petroleum Gas (LPG) 62.7
Natural Gas (NG) 55.8

Fuel oil 72.5
Kerosene 72.5

Source: [40].

5. Construction of a Low Carbon Scenario (LCS)

The following paragraphs will give information on descriptions, assumptions, and costs of the
21 mitigation measures proposed. These measures have been classified into three important groups:
those that favor increasing energy efficiency, those that use biofuels, and those that introduce new
technologies using electric motors.

5.1. Energy Efficiency

5.1.1. Fuel Economy Standard for Light Duty Vehicles (LDV)

Implementation of fuel economy standards for new LDVs that foster the improvement of LDV
energy efficiency by increasing fuel economy by 5% yearly departing from year 3 to 7, generating
a 35% increase in relation to the reference year where the LDVs have a fuel efficiency of 12 km/lt.
An additional average investment cost of 918 USD is assumed per improved vehicle throughout the
first five years [41]. This additional cost was calculated, according to this author, by estimating the
global cost for manufacturers to comply with this standard which resulted in a value of 4526 MUSD,
which was divided by the number of vehicles sold during those first 5 years of this measure summing
up 4.9 million LDV according to [36]. In subsequent years, an average annual performance growth of
2.3% is assumed as an inertial improvement due to the manufacturer´s new infrastructure installed to
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comply with this standard and which was amortized as mentioned in the first 5 years of LDV sales, so
that new LDVs from the sixth year on, no longer have an extra unit cost. Finally, the maintenance (M)
costs are considered to be similar to those of existing LDVs in the BLS.

5.1.2. Fuel Economy Standard for Heavy Duty Vehicles-Freight (HDV-F)

This measure encourages the implementation of a performance standard that increases the fuel
economy of HDV-F by 20% by the fifth year of operation of the regulations, assuming an annual
increase of 4% in the fuel economy departing from year 4 to 8. An additional average investment cost
of 378 USD per improved vehicle is assumed throughout the mentioned five years, emulating the
USA draft fuel economy standard for heavy duty vehicles class 2B-8 according to [42]. This additional
cost was calculated, according to [36] by estimating the global cost for manufacturers to comply with
this standard which resulted in a value of 160 MUSD, which was divided by the number of vehicles
sold during those 5 years of this measure summing up 423,155. An average annual performance
increase of 2.5% after the eighth year is assumed as an inertial improvement due to the manufacturer´s
new infrastructure installed to comply with this standard and which was amortized in the 5 years
mentioned of HDV-F sales, so that new HDV-F from the eighth year on, no longer have an extra unit
cost. Finally, the maintenance costs are like those of used vehicles in the BLS.

5.1.3. Gasoline Price without Subventions

In this scenario, with the purpose of reaching a gasoline price without subventions, we assume
according to [36] an annual gasoline price increase of 5% over inflation during the first eleven years
between 2011 and 2022, thereafter, gasoline price remains constant until the last year of the analyzed
period. Under this assumption, a 17% reduction in intensity is achieved; this reduction is calculated
using a price–gasoline elasticity of −0.31 according to [43].

5.1.4. Verification and Circulation Restriction in the Main 20 Metropolitan Areas and Five Border
Metropolitan Areas

The aim of this measure is the implementation of inspection and maintenance programs, with
traffic restriction for highly-polluting vehicles in the 20 Mexican cities with the largest vehicle fleets and
also in the five metropolitan zones on the United States Border. This measure consists in establishing a
periodic verification of engine performance, this implies a decrease in the use of fuel due to a more
efficient combustion and fewer vehicles in circulation, therefore, a decrease in traffic congestion and an
increase in the vehicles average speed is expected. It is assumed that this measure applies to 29% of
existing national vehicles, which includes 42.2% of imported used vehicles. It is also assumed that 16%
of existing national vehicles, including vehicles older than 8 years and 100% of imported used vehicles
introduced to the metropolitan areas involved in the program, are verified and necessarily rest one day
a week [36]. Finally, it is assumed a verification annual cost per vehicle of 49 USD for verification and
58 USD for maintenance [13].

5.1.5. Border Environmental Customs for Vehicles

This measure aims to establish a vehicle inspection program at the border to prevent the importation
of those vehicles that do not comply with the national emissions’ regulation. It is assumed that, in the
border states, 16% of imported used vehicles do not meet the established standards. This percentage
is estimated from a study conducted by [44] which reports that 84% of the inspected vehicles (56%
of the total imported vehicles) were in good physical and mechanical condition. Based on this it is
inferred that the remaining 16% did not have this condition and consequently, they are the ones that
would not comply with the vehicle verification proposed by this measure. Therefore, the proposed
environmental customs should prevent the annual importation of that 16% of used vehicles. Finally, it
is considered an annual verification cost of 98 USD per imported used vehicle [13].
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5.1.6. Optimization of Public Transport Routes in Urban Areas

It is assumed according to [38] that the optimization of public transport routes would result,
on the one hand, in a reduction of the urban bus fleet by 20% in large cities (greater than 1 million
inhabitants [45]); this process begins in the second year of the period of analysis and the goal is reached
gradually in the year 2030. And, on the other hand, in a reduction of public transport by 44% in
medium cities (between 500 thousand and 1 million inhabitants [45]) by 2030. This reduction was
taken from [46] where it is proposed that this value is feasible for this medium-sized city in Mexico.

5.1.7. Introduction of Hybrid Buses

This article states that the hybrid buses measure is more important than the electric public
transport systems (subway and trams -see the following measure 5.1.8), although the electric option has
a greater mitigation potential, especially when the GHG emission factor of the power grid is high, and
for this reason it is considered as the most important and aggressive low-carbon scenario to achieve
in public transport systems. However, in this article, it is considered that hybrid buses have a much
greater development than the electric option because the hybrid option avoids the high investments
of the development of the rail infrastructure and the acquisition of trains, so from the economic and
financial point of view it has a greater viability for a country like Mexico. Hybrid buses are presented
in our article as a transition option that has an important development while lowering the costs of
electric trains and developing the rail infrastructure to use them.

The introduction of hybrid buses, with the goal of constituting 15% of the total vehicle fleet of
passenger buses in medium and large cities by 2035 has been considered. It is assumed that 30% of
new buses by the year 2035 will be hybrid [36] and that their fuel economy will be 30% higher than that
of conventional engines [47]. It is assumed that this measure applies only to 46% of the national bus
fleet for urban use (HDV-P) and that the hybrid bus fleet increases from 41 vehicles in 2012 to 7694 in
the year 2035, which implies an average annual growth rate of 25.6%. This measure implies an average
differential cost of 282,491 USD for each hybrid bus relative to conventional buses. Finally, M cost for
hybrid buses represents 10.7% of the incremental investment cost according to [36].

5.1.8. Electric Public Transport Systems

This measure promotes electric public transport systems (subway and trams) to reduce emissions
and noise. According to [36], subway trains are promoted in the largest and most polluted cities in
Mexico: Guadalajara, Monterrey, and the Metropolitan Area of Mexico City, and in the rest of the
country, extension of the tram network is promoted. It is considered that from the second year, a total
of 2.6 km of subway per year would be built in the three mentioned cities. This data is estimated
observing the increase in the length of the metro in Mexico City between 1969–2012, during which it
extended 226 km over a period of 43 years, according to [48], that is 5.2 km per year. It is assumed
that half the extension per year is considered for the mentioned three cities. In the case of trams, 89
wagons were considered in 2012 reaching 960 in 2035 [36]. According to this author, it is assumed
that 95% of transport users demand comes from public transport users and 5% from private car users.
Also, for subway trains and trams investment costs of 0.371 and 1.297 USD per kilometer travelled per
year, respectively, were considered. Finally, a subway and tram systems are assumed to expand to an
average of 0.36 and 4.2 million kilometers travelled per year, respectively.

5.1.9. Public Bicycle Systems

The assumption of this measure is to change 0.6% per year of trips made by the sources shown in
Table 7 to bicycle trips. It will start in the second year and reach progressively up to 3% in the sixth year
and maintain 3% of these annual total trips to bicycle trips for the rest of the period [36]. According to
this author, in this article we considered a bicycle average speed of 18 km/h, an average distance of
6 km per trip, and an average 7.1 trips per bicycle, an annual maintenance cost of 42 USD and a cost of
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1250 USD for each new bicycle. Finally, it is considered that there is enough infrastructure to incorporate
these new bicycle trips, where the new bicycles cost includes improvements of the infrastructure.

Table 7. Bicycle passenger sources by transport mode.

Bicycle Passenger Sources

Original Transport Mode Trips Share

Private car (sedan) 20%
Bus 26%
Taxi 15%

Non-motorized transport 19%
Not from other transport (new trips) 20%

Source: [36].

5.1.10. Bus Rapid Transit Systems (BRT)

This measure promotes Bus Rapid Transit (BRT) systems fueled by diesel. According to [36] it is
considered that 15% of BRT system passengers stopped using their private vehicle and the other 85%
change from using conventional public transport to BRT which is more efficient. In addition, these
passengers benefit from shorter transfer times. It is also considered, according to the same author, an
occupation of 100 passengers per bus used in the BRT, a performance of 1.45 km/L, and a constant
traveled kilometers per vehicle per person in all transport modes. Also, a gradual increase in BRT
corridors, from 130 km in the reference year to 650 km in the last year of the analysis period, an average
cost of 3.9 MUSD per km of corridor, were considered according to [36]. Finally, it is also assumed that
the M costs are similar to those of conventional buses in the baseline case.

5.1.11. Clean Freight Transport Program

It is assumed that at the federal level, all new freight vehicles are obliged through a standard
to incorporate three technologies to improve performance of new HDV-F vehicles based on [49]:
i) improvement in aerodynamics to achieve a 6.9% increase in efficiency; ii) improvement in inflating
tire technology, with which an increase in efficiency of 2% is achieved; and iii) installation of an
auxiliary power unit for air conditioning when the vehicle is not moving (energy independent of
the truck engine), which reduces energy consumption by 75% for this use. For this last technology
according to the information from [49], it is considered that the air conditioning unit consumes an
average of 5,443 liters of diesel per truck per year, due to the vehicle’s engine is turned on idle mode
to power it. The implementation of these measures would start from the ninth year of the analysis
period. According to the information from [49], we assumed a unitary investment costs of 624 USD
due to the new aerodynamic design, 87 USD costs for tire inflating technology, this value is estimated
as an average between 58 and 117 USD for class 7 and class 8 trailers, and 4,286 USD cost of an air
conditioning unit integrated with an independent auxiliary power unit for class 8 trailers by year 2020.

5.1.12. Urban Development Oriented to Sustainable Transportation (DOST)

According to the study [50] related to urban development in three cities in Mexico, and specifically
Mérida, it is assumed that urban development policies may achieve an average improvement of 30%
in each of the following four urban indicators applied to new urban developments: population density,
mixed land uses index, jobs per house, and employment-workers balance. According to this author, it
is assumed that new urban policies affect only new houses and the new population travel patterns,
this assumption is conservative as it does not consider interactions with population living outside
the new urban developments. The new population growth is estimated considering historical annual
growth rates of 56 Mexican urban areas, whose average is 1.5%, according to [51], and a population of
63.8 million people in 2010 [52]. With these data and considering the prospective 2011–2015 of new
housing loans [53], projecting the data for 2015 towards the rest of the analysis period, and a constant
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occupancy of 3.95 persons per housing throughout the period; throughout these assumptions it is
possible to obtain the number of new national homes and the number of new homes in the mentioned
56 urban areas, the latter in terms of the percentage of new dwellers in the period. In order to reach a
30% increase in the mixed land use index, it is assumed a 4.3% increase in the area built per person,
when compared to the base case, which represents an extra cost of 291.2 USD/m2 [54]. This is the only
additional investment cost considered in this measure.

It is also according to [36] assumed that new houses share, designed with DOST criteria, increases
from 1% in the year 1, to 35% in the year 3, to 60% in the year 5, to 90% in year 7 and to 100% from
year 9 and forward. In order to quantify the effects of the 4 aforementioned indicators in the travel
patterns, both in the average distance and frequency of daily trips, the elasticities in Table 8 were used,
originally estimated for the city of Merida by [50]. Finally, the suggested urban development policies
have the effect on the trip pattern departing from 2.59 daily trips per person and an average time per
trip of 52.73 minutes [55]. Modal changes are not assumed.

Table 8. Effects of new urban development on mobility pattern.

Urban Indicators Daily Trips Per Person Average Distance Per Trip

Population density −0.199 −0.101
Mixed land use index 0.337 −0.177

Jobs per house - 0.106
Employment-workers balance −0.336 -

Source: [50].

5.1.13. Freight Rail Systems

This measure assumes promotion of this transport system and its growth in terms of transported
freight and reduction in the use of other less efficient road transport modes. It is assumed that the
railway network grows by 450 km/year according to the national infrastructure program 2007–2012 [56],
therefore grows at an AAGR of 2.57% with an average load of 79.9 tons per wagon, this value was
calculated according to the relationship of each type of wagon existing in 2010 (gondolas, hoppers,
vans, autoracks, tanks, platforms, piggy back and others) [57] and the estimated average capacity for
each type of wagon, based on information from [58,59]. It is also assumed that the fuel performance
annual improvement showed between 1999–2009 years, through a linear interpolation departing from
115 ton-km/L [57] in 2010 and increasing at an AAGR of 1.8%. Finally, a cost of investment (including
infrastructure and equipment) of 1278 MUSD/year [56] is assumed. From the first to the sixth year,
investment costs, including infrastructure and equipment, are assumed at 1,278 MUSD/year and the
cost of diesel consumption is 0.61 USD/L.

5.1.14. Freight Transport Companies Integration

In this measure, two actions are undertaken, first, transport companies are integrated to improve
travel logistics. In Mexico 36.8% of total freight trips are empty according to [36]. And second, training
ecodriving programs for drivers are assumed to save fuel on travel. It is assumed, that there will be a
reduction of 15% in diesel consumption in 10 years due to driver training, this value is the average of
improvements by training of 9% to 23% indicated by [60], it is also assumed, based on [61] that by
the end of year 5 there will be a reduction of 50% of empty trips, starting from the second year of
the analyzed period; in this article we consider that after year five the percentage of empty trips will
remain constant for the rest of the period. A total of 84 annual ecodriving workshops for 50 drivers
each one, are proposed to be held in each one of the 33 Mexican states. A cost of 8333 USD for each
course is assumed according to [36].

5.2. Liquid Biofuels

See Table 9 for technical assumptions and assumed costs for these measures.
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Table 9. Main technical assumptions and cost structure for biofuels.

Sugarcane
Ethanol

Sorghum Grain
Ethanol

Units
Jatropha curcas

Biodiesel
Palm Oil
Biodiesel

Units

Technical Assumptions

Surface Required 2.9 2.6 Mha 3.2 1.85 Mha
Crop Yield 64 2.6 t/ha 0.7 1.5 t/ha/year
Load Factor 0.85 0.80 - 0.82 0.82 -

Plant Capacity
(One Plant)

170 190 ML/plant-year 93,750 140,171 t seed or
fruit/year

Annual
Production

145 152 ML/plant 37.5 41.6 ML

Industrial
Performance

83.2 396.0 L/t sugarcane or
sorghum grain - - -

Number of Plants 139 28 - 29 117 -
Transesterification

Efficiency
- - - 97% 97% -

Cost Structure (one plant)

Investment $ 56.9 $ 70.4 MUSD $ 25.9 $ 25.9 MUSD
O & M $ 7.91 $ 10.0 MUSD/year $ 0.38 $ 0.38 MUSD/year

Raw Material $ 28.2 $ 224.0 USD/ton $ 397.0 $ 313.4 USD/ton

Source: [37].

5.2.1. Sugarcane Ethanol

This option considers ethanol produced from sugarcane as a partial substitute for gasoline by
mixing up to 10% (in volume basis) of the gasoline, which is an ethanol widely used for blending
around the world [62]. In this measure we adopted the technical assumptions used in [37], published
in its supporting information appendix (see Table 9), where a surface of 2.9 million hectares (Mha)
is required to establish sugarcane crops to introduce sugarcane ethanol. The ethanol production is
planned to begin in year 4 with a processing plant that produces 170 million liters (ML)/year and this
capacity grows to a total of 139 plants with the same capacity by year 25. Finally, the cost structure
given by [37] it is also assumed for this measure.

5.2.2. Sorghum Grain Ethanol

This measure considers the partial substitution of gasoline with ethanol produced from grain
sorghum, through gasoline-ethanol blends. In this measure we adopted the technical assumptions
used in [37] (see Table 9) for this measure, where it is observed that a surface of 2.6 Mha is required to
grow sorghum grain crops to introduce grain sorghum ethanol. The ethanol production is planned to
begin in year 6 with a processing plant that produces 190 ML/year and this capacity grows to a total of
28 plants with the same capacity by year 25. Finally, the cost structure given by [37] it is also assumed
for this measure.

5.2.3. Jatropha curcas Biodiesel

This measure considers partial substitution of diesel with biodiesel produced from Jatropha curcas
oil, through diesel-biodiesel blends. In this study we adopted the technical assumptions used in [37]
(see Table 9), where a surface required of 3.2 Mha can be used to establish Jatropha curcas crops dedicated
to biodiesel production. The introduction of Jatropha biodiesel is planned to begin in year 8 with a
processing plant that produces 93,750 t seed/year and this capacity grows to a total of 29 plants with the
same capacity by year 25. Finally, the cost structure given by [37] it is also assumed for this measure.

5.2.4. Palm Oil Biodiesel

This measure considers partial substitution of diesel with biodiesel from oil palm, through
diesel-biodiesel blends. In this study we adopted the technical assumptions used in [37] (see Table 9),
where a surface required of 1.85 Mha can be used to establish oil palm crops dedicated to biodiesel
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production. The introduction of oil palm biodiesel is planned to begin in year 8 with a processing
plant that produces 140,171 t fruit/year and this capacity grows to a total of 117 plants with the same
capacity by year 25. Finally, the cost structure given by [37] it is also assumed for this measure.

5.3. New Electric Motor Technologies

5.3.1. Hybrid Electric Vehicles

This measure promotes the use of hybrid electric vehicles (HEV), which increases the efficiency
of fuel use by up to 50% according to [63]. It is assumed that HEV in Mexico will reach 35% of the
new vehicle sales by 2035. This percentage is higher than the one estimated for USA [64], where a 24%
market share for year 2030 is proposed. Comparing our value with a 40% share in a strong hybrid
scenario proposed for USA [65] by 2035, our value is 5% lower but still is an ambitious goal. It is also
assumed that the additional investment cost with respect to conventional internal combustion vehicles
will be 6250 USD. This value was estimated as follows: according to [66] that proposes an incremental
value is 7945 USD which contrasts with the value presented by [67] that proposes an incremental value
of 5050 USD, both in year 2010, in our article we propose to use a value close to the average between
these two references. Finally, we consider that the incremental value is reduced to 3125 USD by year
2035, which is very close to the estimated by [68], in its electric and hybrid vehicles section, which
establishes a value of 3231 USD in 2030.

5.3.2. Plug-in Hybrid Electric Vehicles

This measure assumes a penetration of plug-in hybrid electric vehicles (PHEVs) according to a
logistic function that saturates at 40% of the number of LDVs sold in the last year of the period. From a
study made for USA by EPRI [64], we found that this market share is near 50% by year 2030, therefore,
assuming a 40% PHEV share of new vehicle sales by year 2035 seems ambitious but appropriate for
the case of Mexico. It is assumed that the additional investment cost related to conventional internal
combustion vehicles is 14,100 USD at the beginning of the period, which is close to the value of
15,000 USD estimated for that same year by [69], and by year 2030 they expect a cost reduction to
7500 USD, this value is not far from to the assumed in this study of 7050 USD by year 2035. Finally,
maintenance costs are assumed similar to those of a conventional vehicle.

5.3.3. Battery Electric Vehicles (BEV)

This measure assumes a penetration of battery-powered electric vehicles (BEVs) according to
a logistic function which saturates at 10% of the number of new LDVs sold in 2035, this value is
between the 7% in 2030 estimated by [70] and 16% by 2035 estimated by [71]. It is also assumed that
the additional investment cost related to conventional internal combustion vehicles is 20,000 USD
in year 1 as published in [72] and that it decreases by half by 2035 as estimated by [70]. Finally, we
assume that the maintenance costs are like those of a conventional vehicle.

6. Calculation Models

6.1. Model Developed to Calculate the Evolution of the Vehicle Fleet and its Energy Consumption

The evolution of the vehicle fleet and the energy consumption by fuel type in the BLS is estimated
from the following equations:

Stockt f n =
∑

Stockt f n−1 + Vt f n ∗ St f n + It f n ∗ Stz f n (1)

where: Stockt f n−1: Remaining vehicle fleet of type t, using fuel f in year n − 1; Vt f n: Sales of vehicle
type t, using fuel f in year n; It f n: Number of imported used vehicles type t, using fuel f in year n.
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St f n: Survival percentage of vehicles type t, using fuel f in year n; Sitz f n: Survival percentage of
imported used vehicles type t and model year z, using fuel f in year n.

AllStockn =
∑

Stockt f n (2)

AllStockn = Total number of vehicles in year n.

Et =
∑

Stockt f n ∗Kt f n ∗ Lt f n (3)

where: Et: Energy consumption in year n by vehicle type t; Stockt f n: Vehicle fleet of type t, using fuel f
in year n; Kt f n: Average fuel economy per kilometer travelled for vehicle type t, using fuel f by year n;
Lt f n: Average annual distance travelled in kilometers by vehicle type t, using fuel f by year n.

6.2. Cost-Benefit Assessment and Mitigation Costs

The following calculation model was used to obtain the cost-benefit and mitigation cost based
on [73]:

CBLCS−BLS = ICLCS−BLS + OMCLCS−BLS + ECLCS−BLS (4)

where: ICLCS−BLS: Overall incremental investment costs for all alternative measures in the LCS in
present value; OMCLCS−BLS: Overall incremental costs of operation and maintenance for all alternative
measures in the LCS scenario in present value; ECLCS−BLS: Overall avoided costs of energy for all
alternative measures in the LCS in present value.

With:

ICLCS−BLS =
M∑

i=1

P∑
n=1

ICLCS−BLSni

(1 + r)n (5)

where: ICLCS−BLSni : Annual incremental investment costs in relation to the implementation of the
mitigation measure i for any year n in the period P; n: Year, n = 1, . . . , P; i: Mitigating measure,
i = 1, . . . , M; r: Discount rate (10%); P: Analyzed period (25 years); M: Number of mitigation measures
in LCS (21 measures).

OMCLCS−BLS =
M∑

i=1

P∑
n=1

OMCLCS−BLSni

(1 + r)n (6)

where: OMCLCS−BLSni : Incremental costs of operation and maintenance for mitigating measure i in
year n:

ECLCS−BLS =
M∑

i=1

P∑
n=1

ECLCS−BLSni

(1 + r)n (7)

where: ECLCS−BLSni : Annual cumulative incremental costs of operation and maintenance (O&M) for
the mitigating measure i accumulated in the year n in the period P:

MCLCS−BLSi =
TCLCS−BLSi

GHGLCS−BLSi

(8)

where: TCLCS−BLSi : Total incremental costs for the mitigating measure i in the LCS in present value;
GHGLCS−BLSi : Total avoided GHG emissions for mitigating measure i in the BLS.

With:

TCLCS−BLSi =
P∑

n=1

(
ICLCS−BLSni

1 + rn +
OMCLCS−BLSni

1 + rn +
ECLCS−BLSni

1 + rn

)
(9)

GHGLCS−BLSi =
∑

f

(
ESLCS−BLS f i ∗ EF f

)
(10)
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where: ESLCS−BLS f i: Total avoided energy from energy carriers f (gasoline, diesel, fuel oil, NG, LPG,
kerosene and electricity), use of which generates emissions in the implementation of measure i during
the considered period; EF f : Carbon Dioxide Emission Factor from fuel f.

7. Results

7.1. Baseline Scenario (BLS)

Table 10 shows the evolution in terms of AAGR of the stock by vehicle category in the BLS in the
period 2010–2035 and its comparison with the corresponding historical AAGR in the period 1990–2010.

Table 10. Evolution of the Mexican vehicle fleet structure in the BLS and its comparison with the
historical evolution.

Vehicle Category Vehicle Type
BLS AAGR

2010–2035 (%)
Historical AAGR
1990–2010 (%) *

Motor vehicles Compacts, subcompacts, L&D and SUV 5.1 6.0
Passenger buses Heavy Duty Vehicles-Passengers 8.6 6.2

Light Trucks and Heavy
Duty Vehicles-Freight

Light Trucks and Heavy Duty
Vehicles-Freight 4.4 5.7

Total - 5.0 5.9

* Source: [25].

Figure 2 shows results of the Mexican vehicle fleet projection in the BLS, which triples by year
2035, reaching 67.3 million vehicles (MVEH): Light trucks go from 6.8 MVEH in 2010 to 18.3 MVEH,
compact cars go from 5.5 to 17.4 MVEH, SUVs go from 1.9 to 11.9 MVEH, subcompacts go from 4.1 to
9.9 MVEH, and luxury cars go from 1.9 to 9.8 MVEH. Passenger buses increase from 0.2 to 2.6 MVEH,
and heavy trucks go from 0.3 to 3.6 MVEH.

 
Figure 2. Evolution of the Mexican vehicle fleet in the BLS.

Energy consumption (see Figure 3) continues with the predominance of gasoline and diesel,
which represent 65% and 27%, respectively, of total energy consumption in this sector, and the energy
requirements total 5879 PJ in 2035, representing a 253% increase when compared to 2010.
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Figure 3. Energy consumption by energy carrier in the BLS.

GHG emissions (see Figure 4) will reach a total 415.1 MtCO2e by 2035, an increase of 259%
compared to 2010, of which 63% and 28% come from gasoline and diesel, respectively.

 
Figure 4. GHG emissions by energy carrier in the BLS.

7.2. Low Carbon Scenario (LCS)

Figure 5 shows the vehicle stock evolution in the LCS, as can be seen the total volume reaches
almost 70 million vehicles, 3.7 million vehicles less than BLS.
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Figure 5. Evolution of the Mexican vehicle fleet in the low carbon scenario.

In addition, there is a significant technological change in the LCS, towards the year 2035, 29%
(20.1 million vehicles) are based on new technologies, 44% (30.7 million vehicles) use mixtures with
biofuels and the rest 27% (18.9 million vehicles) remain with conventional technologies.

Figure 6 shows energy consumption results of the LCS, where gasoline and diesel contribute
51.4% and 16.4% of total energy consumption, respectively, followed to a lesser extent by kerosene, at
11.1%; sugarcane ethanol, at 9.8%; electric power, at 3.3%; LPG, at 3.1%; sorghum ethanol, at 1.2%; and
jatropha biodiesel, at 1.0%. Fuel oil and NG contribute 0.18% and 0.04%, respectively. By year 2035,
transport sector energy requirements total 3,468 PJ in the LCS, which represents a reduction of 41%
compared to the BLS.

 
Figure 6. Energy consumption by energy carrier in the LCS.
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Figure 7 shows results of the GHG reductions in the LCS scenario. In terms of energy efficiency
measures, gasoline price without subventions contributes most, at 571 MtCO2e, followed by the
integration of transport companies, at 415 MtCO2e; Customs vehicular environmental in the border, at
259 MtCO2e; rail systems for cargo, at 236 MtCO2e; federal clean transportation program, at 226 MtCO2e;
sustainable oriented transport development, at 210 MtCO2e; performance standard for light vehicles,
at 120 MtCO2e; performance standard for cargo vehicles, at 116 MtCO2e; optimization of public
transportation routes, at 98 MtCO2e; verification and restriction of traffic in the main 20 metropolitan
zones and 5 border metropolitan zones, at 17 MtCO2e; public bicycle system, at 9 MtCO2e; rapid
transport systems, at 5 MtCO2e; introduction of hybrid buses, at 5 MtCO2e and, finally, public transport
electric systems, at 3 MtCO2e.

 
Figure 7. GHG emissions’ reduction by measure in the LCS.

Regarding biofuels’ use, the one that reduces GHG most is sugarcane ethanol, at 355 MtCO2e,
followed by palm oil biodiesel, at 82 MtCO2e; ethanol from sorghum grain, at 43 MtCO2e; and biodiesel
from Jatropha curcas, at 35 MtCO2e.

Regarding the new electric motor technologies, the HEV reduces GHG by 127 MtCO2e, followed
by the PHEV, at 45 MtCO2e; and, finally, the BEV, at 23 MtCO2e.

To summarize, the cumulative total of the emissions avoided in the analysis period amounted to
3165.9 MtCO2e in the LCS, which represents a total mitigation potential of 46.3% when compared to
the emissions from the BLS. At 2035 levels, 229 MtCO2e are mitigated, which corresponds to a 59.3%
GHG emissions’ reduction relative to a BLS.

The resulting 10 best GHG mitigation measures in the Mexican transport sector, representing
a total of 85% of avoided emissions, are: the gasoline price without subventions, at 18.0%; freight
transport companies integration, at 13.1%; sugarcane ethanol, at 11.2%; border environmental customs
for vehicles, at 8.2%; freight rail systems, at 7.5%; program for clean freight transport, at 7.1%; urban
development oriented to sustainable transport, at 6.6%; fuel economy standard for LDV, at 5.4%; HEV,
at 4.0%; and, finally, fuel economy standard in freight HDV, at 3.8%.
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Considering the classification from the study by [6], in relation to an ambitious transport sector
low carbon scenario in India, and adding our results according to this classification, Table 11 was
developed in order to compare our results for Mexico with that of this author.

Table 11. Comparison of mitigation results of similar transport sector´s Low Carbon Scenarios in 2035
from India [6] and Mexico (this work) in absolute and relative values relative to a baseline scenario.

Measures Category

INDIA MEXICO

[6] This Work

Absolute GHG Reductions Absolute GHG Reductions

MtCO2 % MtCO2 %

Sustainable Mobility * 50 7% 26 6%
Freight Logistics ** 18 3% 69 17%
Fuel Economy *** 120 18% 83 20%

Biofuels **** 18 3% 35 8%
Electric Vehicles ***** 140 20% 15 4%

Total GHG Reductions
from a Baseline Scenario

346 51% 229 56%

* Sustainable mobility: Public bicycles system, confined bus rapid transit systems (BRT), urban development
planning oriented to sustainable transportation, optimization of public transport routes in urban areas; ** Freight
logistics: Program for clean freight transport, freight rail systems, freight transport companies’ integration; *** Fuel
economy: Fuel economy standard for light duty vehicles (LDV), gasoline price without subventions, verification and
circulation restriction in the main 20 metropolitan areas and five border metropolitan areas, fuel economy standard
in heavy duty vehicles-freight (HDV), border environmental customs for vehicles; **** Biofuels use: Sugarcane
ethanol, sorghum grain ethanol, Jatropha curcas biodiesel, oil palm biodiesel; ***** Electric mobility: Hybrid electric
vehicles (HEV), plug-in hybrid electric vehicles (PHEV), battery electric vehicles (BEV), introduction of hybrid buses,
electric transport systems.

According to the percentage data shown in the mentioned table, in the mitigation measures related
to sustainable mobility, our results are similar with respect to the mentioned study. The same can be
said about the measures that concern the fuel economy, however, the set of mitigation measures of our
work is more ambitious regarding freight logistic and biofuels measures of the low-carbon scenario
carried out for the India’s transport sector, achieving in the first case a higher mitigation by a factor
of 5 and in the second case, higher by a factor of 3, in percentage terms. Finally, it is observed that
our measures concerning electric vehicles have less ambition to mitigate in the Mexican transport
sector than that established for the study of India mentioned, being smaller by a factor of almost 6, in
percentage terms.

In global terms, the two low-carbon scenarios of the two countries show important similarities
in terms of ambition to mitigate. When comparing CO2 reductions in year 2035 in percentage terms,
we can observe that the mitigation potential identified for Mexico represents a 56% of CO2 reduction
when compared to the BLS, while for the case of India, this CO2 reduction is 51% compared to a
baseline scenario.

Table 12 shows the results of the incremental costs of investment, maintenance, avoided
fuel, avoided subsidies, co-benefits, cost-benefit, mitigation cost, and avoided emissions from the
21 mitigation measures considered. According to this table, only 11 measures have a net investment
cost; these are Introduction of hybrid buses, electric public transport systems, confined BRT systems,
urban development oriented to sustainable transport, in addition to all measures corresponding to the
use of liquid biofuels and those of new electric mobility technologies.
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Table 12. Avoided GHG costs and emissions from mitigation measures in the transport sector in Mexico
during 2010–2035 period.

Mitigation Measure
I M S CPS AF C-B MC AE

MUSD USD/tCO2e MtCO2e

Energy Efficiency 35,897 6905 −171,057 0 −136,631 −264,888 −108 2457
Fuel Economy Standard for LDV 3085 0 0 0 −16,727 −13,642 −79 172

Gasoline Price Without
Subventions 0 0 −171,057 0 −38,175 −209,232 −366 571

Verification and Circulation
Restriction in the Main 20

Metropolitan Zones and 5 Border
Metropolitan Zones

0 4775 0 0 −5498 −723 −7 98

Fuel Economy Standard in HDV-F 90 0 0 0 −6101 −6011 −50 120
Border Environmental Customs for

Vehicles 6522 2092 0 0 −16,787 −8174 −32 259

Optimization of Public Transport
Routes in Urban Areas 0 0 0 0 −5835 −5835 −50 116

Introduction of Hybrid Buses 356 38 0 0 −152 242 48 5
Electric Public Transport Systems 656 0 0 0 −209 446 149 3

Public Bicycles System 544 0 0 0 −1375 −832 −48 17
Confined BRT Systems 1275 0 0 0 −893 382 43 9

Program for Clean Freight
Transport 2730 0 0 0 −8482 −5751 −25 226

Urban Development Oriented to
Sustainable Transport 2231 0 0 0 −1150 1081 5 210

Freight Rail Systems 18,244 0 0 0 −14,018 4226 18 236
Freight Transport Companies

Integration 164 0 0 0 −21,229 −21,065 −51 415

Liquid Biofuels 3048 35,912 0 −3662 −28,487 6814 13 514

Sugarcane Ethanol 2371 24,984 0 −1930 −20,928 4498 13 355
Sorghum Grain Ethanol 369 4576 0 −1500 −2497 949 22 43
Jatropha curcas Biodiesel 232 2340 0 −202 −1519 852 24 35

Oil Palm Biodiesel 76 4012 0 −30 −3543 515 6 82

New Electric Mobility
Technologies

25,559 0 0 0 −8258 17,302 89 194

Hybrid Electric Vehicles (HEV) 6297 0 0 0 −4047 2250 18 127
Plug-in Hybrid Electric Vehicles

(PHEV) 13,218 0 0 0 −1922 11,296 251 45

Battery Electric Vehicles (BEV) 6044 0 0 0 −2289 3756 163 22

Totals 64,504 42,817 −171,057 −3662 −173,376 −240,772 −76.05 3166

Note: I: Investment cost, M: Maintenance cost, S: Subsidies, CPS: Co-products and Sales incomes, AF: Avoided Fuel
cost, C-B: Cost Benefit, MC: Mitigation Cost and AE: Accumulated Avoided Emissions.

The rest of the measures considered have no net investment cost, and they have benefits; these
are fuel economy standard for LDVs, gasoline price without subventions, verification and circulation
restriction in the main 20 metropolitan zones and five border metropolitan zones, fuel economy
standard in HDV-F, border environmental customs for vehicles, optimization of public transport routes
in urban areas, public bicycles system, program for clean freight transport, and freight transport
companies’ integration. To summarize, the 21 measures studied represent an investment cost of
13,135 MUSD, a maintenance cost of 6867 MUSD and an avoided fuel cost of −120,209 MUSD. From
the economic analysis results a cost-benefit of −271,265 MUSD and mitigation costs from −366 to
−7 USD/tCO2e. Finally, the cumulative mitigation potential is 1994 MtCO2e.

Figure 8 shows the marginal cost curve of the measures analyzed and, in turn, indicates a route to
follow for the implementation of mitigation measures based mainly on those that have no cost but
have great potential for reducing emissions, which could initiate a transition toward a low carbon
transport sector.
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Figure 8. Marginal abatement cost curve for transport sector in Mexico.

8. Conclusions

In this article, a low carbon scenario (LCS) is proposed for the Mexican transport sector through
the integration of 21 greenhouse gas (GHG) mitigation measures. As a result, we have an LCS that
describes a transport sector transformation path characterized by structural changes in passenger and
freight mobility; use of new mobility technologies, with electric motors; biofuels’ introduction; price
signals; and changes in transport practices, emission regulations, and urban planning.

The economic and environmental analysis of joint and parallel implementation of the selected
mitigation measures shows, in year 2035, accumulated benefits for −240,772 MUSD, an average
mitigation cost of −76.0 USD / tCO2e, and an accumulated value of GHG emissions’ reduction of 3166
MtCO2e (equivalent to a reduction of accumulated GHG emissions of 46.3% when compared to BLS, an
average annual reduction of 126.7 MtCO2, and a 59.3% reduction of GHG emissions relative to the BLS
in the year 2035). We believe that the GHG reductions’ portfolio of mitigation measures analyzed in
this article will help Mexico, and other countries in the world, to establish more robust, more ambitious,
and faster energy transitions to limit GHG emissions in this key sector to restrain global climate change.
However, this article shows that the great challenge is to raise the significant investment required to
achieve this energy transition in a very capital-intensive sector such as the transport sector, as shown
by the Mexican case, where an accumulated investment of 64,326 MUSD is needed to establish a low
carbon transport sector that will contribute to the actions to restrain climate change.

These results should be considered carefully since the interaction between the 21 mitigation
measures is limited and restricted to one or two modes of transport at best, and the possible additivity
effects of these measures were not studied and considered in this article. The representations of the
measures were consequently assumed of linear nature, so our results turn out to be conservative and
do not necessarily represent what could happen in the real-world transport systems. Taking into
account the additive effects of the 21 mitigation measures analyzed, which would reflect the greater
interactivity between transport systems and their non-linear nature, would result in an improvement
in the overall results (cumulative emissions, emissions to the year 2035, cost-benefit, mitigation costs
and investments) that we have presented in this article.
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Abstract: Behavior-driven energy conservation has been a promising strategy for reducing building
energy consumption as well as carbon emissions. With the intention of revealing the impacts of
an individual’s personality basis on energy conservation behavioral attitudes and intentions in
households and offices, the present study proposes and conducts an experiment in Xi’an, China
with two groups for the investigation of such attitudes towards household energy-saving behavior
(HESB) and office energy-saving behavior (OESB), respectively. The research adopts structural
equation modeling for experiment data analysis. The analysis results suggest that the two personality
traits, Agreeableness and Neuroticism, are significantly related to both HESB and OESB attitudes.
Especially, agreeable people tend to present stronger energy-saving attitudes, while individuals
with higher Neuroticism are less likely to do so. The results indicate that the impacts of these two
traits on energy-saving attitude are found to be less influenced by different environment settings.
Further, the results find that Extraversion positively influences energy-saving attitude in the office
environment, while Openness only significantly works in the household environment. It is hoped that
the findings of the present study can provide informative references to energy-saving intervention
design as well as further studies on the spillover of pro-environmental behaviors.

Keywords: energy-saving; attitude; Big Five; personality traits; office; household; pro-environment

1. Introduction

Energy security plays a critical role in social, economic and environmental development [1].
An adequate energy supply can not only reduce the risk of political extortion, but also control the cost
of industrial development. Besides, energy consumption is closely related to greenhouse gas (GHG)
emissions as well as a series of environmental pollution. In addition to developing novel energy-efficient
techniques [2], in the last few decades, governments have paid much attention to efficient energy
consumption and resource conversation. More and more governments implement policies to encourage
business owners and households to use equipment with higher energy efficiency. The European Union,
for example, has set up several directives and projects to reduce energy consumption by 20% [3].
Through these energy policies, these countries or regions have not only reduced their dependence on
energy imports, but also effectively promoted environmental sustainability.
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Pro-environmental behaviors (PEBs) refer to “individual behaviors to enhance environmental
sustainability” [4]. Promoting energy conservation and other PEBs seems a promising strategy for
sustainable development: compared with other means [5], behavior-driven approaches generally work
with less initial investments and quick returns [6]. Behavior-driven energy-saving solutions have been
well considered in several green building schemes [7]. PEBs can be predicted by some psychological
and demographic items [8–10]. The theory of personality trait, for example, explains the highly stable
individual differences in PEB intentions [11,12]. Personality traits refer to factors reflecting individual
characteristic patterns of thoughts as well as feelings and further reflecting individual behavioral
patterns [13]. Personality traits might influence one’s attitude towards PEBs [14–16], and then further
contribute to sustainable intentions and behaviors directly or indirectly [17,18]. Some studies support
that people with some specific personality characteristics (so-called “green personalities”) tend to
present stronger attitudes towards PEBs and have more environmental protection potential [12]. This is
also in line with some studies on PEB spillover: people performing one PEB have higher likelihoods of
performing other PEBs [19,20]. Based on the personality trait theories, research works have further
made use of personality characteristics as well as interventions in PEB promotion [21,22].

However, there is growing evidence that people may present different intentions towards different
PEBs and in different environments [9,23]. Wells et al. [9], for example, found the spillover effect of
different resource conservation behaviors in different situations less significant. Especially, people
present a remarkable difference between their PEB intention inside and outside their homes. Tudor
et al. [24] also reported the connections and differences between PEBs at work and at home, which
supported the above statement. Besides, people with similar personality characteristics might present
individual differences in different PEBs. For example, Tang and Lam [25] noted that agreeable people
who consider more about others’ feelings are more likely to pay for green hotels consuming less energy
and resources. However, Kamal and Barpanda [26] found that not agreeable but extroverted students
tend to save energy at school. Shen et al. [27] found the contribution of both of the above two personality
traits to household energy-saving behavior (HESB) insignificant. Thorough understanding of the
individual difference in energy-saving attitudes and intentions at different situations is important for
effective energy policy-making as well as energy-saving intervention development. Thus, it is necessary
to reveal the contribution of “energy-saving personality traits” to the mentioned individual differences.

This study aims to reveal the personality basis of individual differences in attitudes as well as
intentions towards energy conservation inside and outside the family environment. There are only a
few pro-environmental behavior studies focusing on the developing areas. To bridge this gap, this study,
however, conducts the field experiment with 800 participants in Xi’an, a typical city in the northwest
region, the most undeveloped area in China. Participants are divided into two groups focusing on
HESB and office energy-saving behavior (OESB), respectively. HESB is a typical respective of in-home
pro-environmental behavior (IHPEB), which refers to “individual actions for environmental protection
at households or private spaces”. OESB represents out-of-home pro-environmental behavior (OHPEB),
which refers to “individual actions for pro-environmental purpose in public spaces”. The study
first reviews the recent literature on the relationship between personality traits and PEBs in different
situations and introduces the design and conduct process of the experiment in detail. This research
then analyzes the experiment data with the structural equation modeling (SEM) technique. Based on
the analysis results, the paper discusses the potential causes of the results, the policy implications of
the findings and the limitations of this study. This study investigates the influence of personality traits
on energy-saving attitude in office and household environments. The findings of this study would
provide a personality explanation of the individual differences in energy conservation attitudes in
different situations. The findings would be helpful in energy-saving intervention and policy-making.

2. Literature Review

Broadly speaking, personality traits refer to the highly stable, individual characteristic set of
behaviors, cognitions and emotional patterns that evolve from biological and environmental factors [28].
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Personality traits can influence attitude directly [29]. Several studies have provided sufficient evidence
supporting the significant contribution of personality traits to PEBs directly [30] or mediated by
attitude [12,31].

The Big Five personality trait theory (also called Five-Factor Model of Personality, FFM) is
one of the most commonly used models in the psychological field [32]. The FFM comprises five
personality traits: Extraversion (E), Agreeableness (A), Conscientiousness (C), Neuroticism (N) and
Openness (O). Extraversion refers to the individual tendency to be outgoing, energetic and assertive
to the outer world [33]. Thus, extraverted individuals often present a positive attitude to social
connection engagement and show the ability to garner energy from socializing. Agreeableness is a
trait manifesting itself in individual behavioral characteristics that are perceived as kind, sympathetic
and cooperative [34]. Agreeableness individuals are caring for the well-beings of others and present
strong humility and trustfulness. Besides, Conscientiousness is defined as the tendency of being
organized and obeying obligations and goals [34]. Therefore, Conscientiousness individuals are more
likely to accomplish assigned tasks and respect for the disciplines that encourage organizational
achievements [35]. Neuroticism refers to the individual tendency to experience negative emotions [34].
Individuals with higher scores on Neuroticism tend to present lower emotional stability. Openness is
the tendency to embrace knowledge, interest in generating novel configurations within practices and
appreciation for variety thinking and experiences.

The literature so far critically employed the FFM in the field of PEBs, such as energy-saving [27,36,37],
recycling [38], paying for green hotels [25] and sustainable tourism [31,39]. Additionally, there are several
studies connecting the Big Five personality traits with PEB-related psychological factors. For instance,
some previous studies linked Big Five personality traits to attitude towards PEBs [14,15,40].

Considerable efforts have also been made to explore the impacts of personality traits on the IHPEBs.
Several studies indicate that Agreeableness, Conscientiousness as well as Openness are potentially
related to attitude and intention towards household PEBs. Markowitz et al. [17], for example, found
significant relationships between the three personality traits (i.e., Agreeableness, Conscientiousness
and Openness) and the HESB intention. Busic-Sontic and Brick [41] noted that individuals with
higher Openness tend to accept green household installations in the UK, which is also supported
by He and Veronesi’s [42] study on household renewable energy technology adoption in mainland
China. Shen et al. [27] argued that Conscientiousness presents the most consistency in its correlation
with HESB, and Agreeableness and Openness also present positive contributions. Swami et al. [43]
and Zhang et al. [44] believe that Conscientiousness is an important predictor of household waste
management behavior. However, empirical findings are inconsistent. For example, both Brick
and Lewis [12] and White and Hyde [45] found the relationship between Conscientiousness and
household pro-environmental behavior less significant. Further, Swami et al. [43] suggested that the
link between Agreeableness and in-home waste management is insignificant. The roles of Extraversion
and Neuroticism, the other two personality traits, in the in-home PEB process seem unclear. Limited
evidence suggested that Neuroticism is weakly but positively related to household sustainable
installation behavior while the contribution of Extraversion presents as negative [41]. Individuals with
high Extraversion scores are more likely to turn off lights when nobody is at home. The same law
applies to individuals with lower Neuroticism [27].

Further, several personality studies focus on the OHPEBs. There is growing evidence showing that
Agreeableness and Extraversion potentially contribute to out-of-home PEBs. For instance, Sun et al. [15]
and Luchs [46] indicate that both Agreeableness and Extraversion positively affect the attitude towards
green buying. This is in unison with the conclusion of Tang and Lam [25] who provide empirical
evidence confirming the positive relationship when examining people’s willingness to pay for green
hotels. Yazdanpanah and Hadji Hosseinlou [47] found that extraverted people are more likely to
choose public transport means. They, together with agreeable individuals, tend to present higher
acceptability of sustainable transport policies, where higher levels of trust in the government would
be a potential explanation [48]. Kvasova [39] indicates that both Agreeableness and Extraversion
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positively contribute to pro-environmental tourist behaviors in Cyprus. However, there also exist
some different statements. For example, Passafaro et al.’s study [31] on sustainable tourism found that
neither Extraversion nor Agreeableness directly contributes to pro-environmental attitudes or OHPEBs.

Yet, there exists little consensus about the relationships between the other three traits (i.e.,
Openness, Neuroticism and Conscientiousness) and the OHPEBs. Sun et al. [15] found that Openness
and Conscientiousness also positively contribute to green consumption intention. Yazdanpanah and
Hadji Hosseinlou [47] noted that Neuroticism presents a negative relationship with public transport
choosing intention while the contributions of Agreeableness, Openness and Conscientiousness seem
insignificant. Kvasova [39] noted that Neuroticism and Conscientiousness are positively associated
with green tourist behavior while the link between Openness and the OHPEB is less significant.
Chiang et al. [49] found that emotional stability positively contributes to OHPEBs. These findings
highlight the complex attribute of personality traits. Further investigations on the roles of the
above-mentioned three traits are necessary.

Previous research has well explored the role of the Big Five personality traits in pro-environmental
attitudes and behaviors. Many studies have thoroughly analyzed the impacts of personality traits
on various typical environmental-friendly attitudes or behaviors such as garbage recycling, saving
resources and purchasing green products. The results of these studies indicate that personality
traits have different influences on different environmental-friendly behaviors. For example, in three
personality studies on energy conservation behavior, Shen et al. [27], Tiefenbeck et al. [50] and
Markowitz et al. [17] presented different findings with different backgrounds. Further, participants in
two studies on recycling, by Poškus and Žukauskienė [38] and Swami et al. [43], also present different
attitudes with different environments (i.e., school and family). These findings show that the role of
personality traits on the same pro-environment behavior in different environments might be different,
thus requiring further explorations. However, there is only a limited number of studies focusing on the
energy-saving attitudes in different environments and their personality explanation. Based on the above
literature review, this study aims to reveal the personality basis of individual differences in energy-saving
attitude in family and office environments. The researchers propose a theoretical framework connecting
the Big Five personality traits with PEB intentions via attitudes. Further, the study puts several hypotheses
forward on HESB and OESB, respectively. These hypotheses are shown in Table 1.

Table 1. The hypotheses put forward in the study.

Hypothesis

H1 Agreeableness contributes to HESB by positively affecting attitude towards HESB
H2 Conscientiousness contributes to HESB by positively affecting attitude towards HESB
H3 Openness contributes to HESB by positively affecting attitude towards HESB
H4 Extraversion contribute to HESB by negatively affecting attitude towards HESB
H5 Neuroticism contribute to HESB by negatively affecting attitude towards HESB
H6 Agreeableness contributes to HESB by positively affecting attitude towards OESB
H7 Conscientiousness contributes to HESB by positively affecting attitude towards OESB
H8 Openness contributes to HESB by positively affecting attitude towards OESB
H9 Extraversion contribute to HESB by negatively affecting attitude towards OESB
H10 Neuroticism contribute to HESB by negatively affecting attitude towards OESB

The hypotheses and relationships between variables in the research framework are presented
graphically in Figure 1. Figure 1a shows the research model for HESB, while Figure 1b shows the research
model for OESB.
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(a) 

(b) 

Figure 1. The research model. (a) The research model for HESB; (b) The research model for OESB.

3. Methodology

3.1. Study Overview

This research conducted a field experiment in Xi’an, one of the most densely populated cities
located in Shaanxi Province, northwest China, and selected two typical residential communities
in Yan-Ta district (urban area in Xi’an) as the study areas. Notably, these two communities are
located in the same district and the residents in the selected study areas share similar socioeconomic
characteristics. Especially, the participants have similar cultural and economic backgrounds as well as
a built surrounding environment. Before substantial data gathering, the researchers invited five experts
to review as well as revise the questionnaire in terms of its structure, wording and comprehensibility
to make sure the questionnaire was understandable for the general public. These experts included
two researchers in psychology, two experienced community workers in the study areas, as well as
one property manager. The revised questionnaire was pilot-tested by 30 individuals to give revision
suggestions to the final version of the questionnaire.

In this study, the community workers played the role as the gatekeeper. The study used the
two-stage sampling method. Residents in the selected communities were encouraged to participate in
this research by the staff in the neighborhood committee via a Wechat group to maximize the sample
size. The researchers called for participants in the study areas through the local residential committee
and there were 853 households signed-up. The researchers selected 800 households from the signed-up
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group. The selection was based on two standards: (1) the participant had lived in the investigation
sites for at least six months; and (2) the participant had a steady job and had worked at the current
company for at least six months so that they are familiar enough with the environments.

The participants in the experiment were purposely divided into two groups (i.e., Group A and
Group B) according to their sociodemographic backgrounds to maximize the representativeness of
the diverse background and to reduce the possibility of sampling bias. The respondents in different
groups were required to complete the different questionnaires with different themes. The first version
of the questionnaire concerns HESB (so called HESB-Q) and was prepared for Group A. The second
version of the questionnaire concerns OESB (so called OESB-Q) and was prepared for Group B.

The responses from the participants were collected during January to March 2020. Due to the
coronavirus (i.e., COVID-19) outbreak in China, the researchers adopted online tools to avoid face-to-face
interaction from late January. Especially, the researchers employed Wechat, one of the most popular instant
message Apps for consumer smart devices (i.e., smart phones and tablets) in China, to distribute the
questionnaire and to collect the responses. The high usage rate makes Wechat (7.0.12, Tencent, Shenzhen,
China) a suitable tool to approach potential participants in Chinese cities [8,43,51]. Sun et al. [51] provide
sufficient evidence showing the feasibility of questionnaire distribution with Wechat. In this study,
potential respondents were sent the online questionnaire which is able to be opened by clicking the
link or scanning a QR-code on a prepared survey card to reach the online questionnaire. The structural
equation modeling (SEM) approach is then adopted to delineate the causal mechanisms and numerous
relationships between personality traits and different types of energy-saving behaviors in this study.

3.2. Questionnaire Design

Based on an extensive review of the relevant literature [6,52,53], the questionnaire survey was
chosen as the main data instrument to solicit the opinions on the subject matter. In order to encourage
participation, the questionnaire was completely anonymous and voluntary, respondents were assured
of the confidentiality of their data [54]. No reminder letter was sent to the respondents during the data
collection process. Vouchers were given to participants who completed the questionnaire and provided
valid feedback successfully. Both of the questionnaires for Group A and Group B encapsulated
three sections.

The first sections in the two versions are the same, where the researchers employed the Chinese
version of the Ten-Item Personality Inventory (i.e., TIPI-C) to evaluate the personality characteristics of
the participants. The TIPI is a short inventory for the Five-Factor Personality assessment with only
10 items. The TIPI inventory was developed by Gosling, Rentfrow and Swann [34] and has been widely
employed in psychological studies on PEBs [17,55]. Lavelle-Hill et al. [56], for example, employed
the TIPI in a study on plastic bag consumption. In addition, Komatsu and Nishio [37] also adopted
the Japanese version of the TIPI in a study on HESB. There are several studies on the validity and
reliability of the Chinese form of TIPI [57,58]. All items in the first section used a 5-point Likert rating
scale (i.e., 1 = Strongly Disagree, 2 = Disagree, 3 = Neutral, 4 = Agree, 5 = Strongly Agree).

In the second section, the two questionnaires focus on the attitudes towards household and office
energy-saving behavior, respectively. Each of them includes four items using the 5-point Likert rating
scale. The items employed in the questionnaires for the two groups are presented in Table 2. Besides,
the researchers also provided a clear definition of energy-saving behaviors as well as some typical
HESBs and OESBs (see Table 3) to the participants. The HESB-Q categorizes sixteen typical HESBs into
four family scenes: kitchen, living room, bedroom and bathroom. The OESB-Q categorizes nine typical
HESBs into two office scenes: office desk and pantry. The questionnaires then tested the energy-saving
behavioral intentions of the participants in different scenes. Different from the first section, the items
as well as the checklist in this section are original.

The final section was designed to collect the socio-demographic characteristics of the respondents.
The items in the third section include questions about gender, age, education level and income level.
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Table 2. The items in Section 2 of the Uniform Questionnaire

Version Group Item Code

HESB-Q A

HESBs are valuable for environmental protection; ATT-1A

HESBs are important for environmental protection; ATT-2A

HESBs are wise actions; ATT-3A

OESB-Q B

OESBs are valuable for environmental protection; ATT-1B

OESBs are important for environmental protection; ATT-2B

OESBs are wise actions; ATT-3B

Table 3. The household energy-saving behavior (HESB) and office energy-saving behavior (OESB) checklist.

Version Scene Item

HESB-Q

Kitchen

Keep the fridge door closed after taking food.
Reduce the flame when boiling starts.

Cool down hot food before storing in the fridge.
Allow some space all around the fridge and keep the fridge far

from the heater.
Not overfill the fridge and allow some gaps between fridge and food.

Living room

Turn off the television when not in use.
Close windows and doors when using heating or cooling system.

Set the heating system below 20 ◦C in winter and set the air-condition
around 25 ◦C in summer.

Set computer on energy-saving mode.

Bedroom

Use natural light instead of artificial light in the daytime.
Use task lighting before plan to sleep.

Turn off light when sleeping.
Turn off the air-conditioning system when leaving the room.

Bathroom
Take a shower rather than a bath.

Control the showering time.
Turn on the water heater only when necessary.

OESB-Q

Office Desk

Set computer on energy-saving mode when leaving for a short time and
switch off the computer when leaving for a long time.

Close windows and doors when using heating or cooling system.
Set the heating system below 20 ◦C in winter and set the air-condition

around 25 ◦C in summer.
Use task lighting for activities requiring a small amount of focus light.

Turn off air-conditioning and light when leaving the office.

Pantry

Switch on the water heater only when necessary and turn it off
when not use.

Cool down hot food before storing in the fridge.
Turn off light when leaving.

Heat enough water without too much unused.

3.3. Respondents Profile

The study distributed 800 questionnaires in the two groups. A few participants declined to
participate or filled in the questionnaire incompletely. In total, the researchers collected 753 responses,
683 (i.e., 90.70%) of them were valid. There were 335 valid responses from Group A, where 168
were male (i.e., 50.51%) and 167 were female (i.e. 49.85%). Group B has a valid sample of 348: the
numbers of male and female were 177 (i.e., 50.86%) and 171 (i.e., 49.14%), respectively. In Group A,
219 (i.e., 65.37%) respondents held a bachelor or higher-level degree. There were 235 (i.e., 48.56%)
bachelor or higher-level degree holders in Group B. The annual income level of most participants
ranged from CNY 50,000 to 150,000 per year. The respondent profile and the statistical data in Xi’an
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and mainland China are compared in Table 4 in detail. The sociodemographic information of Xi’an
city was found from the 2010 population census of the People’s Republic of China [59] as well as the
statistical communique of Xi’an on national economic and social development in 2019 [60]. The national
sociodemographic information comes from the 2010 population census of the People’s Republic of
China [59] and the People’s Republic of China on national economic and social development in
2019 [61]. All the participants in this study had stable jobs. Thus, the percentages of adolescents
and senior people are less than the national average level. Besides, the average income level of the
participants was significantly higher than the national level for the same reason.

Table 4. Socio-demographic characteristics of respondents.

Item Range
Group A Group B Statistic Data (Xi’an) Statistic Data (China)

Frequency Percentage Frequency Percentage Percentage Percentage

Age

<18 5 1.49% 8 2.30% 25.32% 24.10%

18–25 70 20.90% 67 19.25% 10.62% 9.56%

26–30 79 23.58% 83 23.85% 7.87% 7.58%

31–40 92 27.46% 88 25.29% 16.12% 16.14%

41–50 51 15.22% 58 16.67% 15.45% 17.28%

51–60 33 9.85% 35 10.06% 12.26% 12.01%

>60 5 1.49% 9 2.59% 12.37% 13.32%

Gender
Male 168 50.15% 177 50.86% 51.26% 51.19%

Female 167 49.85% 171 49.14% 48.74% 48.81%

Education
Level

Secondary School
or Below 27 8.06% 24 6.90% N/A N/A

High School
or equivalent 89 26.57% 89 25.57% 20.66% 15.02%

Bachelor’s degree
or equivalent 165 49.25% 169 48.56%

22.00% 9.53%
Master’s degree

or equivalent 52 15.52% 62 17.82%

Doctor’s degree
or above 2 0.60% 4 1.15%

Income Level
(CNY Per Year)

<30,000 48 14.33% 54 15.52%

The average disposable
income of urban residents is

41,850 while for rural
residents is 14,588.

The average disposable
income of urban residents is

42,359 while for rural
residents is 16,021.

30,000–50,000 34 10.15% 38 10.92%

50,000–100,000 93 27.76% 83 23.85%

100,000–150,000 71 21.19% 72 20.69%

150,000–250,000 41 12.24% 48 13.79%

250,000–300,000 15 4.48% 15 4.31%

>300,000 12 3.58% 12 3.45%

N/A 21 6.27% 26 7.47%

3.4. Data Analysis

This study employed structural equation modelling (SEM) for data analysis. SEM consists of
two types, namely covariance-based SEM and partial least squares SEM (PLS-SEM) [62]. As a useful
statistical tool for testing the formulated hypotheses, PLS-SEM was selected in this study to quantify the
impacts of different constructs [63]. PLS-SEM has been widely employed in behavioral sciences-related
research with the ability to handle non-normal data and avoid many restrictive data assumptions. For
example, Liu et al. [8] adopted PLS-SEM to investigate the psychological factors influencing HESBs.
Another example is that Tan [64] employed PLS-SEM to predict sustainable real estate purchasing
intention with personal values and attitudes. Nomura et al. [65] also revealed the psychological driving
force behind household recycling behavior. This study employs the software Smart-PLS 3 as a tool for
data analysis.

The analysis process involves two steps: (1) assess the measurement model and (2) evaluate
the structural model [8,66]. For the measurement modeling, composite reliability (CR), convergent
validity (CV) and discriminant validity (DV) are the common criteria to indicate the model’s validity
and reliability. Normally, a satisfactory value for CR varies between 0.7 to 0.9 [66]. CV can be
assessed with the values of average variance extracted (AVE) and the measurement items loadings.
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AVE refers to a measure of the amount of variance which is captured by a latent construct in relation to
the amount of variance due to measurement error [67]. The acceptable AVE value of each element
should exceed 0.5 [63], while the measurement loading of a specific item should be larger than
0.4 [8,68]. DV assessment is used to confirm that each latent variable is not correlated with other
latent variables [68]. The heterotrait–monotrait (HTMT) ratio is one of the common methods for DV
measurement, and its index should not exceed 0.9 [8,69]. Using the bootstrap re-sampling technique,
the path coefficients (t-value) and levels of significance (p value), construct reliability and validity (CR
and CV) and discriminant validity (DV) were generated in the structural model [66,70]. The analysis
results are discussed in the succeeding sections.

4. Results

In this section, the study first shows the measurement modeling results to ensure all measurement
items and constructs are statistically reliable and valid for modeling, which includes two steps: (1) the
CV and CR assessment, and (2) the DV measurement. The study analyzes the factor loading of each
item as well as AVE, CR, CV and heterotrait–monotrait (HTMT) ratio. Then, the study conducts the
structural modeling and analysis.

4.1. Group A: HESB

Tables 5 and 6 illustrate the results of the measurement modeling. Table 5 pays attention to the
factor loadings as well as to two criteria in the CV and CR assessment (i.e., AVE and CR). The data
show that the measurement loadings of all items are greater than or equal to 0.614 (i.e., >0.4). Further,
the AVEs and CRs of the constructs well met the statistical requirements. Besides, Table 6 focuses
on the DV assessment results by illustrating the HTMT ratio. The result analysis suggests that the
measurement in this study fulfills the discriminant validity requirements.

Subsequent to the measurement modeling process, this study then conducts the PLS structural
modelling analysis and illustrates the analysis results in Table 7. In addition to the statistical significance
of the hypothesized relationships, the table also presents the sample mean and standard deviation
(STDEV) of each relationship.

Table 5. The convergent validity (CV) and composite reliability (CR) assessment results of Group A.

Constructs Item FL AVE Composite Reliability

Attitude (ATT)
ATT-1A 0.644

0.586 0.810ATT-2A 0.771
ATT-3A 0.862

Behavioral Intention (BI)

HESBI-1 0.720

0.546 0.767
HESBI-2 0.739
HESBI-3 0.669
HESBI-4 0.614

Extraversion (E) E-1A 0.867
0.785 0.865E-2A 0.915

Openness (O) O-1A 0.884
0.656 0.788O-2A 0.728

Agreeableness (A) A-1A 0.949
0.598 0.721A-2A 0.712

Conscientiousness (C) C-1A 0.887
0.685 0.832C-2A 0.751

Neuroticism (N) N-1A 0.844
0.705 0.821N-2A 0.824

Note: FL refers to factor loading; AVE refers to average variance extracted; HESBI refers to household energy-saving
behavioral intention.
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Table 6. Discriminant validity (DV) assessment results of Group A.

ATT HESBI A C E N O

ATT
HESBI 0.745

A 0.539 0.762
C 0.400 0.197 0.456
E 0.204 0.075 0.604 0.619
N 0.405 0.558 0.711 0.548 0.730
O 0.524 0.430 0.558 0.316 0.527 0.463

Note: ATT refers to attitude towards HESB; HESBI refers to household energy-saving behavioral intention; A refers to
Agreeableness; C refers to Conscientiousness; E refers to Extraversion; O refers to Openness; N refers to Neuroticism.

Table 7. Structural modeling analysis results of Group A.

Hypothesis β Sample Mean STDEV t-Value p-Value

H1: A→HESB ATT 0.190 0.195 0.063 3.027 0.003 **
H2: C→HESB ATT 0.045 0.050 0.070 0.647 0.518
H3: O→HESB ATT 0.236 0.238 0.062 3.840 <0.001 ***
H4: E→HESB ATT −0.025 −0.018 0.060 0.421 0.674
H5: N→HESB ATT −0.154 −0.152 0.073 2.107 0.035 *
HESB ATT→HESBI 0.367 0.383 0.061 6.067 <0.001 ***

*: p < 0.05; **: p < 0.01; ***: p < 0.001.

The results suggest that HESB attitude is an effective predictor of HESB intention, for the
correlation between HESB attitude and intention is significant (i.e., β = 0.367, p < 0.001). There are
only two personality traits positively correlated with HESB attitude, including Agreeableness and
Openness. It seems that Openness presents the strongest contribution (i.e., β = 0.236, p < 0.001) to HESB
attitude among the five personality traits. Besides, Agreeableness has a positive effect (i.e., β = 0.190,
p = 0.003) on HESB attitude as well. On the contrary, Neuroticism shows a significant but negative
relationship (i.e., β = −0.154, p = 0.035) with HESB attitude. The analysis results indicate that the
effect of Conscientiousness on HESB attitude is small and less significant (i.e., β = 0.045, p = 0.518).
The negative influence of Extraversion on HESB attitude seems small and insignificant as well.

4.2. Group B: OESB

Tables 8 and 9 present the measurement modeling results of Group B. Similar to Table 5 in
Section 4.1, Table 8 shows the factor loading of each item and the CV and CR assessment results.
The factor loadings of the employed items vary between 0.708 and 0.949 and are significantly greater
than 0.4. Further, the employed constructs show satisfactory AVE (i.e., no less than 0.5) as well as CR
(i.e., between 0.7 and 0.9) levels. Table 9 presents the HTMT ratio of the constructs, which supports
that the measurement meets the DV requirements.

Then, this study conducts the structural modeling analysis and illustrates the statistical significance
of the hypothesized relationships in Table 10.

Similar to the HESB intention, the results indicate that OESB intention can be well predicted by
OESB attitude. The relationship between OESB attitude and OESB intention is positive and significant
(i.e., β = 0.587, p < 0.001). There are two personality traits positively contributing to OESB attitude as
well: Agreeableness and Extraversion. Agreeableness presents a relatively strong and positive effect
(i.e., β = 0.181, p = 0.011) on OESB attitude, while Extraversion presents a positive and significant
relationship (i.e., β = 0.139, p = 0.043) with OESB attitude. By contrast, Neuroticism plays a negative
role in OESB attitude. The relationship between Neuroticism and OESB attitude is negative but
significant (i.e., β = −0.133, p = 0.042). The contribution of Conscientiousness and Openness seems
positive but less significant.
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Table 8. The CV and CR assessment results of Group B.

Constructs Item FL AVE Composite Reliability

Attitude (ATT)
ATT-1B 0.888

0.724 0.887ATT-2B 0.907
ATT-3B 0.748

Behavioral Intention (BI) OESBI-1 0.913
0.751 0.857OESBI-2 0.818

Extraversion (E) E-1B 0.712
0.693 0.816E-2B 0.938

Openness (O) O-1B 0.780
0.517 0.731O-2B 0.966

Agreeableness (A) A-1B 0.949
0.513 0.735A-2B 0.754

Conscientiousness (C) C-1B 0.896
0.674 0.804C-2B 0.738

Neuroticism (N) N-1B 0.708
0.620 0.748N-2B 0.920

Note: FL refers to factor loading; AVE refers to average variance extracted; OESBI refers to office energy-saving
behavioral intention.

Table 9. DV assessment results of Group B.

ATT OESBI A C E N O

ATT

OESBI 0.778
A 0.766 0.781
C 0.266 0.107 0.461
E 0.276 0.102 0.682 0.389
N 0.274 0.261 0.701 0.551 0.426
O 0.270 0.207 0.556 0.270 0.763 0.625

Note: ATT refers to attitude towards HESB; HESBI refers to household energy-saving behavioral intention; A refers to
Agreeableness; C refers to Conscientiousness; E refers to Extraversion; O refers to Openness; N refers to Neuroticism.

Table 10. Structural modeling analysis results of Group B.

Hypothesis β Sample Mean STDEV t-Value p-Value

H6: A→OESB ATT 0.181 0.179 0.071 2.538 0.011 *
H7: C→OESB ATT 0.034 0.043 0.061 0.555 0.579
H8: O→OESB ATT 0.013 0.032 0.055 0.245 0.806
H9: E→OESB ATT 0.138 0.139 0.068 2.022 0.043 *

H10: N→OESB ATT –0.133 –0.139 0.065 2.038 0.042 *
OESB ATT→OESBI 0.587 0.587 0.050 11.681 <0.001 ***

*: p < 0.05; ***: p < 0.001.

The analysis results suggest that two personality traits, Agreeableness and Neuroticism,
play critical roles in general energy conservation behavior: those two traits are significantly related to
both HESB and OESB attitude. However, Agreeableness plays a positive role in the energy-saving
behavioral process, while the role Neuroticism plays is negative. Among all the traits, Openness
represents the strongest predictor of HESB attitude. However, the effect of Openness on OESB attitude
is small and less significant. Besides, Extraversion presents a significant correlation with OESB
attitude, while the influence of Extraversion on HESB attitude seems less significant. The effect of
Conscientiousness on both HESB and OESB attitude is insignificant.
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5. Discussion

5.1. The Impacts of Personality Traits

The results of the current study suggest that the influence of Agreeableness and Neuroticism on
energy conservation behavioral attitudes and intentions less depends on the external environment.
These two “energy-saving personality traits” can work as predictors reflecting overall energy-saving
attitudes. However, the relationships between some personality traits, such as Openness and
Extraversion, and energy-saving personality only become significant with some specific external
environment. Those personality traits may predict the energy-saving potentials of individuals in some
specific situations. The study finds that Agreeableness and Neuroticism are significantly correlated
with both HESB and OESB attitudes. These findings indicate that the impacts of Agreeableness
and Neuroticism on energy-saving attitude might not depend on the surrounding environment.
The positive correlation between Agreeableness and energy-saving attitude is in line with previous
studies on the personality basis of PEBs (such as [15,25,27]). Agreeable people are more likely to
present stronger empathic concern [71] and tend to consider collective interests and others’ feelings.
Individuals with higher Agreeableness levels might extend their empathic concerns to energy-saving.
This is also supported by Berenguer [72] and Luch et al. [46], whose findings suggested that empathic
concerns work positively in the environmental protection behavioral process. Surprisingly, Neuroticism
presents significant but negative relationships with both HESB and OESB attitudes. This finding
suggests that neurotic people present a weaker energy conservation attitude in both the office and the
family environment. Individuals with higher Neuroticism show higher tendency to present negative
emotional characteristics, such as sensitivity, nervousness and insecurity [73]. Thus, emotional stability
might play the role as the predictor of energy conservation intention. This is also supported by
Chiang et al. [49] and Van Egeren [74], who believe that Neuroticism positively contributes to the
external locus of control (ELC) while ELC is negatively related to PEB attitudes. People with stronger
emotional uneasiness are more likely to be influenced by ELC.

The study results demonstrate a significant correlation between Extraversion and OESB attitude,
which is consistent with some previous evidence that supports the positive correlation between
Extraversion and OHPEB attitudes and intentions (such as [25] and [48]). However, the study also
found that the effect of Extraversion on IESB attitude is small and less significant. Extroverts generally
present stronger sociability [75]. Individuals with higher Extraversion tend to engage in specific
behaviors to integrate into the collective. Previous studies also found that Extraversion is one of the
predictors of country-level environmental engagement [30]. Further, Kamal and Barpanda [26] note that
Extraversion bridges social aspiration and environmental concern. Compared with the office, the family
environment emphasizes privacy. At home, people receive fewer expectations and evaluations from
others, and do not need to perform special actions for social engagement. This might partially explain
the reason why people with higher Extraversion present higher energy-saving potential than others at
the office but not at home.

Openness only presents a significant correlation with HESB attitude. Openness reflects the degree
of intellectual curiosity, creativity and a preference for novelty and variety of an individual. Therefore,
people with a higher level of openness-to-experience are more natural to accept environmental
protection concepts. Besides, people with higher openness are more likely to be interested in novel
environmental-friendly technologies [41]. At home, more open individuals have more opportunities
to practice different environmental protection solutions or install novel environmental protection
technologies. This might explain the significant correlation between Openness and household
energy-efficient technology installation attitudes in two studies in the UK [41] and China [42]. However,
office facilities are relatively monotonous with complex rules. It could be difficult for people to apply
novel energy-saving ideas to the office environment. This may limit the willingness of more open
employees to save energy at the office.
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The results reveal that personality traits obviously influence the energy-saving process in both
household and office environments. The contributions of some specific personality traits to the
pro-environmental attitude are not dependent on the situation and environment. Those personality
traits can well predict the overall environmental protection intentions as well as the potentials of
individuals. However, some personality characteristics are only able to predict the pro-environmental
behavior in some specific situations. In addition, the researchers found out and thus prospect that it
would be valuable to customize environmental protection schemes in the future: the same strategies
are not suitable to apply to each individual or in each situation. It would be better to develop specific
informatic interventions according to the personality characteristics of targets as well as the surrounding
environment. Although the evaluation of personality and other demographic characteristics of each
individual is a challenge to decision-makers, the effectiveness and efficiency of those schemes would be
highly strengthened by achieving the target for the individuals with the most substantial energy-saving
potential and the targets who are able to save more with assistance. Besides, the findings in this study
would provide references for behavior simulation in the built environment in further studies.

5.2. Limitations and Further Studies

This research has some limitations as well. First, the findings in this study cannot be generalized
to the population in other settings. The field experiment in this study was conducted in Xi’an, China.
Due to the different social and economic backgrounds, the results should be empirically validated with
caution before applying in different contexts. Second, despite the efforts made by the researcher to
maximize the potential respondents, the sample size for the study is relatively small. The sample sizes
for the two groups were 335 and 348, respectively. Although the sample size meets the requirement of
statistical data analysis, further studies would benefit from a larger sample size. Moreover, the selected
study area is a typical urban area in a well-developed Chinese city, therefore the percentages of
bachelor’s or higher-level degree holders and high-income families in this study exceed the average
level in China since the rural population constitutes approximately 45% in China. Follow-up studies are
therefore recommended to take into account energy-saving studies in other regions and pay attention
to rural areas, which are conducive to the comprehensiveness of the research. In addition, the authors
recommend that future research would benefit from employing different personality inventories to
avoid excessive two-variables-based latent constructs.

6. Conclusions

This study presents a field experiment in Xi’an, China to explore the personality basis of the individual
difference between energy-saving attitudes in office and household environments. The SEM analysis
results indicate that Agreeableness and Neuroticism are significantly correlated with energy-saving
attitudes in both office and household environments. The finding suggests that the influence of these two
personality traits on energy-saving attitude might not depend on the surrounding environment. By contrast,
the external environment plays a more critical role in the relationship between energy-saving attitudes
and the other two personality traits, Openness and Extraversion. Openness only positively contributes
to energy-saving attitudes and intentions in the household environment, while Extraversion only
presents a significant relationship to ones’ energy-saving attitudes in the office. It is hoped that
the findings would provide references for the energy-saving schemes as well as simulations in the
future. The effectiveness of further energy-saving interventions would be much improved by targeting
individuals with more energy-saving potentials. Besides, based on the findings in this study, further
studies would explore the personality basis of the spillover effect of PEBs.
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