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Abstract: The residential, commercial, and public sectors consume between 20% and 30% of final
energy demand worldwide. Due to the intensive use of fossil fuels and conventional electricity,
they also have an important participation in the emission of greenhouse gases (GHG). Taking Mexico
as a case study, this article develops an alternative scenario that considers that in these sectors,
buildings can generate energy for self-consumption or to supply it to the power network—for which
four solar energy options are analyzed. In addition, to manage and rationalize the energy demand of
these buildings, eight energy efficiency measures are studied. These options were selected on the basis
that they are technically and economically feasible to implement in buildings in Mexico. The results
reveal that by 2030, in relation to the GHG trend scenario, this mitigation scenario reduces 23.5 million
tons of carbon dioxide equivalent (MtCOj,) in the residential (19 MtCO,,), commercial (2.6 MtCOy,),
and public services sectors (1.9 MtCO,.), while by 2035 it reaches 45 MtCO,,; which far exceed the
avoided emissions goals established in Mexico’s nationally determined contributions (NDC) for 2030
(5 MtCOy,) for the residential and commercial sectors. Therefore, it is possible to increase the ambition
for mitigation in these sectors, as well as including the public sector, in a renewed Mexico’s NDC.
This mitigation scenario generates a total economic benefit of $7.7 billion, which means that it does
not generate an overall incremental cost, but requires an incremental investment of over $9 billion
USD, which is a financing challenge to achieve this scenario.

Keywords: energy efficiency; solar energy; GHG mitigation; residential; commercial and public services

1. Introduction

This article considers that a building can generate energy for self-consumption or to supply it to
the power network, through options that reduce greenhouse gas (GHG) emissions from conventional
systems. For example, by installing an interconnected photovoltaic system (IPVS) on a building roof,
it is possible to avoid a certain amount of the electricity that is supplied to the building from the power
network, and that is generated within power plants that burn fossil fuels and produce significant
amounts of GHG emissions. Likewise, the electricity demand of a building can be managed by
implementing energy efficiency measures that substantially reduce such emissions. According to the
above, in a conceptual way, certain measures can develop an energy supply for buildings, while others
can rationalize and manage the demand for energy consumed within buildings, but in the same way,
both reduce GHG emissions. From this point of view, these measures are analyzed in this article as
comparable and relevant measures for the fight against climate change, and that can empower the
users of buildings, especially since these measures can be implemented in parallel.

The residential, commercial, and public services sectors (RCPS), as a whole, have one of the highest
final energy consumption in the world, and in turn, are those that directly satisfies the basic needs of the
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population, such as cooking and food preservation, lighting and environmental conditioning of homes
and businesses, as well as public lighting and pumping of drinking water, among others. In 2017,
these sectors represented 31% (128 Exajoules—E]) of world total final consumption [1]. In that year,
of the total consumption of the RCPS sectors, electricity was the most consumed energy source,
with 32.2%, followed by bioenergy with 25.1% (being 85% traditional biomass, which has important
repercussions on the health of the users), natural gas with 21.8%, oil products with 10.5% and coal with
4.2%; being the less consumed the renewable energies, such as solar, wind, biogas, that accounting
only 1.4% of the final energy consumption of these sectors [1]. It is important to note that heat
generation in buildings, represents 4.8% (6.1 E]) of the total energy consumption of the RCPS sectors,
where coal and natural gas are the most consumed energy sources, with 42% each, while only
10.5% is produced by renewable energy source and the rest is produced by other energy sources [2].
This consumption structure, based mainly on fossil energy, has an important impact on greenhouse
gas emissions generated directly, by burning fossil fuels, or indirectly through the consumption of
electricity. Considering these direct and indirect emissions, the RCPS sectors are responsible for 28% of
the emissions from energy use [3]. If we follow the path of current policies, according to Reference [1],
the consumption of these sectors is expected to increase to 170 EJ by 2040, which would represent
30% of the final energy consumption for that year, a similar percentage to the one currently available.
In addition, in this trajectory, electricity increases its participation in the final energy consumption of
the RCPS sectors, since it would go from 32% in 2017 to 43% in 2040 [1], so the way in which this
energy is produced will be key in mitigating climate change.

According to the International Energy Agency and Gielen et al. [4,5], mitigation in the RCPS
sectors is important to reach a low carbon scenario that limits the increase in the global average
temperature towards 2100 of 2 °C in relation to the levels of the preindustrial era. According to the
International Renewable Energy Agency [6], in 2018, there were 135 countries that mentioned these
sectors in their nationally determined contributions (NDCs), but only 51 specifically mention the use
of renewable energy to reduce their GHG emissions. Likewise, Reference [6] indicates that only 29% of
the world countries have mandatory energy efficiency standards for energy uses or part of the building
sector, reflecting that 60% of energy use in buildings is consumed in the absence of energy efficiency
policies. That is why it is necessary to promote renewable energy and energy efficiency in these sectors
to mitigate GHG emissions.

Renewable energy, in particular solar energy (SE) in countries with the abundant solar resource,
together with energy efficiency (EE), are considered technically viable and competitive to reduce GHG
in the RCPS sectors [7-11]. On the other hand, in the rural and peri-urban sectors in a large part of
developing countries, the use of clean and efficient technologies for the use of local firewood (such as
the use of efficient wood-burning stoves (Patsari type) that have a chimney that expels the combustion
gases outside the home) would have the advantage of improving the air quality in homes [12,13] and
reducing millions of premature annual deaths [14].

In the case of Mexico, the RCPS sector participates significantly in energy consumption,
representing 18% of final energy demand nationwide in 2017 [15]. Moreover, it is expected that
this consumption, and therefore, its GHG emissions, will increase [16]. Emission reduction is a
fundamental part of Mexico’s national climate change policy. On the one hand, there are the indicative
goals established in the General Climate Change Law (LGCC for its acronym in Spanish) [17] to
reduce GHG emissions by 30% in 2020 compared to a baseline, and 50% in 2050 in relation to the
emissions from 2000. On the other hand, Mexico established in the mitigation commitments [Intended
Nationally Determined Contribution (INDC)], presented in the 21st Conference of the Parties (COP21)
an unconditional goal of reducing its GHG emissions by 22% by 2030, and a conditioned goal of 36%
in the same year, in relation to an official baseline [18]. In July 2018, the unconditional contributions of
the aforementioned 22% were established as part of the LGCC [19].

It should be noted that, to meet the general unconditional goal, for the residential and commercial
sectors, a specific goal of reducing only five million tons of carbon dioxide equivalent (MtCOxy,)
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in 2030 is established in the INDCs. To achieve this, a recent study of the National Institute of
Ecology and Climate Change [20] (the governmental body that gives scientific and technical support
to the implementation of the national climate change policy) analyzes only two mitigation options,
namely efficient gas heaters and the use of solar collectors, for the aforementioned sectors, to meet
this sectoral objective. On the other hand, indirect emissions from electricity consumption in these
sectors are not considered in the INDCs, nor are they included in the goals for the public services
sector included.

Given the low climate ambition of this goal, it is necessary to develop and analyze ambitious
mitigation scenarios for the RCPS sectors where the EE and the SE contribute on a larger scale, and more
importantly, in Mexico’s international mitigation commitments and in accordance with the goals
established in the LGCC, especially with the ambitious goal set for 2050. Greater participation of EE
and SE is justified in the realization of several studies for Mexico that have analyzed these mitigation
options in the residential, commercial, and public sectors, such as References [21,22]. Although these
studies have been more focused on treating the entire energy system, they have revealed that energy
consumption and GHG emissions can be significantly reduced with EE and SE. These options include
efficient lighting, cooling, and air conditioning equipment, as well as thermal insulation, solar collectors
for water heating, efficient wood-burning stoves (EWS), and efficient public lighting. More recently,
Reference [23] studied sustainable bioenergy options proposes for the residential sector, and the use of
EWS to mitigate GHG emissions, while Reference [24] focused on analyzing the impact of EE standards
to reduce electricity consumption and emissions in this sector.

These works show that there is indeed a significant opportunity to increase the climate ambition
in the RCPS sectors that goes beyond 5 MtCO,. for 2030 that Mexico has set as a specific goal for
the residential and commercial sector as already mentioned. For this reason, this article builds an
alternative scenario for 2035, consisting of twelve EE and SE mitigation options in the RCPS sectors
and that includes the reduction of GHG emissions in the public services sector, as well as indirect
emissions related to electricity consumption, due to related EE and SE options, GHG reductions that
have not been part of Mexico’s INDCs in the Paris Agreement.

In this article, four solar energy options were selected for power generation in buildings and eight
energy efficiency options for the rationalization and management of energy demand in these buildings,
which were considered to have technical-economic viability to be installed in buildings in Mexico.
Other renewable energy sources were not considered, assuming that they didn’t have a significant
potential that was technically and economically feasible to generate energy in the RCPS sectors in
Mexico. The main purpose of this scenario is to show that this alternative scenario is technically and
economically feasible to meet the INDCs of the Paris agreement by 2030, and to increase the climate
ambition of the RCPS sectors in its renegotiation in 2021.

2. RCPS Sectors Current Situation

The RCPS sectors have historically represented an important consumption in Mexico. In 2010 they
consumed 919 Petajoules (PJ), meaning 20% of the final energy consumption. This energy consumption
had an annual increase rate of 0.4% towards 2017, reaching 944 PJ; consumption that represented 18%
of the total consumption of that year [15].

Following the global trend, the most important energy source in 2017 for these sectors was
electricity with 34.3%, while the second most important was liquefied petroleum gas (LPG) with 32.9%,
followed by firewood with 26.5% (consumed in the residential sector mainly in rural areas by exclusive
users and in urban areas by mixed users in conjunction with other energy sources, such as LPG),
while natural gas (NG) and solar energy, are the energy sources that occupy the lowest proportion
of energy consumption in those sectors with 5.2 and 1.1%, respectively in that year [15]. This energy
consumption structure has a substantial impact on the GHG emissions generated by these sectors;
in 2015, they contributed 8.8% of total energy consumption emissions (62.8 MtCOy,) [25].
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Regarding the issue of official Mexican standards (NOMs for its acronym in Spanish), the Ministry
of Energy, through the National Commission for the Efficient Use of Energy, has issued 34 standards,
of which 22 are of efficiency on the equipment used in the RCPS sectors. A sector in which the
application of the NOMs has permeated the most has been the residential sector, since the effect of this
regulation in EE for household appliances has generated significant energy savings, estimated at 100
Terawatt-hour (TWh) during the period 1996-2014, representing a cumulative savings of approximately
20 billion dollars [26].

Although efforts at the national level in EE (EE norms and programs) have permeated mainly in
the residential sector, they need to permeate even more in the commercial, and public services sectors,
so that the RCPS sectors are a component important in the mitigation of climate change, and that these
efforts can also materialize in benefits, such as the reduction of fuel and energy bills, reduction of
environmental pollution, and especially, a better quality of life in their homes for people that use solid
biomass as an energy source. As will be seen below, the EE options that are simulated in the alternative
scenario call for a strengthening in the application and extension of this regulatory framework in the
RCPS sectors.

In the case of the use of solar energy in the RCPS sectors, it is still small, despite being a country
with an abundant solar resource, in this sense, according to the 2017 National Energy Balance [15],
there are 3.9 million square meters of solar water heating systems that represent about 11.3 PJ of
final consumption energy, which is equivalent to almost half a million solar water heating systems.
Regarding the use of photovoltaic systems (PVS) nationwide, the same reference establishes that
there were almost 245 Megawatt (MW) of PVS in distributed generation in 2017, of which 90% were
interconnected to the electricity grid (220.5 MW), generating only 0.73 PJ. As can be seen, the use of SE
is still small, so it is necessary to drastically increase its use in Mexico.

This article develops a much more ambitious GHG mitigation scenario in the use of EE and SE
for the RCPS sectors in Mexico, considering eight EE options and four SE options that are used on a
large scale in these sectors, showing that these 12 Mitigation options are technically and economically
feasible so that these sectors can contribute substantially to increase climate ambition in the Paris
Agreement and be on track to meet the ambitious mitigation goal established in the General Climate
Change Law by 2050.

3. General Methodology

The development of this work was carried out through the following steps:

I Theyear2010 was established as a reference year, and a trend scenario was created based on information
from official outlooks [27-30] on the evolution of energy consumption by end-use type in the residential,
commercial, and public services sectors, for a prospective period of 25 years. The year 2010 was used
as the reference year, due to the following reasons: (1) 2010 is a year prior to the entry of the official
Mexican energy efficiency standards that are analyzed in various mitigation options in this article,
such as the standard for general use lamps (NOM-028-ENER-2010), the standard for luminaires with
light-emitting diodes (LED) for public lighting (NOM-031-ENER-2012), the standard for refrigerators
(NOM-015-ENER-2012), the standard for air conditioning equipment (NOM-023-ENER-2010),
the standard for thermal insulators for buildings (NOM-018-ENER-2011) and the standard for
gas-based heaters (NOM-003-ENER-2011). These standards and their application in the mitigation
scenario are explained in Section 5.1. Furthermore, it is the reason for this article to evaluate the
potential impact of these energy efficiency standards as GHG gas mitigation measures in the RCPS
sector; and (2) the technical and economic information related to the equipment of the RCPS sector for
the construction of the reference year was available and as complete as possible for 2010, unlike more
recent years where it is not possible to have enough information to represent the reference year.

I The trend scenario proposed in this article does not consider structural changes in equipment or
in the use of materials that affect energy consumption in the RCPS sectors.
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III  An alternative mitigation scenario was created from the representation of 12 mitigation options,
eight energy efficiency options, and four options with solar energy (thermal and photovoltaic).
These options are described in Section 5.1.

IV For the construction of the trend and alternative scenarios, direct and indirect GHG emissions
(due to electricity consumption) were considered.

V  Finally, a cost-benefit and mitigation costs analysis according to the economic calculation model
developed in Section 5.2, was carried out to define the feasibility of the mitigation scenario with
respect to the trend scenario.

The representation and simulation of the trend scenario and the mitigation scenario were
carried out in the LEAP (Long Range Energy Alternative Planning System) software [31].

Methodological Development in LEAP Software

The LEAP model was an important tool for the representation and simulation of the trend scenario
and the mitigation scenario, which is a bottom-up model developed by the Stockholm Environment
Institute [31]. This model makes it possible to match the demand and supply of energy annually, for an
established period, at different levels of aggregation, and develops specific scenarios that represent
different policies or mitigation measures and then add them and formulate a global alternative scenario.
LEAP is also an accounting framework that uses exogenous economic and technical data, but also
contains a technology and environment database (TED) that includes, among others, Intergovernmental
Panel on Climate Change (IPCC) GHG emission factors. All these characteristics allow LEAP to carry
out scenario analyses (trend and mitigation) in energy, economic and emissions terms. Therefore,
given these characteristics, in this article, the LEAP model was used as follows:

e A sector called RCPS was built in the LEAP model with three subsectors: (1) residential,
(2) commercial, and (3) public services.

e  For the reference year, in each of the aforementioned subsectors, energy consumption was
represented in the LEAP model, according to the National Energy Balance [27].

e  The trend scenario was built in LEAP representing an energy consumption projection for each of
the subsectors (residential, commercial, and public services) based on information from official
projections [28-30]. For the case of firewood consumption in the residential sector, the projection
of Reference [23] was used, and the main assumptions can be seen in Table 1.

e Based on information on future energy consumption, GHG emissions were calculated for the
reference year, and the trend scenario using emission factors from the LEAP TED database,
except in the case of the electricity emission factor, which was taken from Reference [32].

e  For the alternative scenario, first, an Excel calculation model was generated for each of the
mitigation options, the description of which is shown in Section 5. The calculation model
estimates, for the energy efficiency options, the diffusion of efficient devices, that replace the
inefficient ones, the annual unit consumption per device, and the energy used. In the case of
solar energy options, for the interconnected photovoltaic systems option, the diffusion of the
capacity and the energy avoided from the grid was estimated. Moreover, for the solar collectors’
option, the diffusion of devices and the avoided energy of LPG and natural gas were estimated.
The results, in terms of the new energy demands, were imported into the LEAP software to
develop a scenario for each of the mitigation options, in such a way that each mitigation scenario
was represented in each of the subsectors and energy sources involved in mitigation measure.
By last, from the sum of the eight mitigation scenarios, the global mitigation scenario was created,
which integrates the results of each of the aforementioned scenarios and calculates the new total
energy demand for each of the subsectors and energy sources involved.

e Finally, once the new energy demands of the alternative scenario were estimated, the GHG
emissions were calculated using the LEAP TED database.
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Table 1. Main assumptions by sector for the trend scenario.

Sector Period 2011-2035 Main Assumptions for the Trend Scenario

Number of buildings in the residential sector in the reference year: 28.5 million [33].

Number of homes annual growth: 1.5% [34].

Population in the reference year: 112.7 million people [33].

Population annual growth: 0.9% [34].

Gross domestic product (GDP) in the reference year: 1313 million USD [35].

Annual GDP growth: 3.6% [28].

Based on References [28-30] official projections for the residential energy sector, the following annual growth rates are available: 6% for natural gas, 4.6% for electricity, 1.1% for LPG, while for solar energy and
kerosene they remain constant and the firewood decreases by 0.3%, based on Reference [23]. With these growths, the total consumption of this sector has an annual growth rate of 2.2% by 2035.

Residential The final uses of lighting, cooling, air conditioning, domestic water heating, electric power consumption, and other uses are considered. In the rural sector, the emphasis was placed on cooking food from firewood.
Lighting: In the reference year, there are 200 million light bulbs in homes [33], of which 77% are incandescent, and the rest are compact fluorescent lamps (CFL). For the trend scenario, it is assumed that the set of light
bulbs grows 1.5% per year and that of incandescent light bulbs 0.8%, an average consumption per year per light bulb of 0.42 Gigajoules per year (GJ/year) of electricity is assumed [36].

Refrigeration: In the reference year, there are 24.7 million refrigerators [33] with an average consumption of 3 GJ/year [36] of electricity. In the trend scenario, a growth rate of 2.8% in the refrigerator fleet is assumed.
Air conditioning: In the reference year, there are about 11 million air conditioners [33] with an average annual consumption of 5.9 GJ of electricity per device [36]. For the trend scenario, a 2.7% growth rate in the air
conditioning devices park is considered and that no thermal insulation is applied in the homes.

Gas-based heaters: In the reference year, there are just over 11 million conventional LPG and NG-based heaters [33] that consume 20 GJ/year on average [37]. In the trend scenario, gas-fired heaters are considered to
grow at an annual rate of 1.9%.

The conventional use of firewood: In the reference year, it is considered that there are 4.6 million conventional stoves (mainly with three stones) that use firewood in the residential sector [23,33] in Mexico with a very
inefficient average consumption per stove of 56.9 GJ/year of firewood [23,38]. The number of stoves is considered to decrease by 0.3% annually in the trend scenario.

The final uses of lighting, air conditioning, and other uses are considered.
According to the official prospects [28-30] for this sector, the energy sources used have an annual growth of 5.9% for electricity, 4.8% for natural gas, 3.6% for diesel, 1.2% for LPG. Solar energy remains constant.
Based on these growths, the total energy consumption for this sector grows at an annual rate of 3.9% in the analysis period.

Comercial Commercial lighting: In the reference year, there are 38.4 million lamps in the commercial sector, of which 31.1 million are inefficient luminaires (mainly T8 fluorescent tube). In the trend scenario, it is assumed that
the use of lamps in the commercial sector grows at an annual rate of 5.4%, which is why inefficient lamps reach 115.4 million in 2035 with an average electricity consumption of 0.6 GJ/year per lamp [39,40].
Air conditioning: In the reference year, it is assumed that there are almost 138 thousand air conditioning systems (AC) in the commercial sector. It is considered that by 2035, the air conditioning systems park will
grow at an annual rate of 5.3% to reach nearly half a million AC systems with an average annual consumption of 27.1 GJ of electricity [41].

There are no structural changes in the energy consumption of public services.

The services considered are public lighting and municipal pumping, according to Reference [42], for the reference year, of the 27.8 P] consumed in electricity by these two services in electricity, 59% corresponded to

public lighting and 41% to municipal pumping. Based on the official prospect [28] in the trend scenario it is projected that the demand for electricity will have an annual growth of 4.1% in the analyzed period.
Public Services  This same reference projects that the municipal consumption of electricity by pumping has an annual growth rate of 4.2% while consumption in public lighting is 4% annually, these growths were used in the trend

scenario for the period 2011-2035.

Public lighting: In the reference year, it is assumed that there are 4.6 million luminaires in the public lighting sector, most of which are high-pressure sodium vapor (69%), followed by metallic additives (15%),

mercury vapor (7%) and the rest (9%) are incandescent, fluorescent, iodine-quartz and LED. For the alternative scenario, it is assumed that the set of luminaires grows at 4.1%, with an average electricity consumption

per lamp of 3.5 GJ/year [43].

Source: Own data based on References [23,28-30,33-43].
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4. Reference Year Establishment and Trend Scenario Construction

For the reference year establishment, the equipment and energy consumption for 2010 was

considered for each sector based on official information for that year, and the energy consumption by
end-use was estimated, as shown in Figure 1. For the construction of the trend scenario, several general
assumptions were used per sector analyzed, which are shown in Table 1.

m Lighting

= Refrigeration

u Air conditioning
A Water heating

= Conventional
firewood use

® Public lighting

1%
2% \

239, ® Municipal water
pumping
u Others

917 PJ

Figure 1. Structure of end-use of energy RCPS sectors. Source: Own calculation based on
References [27,33,36,37].

The consumption structure of the RCPS sectors presented in Section 2 and the projection of

the trend scenario with the assumptions in Table 1, led us to consider the following method to

estimate emissions:

(i)

(i)

(i)

For LPG, NG, kerosene, and diesel, the direct GHG emissions generated in conventional
gas-based devices that are used in buildings in Mexico were considered and which were
estimated using the following emission factors: 55.92 kg of carbon dioxide equivalent per
Gigajoule (kgCOy/G]), 72.94 kgCOye/GJ, 72.83 kgCO,./GJ] and 72.96 kgCO,./G]J for the NG, LPG,
kerosene, diesel, respectively. These emission factors were obtained from the TED Database
(Technology Environmental Database) of the LEAP Model [31].

Regarding firewood, the direct N;O and CH, emissions generated in traditional 3-stone
woodstoves are quantified, however, in relation to CO, emissions, it was considered that
80% of direct emissions are biogenic while the rest are considered anthropogenic emissions,
due to a non-renewability factor of the firewood [44]. Therefore, an emission factor for firewood
of 11.23 kgCO,./GJ was used, based on Reference [45].

Regarding electricity, indirect GHG emissions generated in the national set of power plants
were considered, where more than 80% of the power generated is produced with fossil fuels in
conventional plants, for which the emission factor used for the base scenario goes from 0.485 ton
of carbon dioxide equivalent per kilowatt-hour (tCO,¢/kWh) in 2010 to 0.440 tCOp/kWh in 2035
according to Reference [32].

5. Construction of Mitigation Scenarios

The mitigation scenario was constructed considering 12 mitigation options classified in EE options

and SE options (thermal and photovoltaic).
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5.1. Mitigation Measures Description

Due to the motivation of this article to estimate the mitigation potential of the energy efficiency
standards analyzed, an ambitious replacement of conventional equipment is proposed to reduce GHG
emissions in the RCSP sectors, in such a way that substitutions are projected of equipment with the
new regulations up to 100%, especially for efficient lighting and thermally insulated air conditioning
options. The results section discusses what public policies would be necessary to achieve these highly
ambitious mitigation measures. Regarding the solar energy options analyzed, the substitutions are
considered less ambitious, due to the high initial investment cost that they represent for users of the
analyzed sectors.

5.1.1. Energy Efficiency Measures

1. Efficient lighting in the residential sector. It is considered that 100% of the incandescent bulbs
still existing in 2010 (77% of the total lighting devices) are replaced by compact fluorescent lamps
(CFL) and light-emitting diode light bulbs (LED-LB) by 50% for each type of efficient bulb by 2035.
To carry out this measure, an average of 7.6 million incandescent bulbs are replaced annually. It is
assumed that the norm NOM-028-ENER-2010 [46] is fully applied, which obliges to cease gradually
the commercialization of incandescent bulbs to facilitate its complete replacement by an efficient lamp,
such as CFL and LED-LB. This option represents an average saving per substituted focus of 79% in
unit consumption.

2. Efficient refrigerators in the residential sector. This option assumes the progressive replacement
of the total of the inefficient refrigerators for equipment that complies with NOM-015-ENER-2012 [47]
that establishes the limits of the annual consumption of electric energy for refrigerators up to 39 cubic
feet. This measure implies the replacement of just over 49 million refrigerators with more efficient
equipment through the analyzed period. The saving by efficient equipment, on average, is 55% in the
annual unit consumption.

3. Efficient air conditioning and thermal insulation in the residential sector. This option involves
the replacement of the existing (100%) air conditioning (AC) systems and devices with efficient
AC systems, along with implementing thermal insulation in ceilings. The application of standards
NOM-023-ENER-2010 [48] that establishes the energy efficiency ratio limit (net cooling effect/electric
power) for AC equipment, and NOM-018-ENER-2011 is strengthened [49] that establishes the limit
of heat gain allowed for a building or house. This combined measure produces a 40% [38] saving in
annual consumption per home and is progressively implemented in 21 million homes in the analyzed
period. For this measure, it is considered that by 2035, this measure represents 70% of the buildings
with concrete slab roof or joists with vault and 51% of the total buildings. For this, only the universe of
buildings in the residential sector with this type of roof is considered, which according to Reference [33]
in 2010 were 20.8 million, of which 11 million had AC. Considering that the relationship between
houses and ceilings is maintained, estimated at 73% according to data from Reference [33], and a
growth of 1.5% of buildings in the residential sector according to Reference [34] by 2035, there would
be a total of 30.2 million buildings with concrete roofs or joists with a vault.

4. Efficient water heating in the residential sector. This measure assumes the progressive
replacement of existing LPG and natural gas heating equipment with new, more efficient equipment,
according to the NOM-003-ENER-2011 [50], which establishes the maximum thermal efficiency limit
for domestic gas heaters. This measure replaces 17.7 million inefficient heaters and represents a 35%
savings in annual consumption per heater.

5. Efficient woodstoves. It is considered [23] that 90% of the traditional wood-burning stoves that
are used in the rural sector are replaced by efficient wood-burning stoves by 2035, which reduce the
consumption of firewood by 50% [23,38] in comparison with traditional stoves. This measure involves
the installation of about four million efficient wood-burning stoves.
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6. Efficient lighting in the commercial sector. It is assumed that 100% of the existing lamps
(38.5 million in the reference year) are replaced by 2035 through the strengthening of the application of
the mentioned NOM-028-ENER-2010 standard.

7. Air conditioning and thermal insulation in the commercial sector. The existing air conditioning
equipment and systems are replaced in the commercial sector by more efficient equipment together
with thermal insulation. In total, more than half a million inefficient equipment is replaced by
2035. Through the strengthening of the application of the standards NOM-023-ENER-2010 and the
NOM-018-2011 mentioned.

8. Efficient public lighting. It is assumed that 100% of existing lamps in public lighting (12.6 million
lamps) are replaced with Light-emitting diode (LED) lamps by 2035 through compliance with the
NOM-031-ENER-2012 standard [51] that establishes the luminous efficacy specifications for LED
luminaires, intended for roads and public outdoor areas. This measure represents almost 50% energy
savings on the average per lamp.

5.1.2. Solar Energy Measures

9. Distributed interconnected photovoltaic systems (DIPVS) in net metering for municipal
pumping. The installation of DIPVS of 9.6 kilowatt-peak (kWp) [52] in net metering is assumed to
produce and to inject electricity to the grid during the hours of insolation for municipal pumping.
We assume an annual growth of 19.7% of these DIPVS in such a way that in 2035 1.2 Gigawatt (GW) of
DIPVS have been installed nationwide in this final use.

10. DIPVS in net metering for municipal public lighting. In this measure it is considered the
installation of DIPVS of 2.6 kWp [52] in a net metering scheme at the national level to cover the
consumption of public lighting with LED that has been aforementioned. We assume an annual growth
of 28.4% of these DIPVS in such a way that in 2035 about 3.8 GW of these DIPVS have been installed
nationwide, representing a 49% reduction in grid electricity consumption in this end-use.

11. DIPVS in the residential sector. It is considered that all users of high consumption in residential
tariff 1, which has no subsidy, install DIPVS by 2035. It is considered a monthly electricity consumption
for these users of 353 kWh and the installation of 1 kW of DIPVS [53]. Therefore, it is expected that a
capacity of 667 MW will be installed by 2035.

12. Solar collectors in the residential sector. The progressive replacement of 2.1 million gas-based
heater equipment by solar collectors is assumed. This represents 12% of the total conventional
equipment used for water heating nationwide, as well as an installed area of 8.6 million square meters
by 2035.

Tables 2 and 3 show the progression of these options in the mitigation scenario in terms of the
alternative equipment they represent, as well as their diffusion rate in the analysis period, while Table 4
shows the costs of investment, operation and maintenance (O&M) and energy for each of the EE and
SE options analyzed.
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Table 2. Specific assumptions of the energy efficiency options in the mitigation scenario.

10 of 24

Trend Scenario Mitigation Scenario
. Mitigation .
Number of Conventional A Number of Equipment .
Sector Equipment/Device/End-Use Equipment (Thousands) ACE * AAGR ** Option Replaced (Thousands) ACE*  AAGR ** Irll:provetmen.t E‘:ﬁcleniy References
(GJ/year) (%) ID (GJfyean) (%) ercentage in Annua
2010 2035 2011 2035 Unit Consumption (%)

Lighting 154,546 190,121 0.42 0.8 REL 7392 190,121 0.09 14.5 79 [33,36,46,54,55]

Refrigerators 24,661 49,539 3 2.8 RER 1000 49,539 1.3 17.7 55 [33,36,47]
Residential Air conditioners 10,841 21,102 5.9 27 REACTI 1000 21,102 35 135 40 [33,36,38,48,49]

Water heaters 11,134 17,728 20 1.9 REWH 198 6426 13 15.6 35 [33,37,50,56]

Woodstoves 4554 4224 56.9 -0.3 REWS 46 3946 28.5 121 50 [23,33,38]
C ial Lighting 31,145 115,437 0.6 54 CEL 2500 115,437 0.21 17.3 62 [39,40,46,51,57]

ommercia Air conditioners 138 500 27.1 5.3 CEACTI 50 500 16.2 10.1 40 [41,48,49]

Public services Public lighting 4620 12,616 3.5 41 EPL 32 12,616 1.8 28.2 49 [43,46,58]

* ACE = Annual consumption per equipment. * AAGR = Average annual growth rate. Source: Own data based on References [23,33,36-41,43,46-51,54-58].
Table 3. Specific assumptions of solar energy options in the mitigation scenario.
Trend Scenario Mitigation Scenario
Conventional/Grid Ener itigati Number of Systems .
Sector End-Use P /tion s 8y Mltlgatlon (Thousan}clls) Annual Conventional AAGR? References
p Option ID or Grid Energy Avoids
2010 2035 2011 2035 by the System (GJ) (%)
Publi . Municipal pumping 11.4 31.2 MPSIPV 2 113 65.9 20 [27,28,52]
ublic services Public lighting 16.4 447 PLIPVS 1 384 57.9 28 [27,28,52]
Resi ial
o esidentia 177.9 5475 RIPV 5 667 9.8 23 [27,28,52,53]
Residential electricity use
Residential fuel use P 322.0 512.7 RSC 40 2153 12.3 18 [27,29,30,37,56]

2 AAGR = Average annual growth rate. b From the consumption of liquefied petroleum gas and natural gas. Source: Own data based on References [27-30,37,52,53,56].
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Table 4. Incremental costs of the EE and SE options in the mitigation scenario.

Incremental Cost Per
No. Mitigation Option OptionID __ Equipment/System/Device References
Investment (USD)

A. Efficient energy

1 Efficient lighting in the residential sector REL $1.82 [54]
2 Efficient refrigerators in the residential sector RER $205.90 [59]
3 Efficient air conditioning and thermal insulation in the residential sector REACTI $411.70 [60,61]
4 Efficient water heating in the residential sector REWH $206.80 [37,62]
5 Efficient woodstoves REWS $53.6 @ [23]
6 Efficient lighting in the commercial sector CEL $25.70 [54,57]
7 Air conditioning and thermal insulation in the commercial sector CEACTI $914.90 [60,61]
8 Efficient public lighting in the public services sector EPL $279.60 [43,58]
B. Solar energy

9 Municipal pumping with interconnected photovoltaic systems in the public services sector ~ MPSIPVS $2900 b [63,64]
10 Public lighting with interconnected photovoltaic systems in the public services sector PLIPVS $2900 ® [63,64]
11 Interconnected photovoltaic systems in the residential sector RIPVS $3045 2P [53,63,64]
12 Residential solar collectors RSC $478.30 [38,56]

2 For option 5 and option 11, an O&M cost of $6.4 and $18.8 USD/year, respectively, is considered. P It refers to distributed generation options with photovoltaic systems, and the cost refers
to every 1 kW of capacity. Source: Own data based on References [23,37,43,53,54,56—64].
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Similar studies on mitigation measures with great ambition have been considered as an
alternative scenario of this article, and have been analyzed for different countries according to
the scientific literature.

For the residential sector, the Center for Clean Air Policy [65] proposes various energy efficiency
options in its Advance Options Scenario (AOS); For India, it proposes replacing incandescent lamps
by CFLs and the adoption of more energy efficient refrigerators and air conditioners, by 100% in the
period 2016-2036, which are goals similar to those proposed in this article. While for Brazil, it analyzes
as an option that 100% of the new gas-based equipment (stoves and heaters) are efficient by 2036,
derived from an efficient labeling program, a measure that is very similar to what is proposed in
this article about 100% replacement of existing water heaters with newer, more efficient equipment.
Likewise, another study considers it feasible to replace 82% of inefficient woodstoves with improved
and more efficient woodstoves in Guatemala by 2030 [66].

In the case of solar energy options for this same sector, the study by Reference [67] proposes for
Brazil in its Low-Carbon Scenario that 0.7% of electricity consumption comes from SFV installed in the
residential sector in 2030, a goal very similar to the one considered in this article of 1% in 2035. As for
the option of solar heaters, the study by Reference [11] proposes in its Advanced Technology scenario
that in California, 15% of residential water heating is carried out with solar heaters in 2035 and 44%
in 2050. The proposal, analyzed in this article, considers that this value is 12% in 2035 with average
annual growth rate of 18% for the period 2011-2035, a rate lower than the 22% achieved by China,
during the period 1998-2009, according to Reference [68], which has been one of the most successful
dissemination of this technology worldwide.

Regarding commercial sector efficiency measures, the study [65], in its AOS, assumes that 75%
of commercial lighting in India will be made with CFL in 2036, an ambition very similar to the one
proposed in this article, where it is considered that 100% of the commercial lighting will be efficient,
with the use of fluorescent and LED lamps.

Finally, in relation to the public sector, in the case of the efficient public lighting option, the study
by Reference [69] proposes for India, in its LED Lighting Scenario, that 100% of inefficient luminaires
are replaced by LEDs in 2020. While for Brazil, the study by Reference [65] in its AOS proposes a 100%
penetration of its RELUZ program (Program to retrofit public lighting and buildings). Regarding the
pumping of municipal water with PVS, a study carried out for Namibia [70], estimates that the
application of this measure in 58% of the drinking water wells registered in the country, could contribute
66% (as they are mostly not interconnected) of the water capacity supplied by the well. Said percentage
is similar to the assumption in this article, in which 100% of the municipal drinking water pumping
systems in Mexico can be equipped with PVS to provide 24% of the energy required by the pumping
system. For the option of public lighting with PVS, Reference [71] with the study of two cities in
Uganda (Kampala and Jingja), estimates a potential reduction of 40% in electricity consumption from
the network for public lighting at level national, which is similar to the 49% proposed in this article for
this type of measure. As the reader can see, the goals before cited are very similar to those proposed in
this article, for the final uses of the energy of the RCPS sectors.

5.2. Economic Calculation Model

The following Cost-Benefit (CB) model was applied to estimate the costs and benefits of the
options analyzed in the mitigation scenario in relation to the trend scenario.

CBMit—Trend = ClMit—Trend + CZMit—Trend + C3Mit—Trend (1)

where:
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ClMmit-Trends  Investment incremental costs in present value for the 12 mitigation options of the mitigation scenario.
Operation and maintenance incremental costs in present value for the 12 mitigation options of the

C2pgip—
Mit=Trend  mitigation scenario.
. Avoided energy costs from the conventional supply in present value for the 12 mitigation options of the
Mit=Trend  mitigation scenario.
With:
- Clet Trendly 2
Mit-Trend — 1 + @
i=1y=1 T
where:

Incremental investment annual costs in relation to the implementation of the mitigation option

Tasir .
Clumie Trendiy i for any year y of the period p;

y year;
p Analysis period (25 years);
n Number of mitigation options (12 options);
r Discount rate (10%)
C20it-Trendi
Y
C2M1t Trend — Z Z 1 T 1’ 3)
i=1y=1
where:

C2pit-Trendiy ~ Operation and maintenance incremental costs for the mitigation option i in the year y of the
period p.

C3mit- Trendzye
C3Mit-Trend = Z Z 4)
== (1+7)Y

where:

Cumulative annual costs from the energy savings of the conventional energy supply e of the

C3pmit— i s L .
Mit=Trendiye  mitigation option i in the year y for the period p.

To calculate the mitigation cost of each of the measures, the following equation was used:

CTMit—Trendi
CMit—Tendis = =z ®)
GEIMit—Trendi
where:
CTit—Trengi ~ Total incremental cost in net present value for mitigation option i.

GElnjit—Trengi  Total GHG emissions avoided by the measure i.

With: ,
ClMit—Trendiy CZMit—Trendiy C3Mit—Trendiye
CTMit—Trendis = Z( Y y y (6)
=t (1+47) (1+7) (1+47)
CO,, emissions are given by the equation:
GEInmit-Trendis = EESCpit—Trendie* EFe (7)

where:

EESCh  Total energy avoided from the conventional energy supply e in the analysis period related to the
Mit=Trendie 3 blementation of mitigation option i;

EF, Emission factor for the conventional energy supply e.
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6. Results

6.1. Trend Scenario

In the trend scenario, the energy demand of the RCPS sectors grows at an annual rate of 2.5% and
goes from 917 PJ in 2010 to 1705 PJ in 2035, which almost doubles the energy demand in those sectors
in the analyzed period (see Figure 2). It is noteworthy that electricity is the energy that is most used in
2035, representing 48.1%, followed by LPG with 27.6%. Other energy sources that are used to a lesser
extent, but that are also important are the consumption of firewood (mainly in the residential sector)
with 14.1% and natural gas that represents 9.3% of the energy demand in those sectors. While the least
used energy is a diesel with 0.5%, kerosene with 0.1%, and solar energy with 0.3%. The latter because it
is considered in our assumptions that solar energy is not promoted in the trend scenario (see Table 1).

1800
W Diesel
1600
1400 m Kerosene
1200
u Solar Energy
1000
—
-9
800 Natural Gas
600 o Electricity
400
H Wood
200
0 ELPG
2010 2015 2020 2025 2030 2035
Year

Figure 2. Energy consumption by source in the trend scenario for the RCPS sectors, 2010-2035. Source:
Own elaboration.

This scenario of energy demand trend in the RCPS sectors has an important impact on the increase
of GHG emissions (direct and indirect), since they rise from 65.5 MtCO,, in 2010 to 148 MtCO,, in
2035, meaning an increase of 227%. In 2035, electricity is the one that provides the most (indirect)
emissions from the trend scenario, since it represents 68.6%, followed by emissions from the use of LPG
representing 23.1%, natural gas whose consumption represents 6%, wood fuel with 1.8%, and finally,
the two sources of energy that contribute with the lowest amount of emissions are diesel with 0.4%
and kerosene with 0.1% (see Figure 3).

6.2. Mitigation Scenario

The results of the application of the 12 mitigation measures in the RCPS sectors (eight of energy
efficiency and four of solar energy), show that, in the mitigation scenario, GHG emissions are increased
at an annual rate of 1.8%, which is lower than the 3.3% trend scenario rate. It should be noted that this
mitigation scenario shows that in 2035 a reduction of 30.3% is achieved with respect to emissions from
the trend scenario (see Figure 4).
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Figure 3. GHG emissions by source in the trend scenario for RCPS sectors, 2010-2035. Source:
Own elaboration.
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Figure 4. Avoided emissions by mitigation options in the RCPS sectors. Source: Own elaboration.
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The 12 options of the mitigation scenario reach a cumulative reduction potential of 364.5 MtCO»,

during the analyzed period, which represents a 15% reduction of the total cumulative emissions
generated for that period in the trend scenario. It should be noted that this scenario avoids 23.5 MtCO»,
in 2030, which is 4.7 times more than the emissions that are avoided to comply with the NDCs in the

residential and commercial sectors [20], while in 2035, our scenario mitigates 45 MtCOqe.
According to the results, of the total GHG emissions avoided, efficient lighting within the

residential sector is the option that mitigates the greatest amount of GHG emissions, representing a
26.2% reduction of the total; followed by the options of efficient refrigerators, efficient air conditioning
with thermal insulation and efficient wood-burning stoves with reductions of 17.8%, 13.3%, and 11.7%,
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respectively. Efficient lighting within the commercial sector, as well as the use of efficient water
heaters and solar collectors in the residential sector, generate lower reductions, representing 8.9%,
6.2%, and 5.3% of the total emissions avoided, respectively. Finally, the proposed measures with the
lowest mitigation potential are those corresponding to public lighting with SFV, public lighting with
LED, air conditioning, and thermal insulation in the commercial sector, municipal pumping with IPVS,
and finally, IPVS in the residential sector with 3.3%, 3.2%, 1.8%, 1.5%, and 0.7%, respectively. In sum,
the energy efficiency options together represent 89% of the mitigation potential (325.4 MtCO,,) while
the solar energy options the remaining 11% (39.1 MtCOx,).

Figure 5 shows the results of the mitigation options for each sector. As can be seen, the GHG
emissions for the residential sector in the trend scenario for 2035 are 106 MtCQO,., while for the
mitigation scenario, it reaches almost 73 MtCO,,, which represents a reduction of 33 MtCO,,, which is
equivalent to 33% mitigation of GHG emissions in 2035. This mitigation is achieved by considering
the implementation of six options, namely: Efficient lighting, efficient refrigeration, air conditioning,
and thermal insulation, efficient woodstoves, efficient heaters, solar collectors, and interconnected
photovoltaic systems. In relation to the commercial sector, this reaches 33 MtCO,, in 2035 in the trend
scenario, while in the mitigation scenario, it decreases to 28 MtCO,,, which means a reduction of 6.5
MtCO, at the end of the period, representing a 17% mitigation of GHG. For this sector, only two
options were analyzed to be carried out, namely efficient lighting and air conditioning and thermal
insulation. Finally, for the public services sector, the trend scenario reaches 9.4 MtCO,,, while in the
mitigation scenario, emissions are reduced to 3.2 MtCO,,, which means a significant reduction of 66%
by 2035. This reduction is achieved by implementing the following three options: Efficient public
lighting, public lighting with photovoltaic systems, and municipal pumping with interconnected
photovoltaic systems.

1) Residential sector 2) Commercial sector
120 35
100 30
. 80 o3
20
g e g
E g 15
40 10
20 5
0 0
2010 2015 2020 2025 2030 2035 2010 2015 2020 2025 2030 2035
Year Year
~Trend scenario GHG emissions —e—Mitigation scenario GHG emssion | | ——Trend scenario GHG emissions —e— Mitigation scenario GHG emission

3) Pubic services sector

10

MLCO,,

2010 2015 2020 2025 2030 2035
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——Trend scenario GHG emissions —e—Mitigation scenario GHG enission

Figure 5. GHG emissions in the trend scenario and in the alternative scenario by sector. Source:
Own elaboration.

6.3. Mitigation Costs

The mitigation costs, as well as the mitigation potential of each of the energy efficiency and solar
energy options in the RCPS sectors for the mitigation scenario, are shown in Figure 6. The mitigation
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cost is represented on the y-axis and in the x-axis the reductions of GHG emissions accumulated in
the period by mitigation measure and ordered from lower to higher cost. As can be seen, almost all
energy efficiency options, except for the option of public lighting with LED, have negative costs,
that is, economic benefits are obtained from their application, while almost all solar energy options
(except collectors solar in the residential sector) have costs. Of all the options, efficient lighting in the
residential sector is the measure that has the greatest benefit and a significant reduction in emissions,
while the option with the highest cost is that of public lighting with IPVS interconnected to the power
network in the sector of public services.
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services sector)

120
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100 (residential
Efficient air sector)
80 conditioning and
thermal insulation Efficient public
60 (comercial sector) lighting
Efficient wood

(public services
sector)
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40 Solar collectors
(residential sector)

o 20
g
= 0 S
[=]
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-20 IPVS municipal
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Efficient conditioning and sector)
-60 refrigerators thermal insulation
80 (residential sector) (residential sector)
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sect (residential
sector) sector) Mitigation Potential
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Figure 6. The mitigation cost curve for energy efficiency and solar energy options in the RCPS sectors.
Source: Own elaboration.

6.4. Cost-Benefit Analysis

As can be seen in Table 5, in the mitigation scenario, global benefits of the order of $7665 million
USD (MUSD) are obtained throughout the 25 years of analysis. Benefits of the order of $8582 MUSD
are obtained from measures of energy efficiency, which offset the total costs of solar energy options that
are of the order of $917 MUSD. It should be noted that this mitigation scenario has a significant global
investment cost of the order of $9007 MUSD (which includes $83 MUSD of O&M costs), and in this area,
the energy efficiency measures represent 70% and the rest the solar energy options (30%). Therefore,
the aspiration that this mitigation scenario will be achieved represents significant financing challenges.
It is also noteworthy that the implementation of this scenario has benefits for energy savings in the
order of $16,672 million USD, where 89.5% are generated on the side of energy efficiency options and
the remaining 10.5% on the side of energy options solar energy.
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Table 5. Cost-benefit and avoided emissions by energy efficiency and solar energy options in the
mitigation scenario.

Avoided Avoided

Mitigation  Investment Energy Cost-Benefit Emissions Mitigation Cost
Option (MUSD) (MUSD) (MUSD) (MtCOse) (USD/tCO2.)

Efficient energy  $6346 ~$14,929 ~$8582 325 ~$26.4
REL $98 —$5669 —$5571 96 —$58.2
RER $2297 —$2871 —$574 65 -$8.8
REACTI $2384 —-$2460 -$76 49 -$1.6
REWH $319 -$1163 —$844 23 —$37.2
REWS $283 2 —-$524 —$241 43 -$5.6
CEL $149 -$1449 -$1300 32 -$40.0
CEACTI $279 —$377 —-$98 7 -$15.0
EPL $537 —$416 $121 12 $10.3
Solar energy $2660 -$1743 $917 39 $23.4
MPSIPVS $633 —$228 $404 5 $75.2
PLIPVS $1547 —$431 $1115 12 $91.6
RIPVS $327 —$168 $159 2 $66.4
RSC $154 P —-$915 -$761 19 -$39.6
Total $9007 -$16,672 —-$7665 365 -$21.0

a Includes $ 81 MUSD for O&M costs. ? Includes $2 MUSD for O&M costs. Source: Own elaboration.

Overall, the mitigation scenario for the RCPS sectors mitigates a cumulative total of 365 MtCOp,,
which results in an average mitigation cost of-$21 dollar per ton of carbon dioxide equivalent
(USD/tCOg,) that indicates that there is no overall cost for implementing this scenario that significantly
mitigates GHG emissions for these sectors.

Both in the trend scenario and in the mitigation scenario, the growth of the corresponding
equipment, shown in Table 2, materializes due the fact that in both scenarios, the per capita income
grows at an annual rate of 2.7% in the analyzed period, a product of an annual GDP growth of 3.6%
and a population growth of 0.9% per year (see Table 1). However, in the trend scenario, an increase
in energy consumption by 2035 of 52% is considered for conventional equipment compared to the
reference year for the analyzed end-uses in RCPS sectors, while in the mitigation scenario, this energy
consumption is reduced by 46% compared to the trend scenario in 2035.

As can be seen, the mitigation measures analyzed are mostly cost-effective, especially in the
residential and commercial sectors; however, a barrier is the investment costs required to install the
new equipment and/or materials of the different mitigation measures. Therefore, public policies are
required to facilitate the financing of these measures, such as, for example, establishing financial
mechanisms with low interest rates and/or the application of tax incentives to promote the change of
less efficient equipment by those that comply with the regulations of the alternative scenario. Therefore,
to implement the mitigation measures of the RCPS sectors studied in this article, it is necessary to have
adequate public policies, especially fiscal and financing.

7. Conclusions

Under the conditions of the trend scenario, the energy required to meet the demand of the RCPS
sectors is 1705 PJ in 2035, which is 186% greater than the energy demand in 2010. As a consequence of
these trends, the volume of emissions from GHG, reaches a total of 148.6 MtCO,, in 2035, increasing by
226% in relation to 2010. These emissions come mainly from the demand for electricity, due to the
indirect emissions followed by LPG.

The reduction of GHG emissions in the RCPS sectors in the mitigation scenario comes from
the application of eight energy efficiency mitigation options and four solar energy options. This set
of options offers an emission reduction potential of 364.5 MtCOy, in the analysis period, of which
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325.4 MtCOy, corresponds to the energy efficiency options and 39.1 MtCOy, to the solar energy
options. Together these options reduce 15% of the cumulative emissions in the trend scenario in the
analysis period.

According to our results, in the mitigation scenario, the energy efficiency options mostly represent
benefits; however, the solar energy options mostly have costs. Together, all the mitigation options that
make up the mitigation scenario have the result that the benefits of $16,672 MUSD exceed the costs of
$9007 MUSD so that a mitigation scenario is achieved at no global cost and with a net global economic
benefit of $7665 MUSD.

The results also show that the mitigation scenario far exceeds the goal of reducing 5 MtCOy,
established for the residential and commercial sectors in the INDCs in the unconditional version,
and that it is possible to increase the mitigation ambition significantly in renegotiations of the climate
ambition of the Paris Agreement in 2021.

Although there are benefits in the mitigation scenario, the results reveal that implementing this
scenario has an important financing challenge since the incremental global investment costs amount
to over $9000 MUSD (over $360 MUSD annually) in the entire analyzed period. Therefore, it would
be necessary to have greater sources of financing, international and national, and to design adequate
financing mechanisms for each type of mitigation measure. In particular, for photovoltaic solar energy,
it is essential to establish mechanisms and incentives to support its large-scale dissemination in the
RCPS sectors.

This article establishes that buildings are active entities in the management and generation of
the energy that they consume and not only passive entities in meeting their energy needs through
external purchases. That is, they can modify their energy demand using efficient equipment and
generating, partially or totally, the energy they require. The scope of this work has been to explore
part of that potential for the RCSP sector, which is given by different options that are economically
viable and ambitious in mitigating GHG emissions, so that they allow buildings to be active in their
energetic needs. For future research, it is necessary to consider other options, from the perspective
of energy saving, such as smart systems, passive and geothermal solar systems, or other efficient
equipment, such as LED screens, washing machines, heat pumps, etc., that contribute to modifying the
energy demand and its management. In addition to options for energy generation in buildings, such as
the production of biogas with its waste, the use of small wind systems, solar cooking appliances,
among others. These new investigations could reveal the possibility of having buildings with little or
no external energy requirements and with neutral emissions that contribute significantly to the fight
against climate change.
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Nomenclature

AAGR Average annual growth rate

AC Air conditioning

ACE Annual consumption per equipment
AQOS Advance Options Scenario

CB Cost-Benefit

CEACTI Air conditioning and thermal insulation in the commercial sector
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CEL
CFL
CH,
COP21
DIPVS
EE

EJ

EPL
EWS
GDP
GHG
GJ/year
GW
INDC
IPVS
kgCOZe/ GJ
kWh
kWp
LEAP
LED
LED-LB
LGCC
LPG
MPSIPV
MtCOy,
MUSD
MW
MW
N,O
NDC
NG
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Efficient lighting in the commercial sector
Compact fluorescent lamps

Methane

21st Conference of the Parties

Distributed interconnected photovoltaic systems
Energy efficiency

Exajoules

Efficient public lighting in the public services sector
Efficient wood-burning stoves

Gross domestic product

Greenhouse gases

Gigajoule per year

Gigawatt

Intended Nationally Determined Contribution
Interconnected photovoltaic system

Kilogram of carbon dioxide equivalent per Gigajoule
Kilowatt-hour

Kilowatt-peak

Long Range Energy Alternative Planning System
Light-emitting diodes

Light-emitting diode light bulbs

General Climate Change Law

Liquefied petroleum gas

Municipal pumping with interconnected photovoltaic systems in the public services sector

Million tons of carbon dioxide equivalent
Million USD

Megawatt

Megawatt

Nitrous oxide

Nationally determined contributions
Natural gas

NOM-023-ENER-2010
NOM-003-ENER-2011
NOM-018-ENER-2011
NOM-028-ENER-2010
NOM-031-ENER-2012

Standard for air conditioning equipment

standard for gas-based heaters

Standard for thermal insulators for buildings
Standard for general use lamps

Standard for luminaires with light-emitting diodes

NOMs Official Mexican standards

Oo&M Operation and maintenance

PLIPVS Public lighting with interconnected photovoltaic systems in the public services sector
PVS Photovoltaic systems

RCPS Residential, commercial, and public services

REACTI Efficient air conditioning and thermal insulation in the residential sector
REL Efficient lighting in the residential sector

RELUZ program Program to retrofit public lighting and buildings in Brazil

RER Efficient refrigerators in the residential sector

REWH Efficient water heating in the residential sector

REWS Efficient woodstoves

RIPV Interconnected photovoltaic systems in the residential sector

RSC Residential solar collectors

SE Solar energy

tCOze/kWh Ton of carbon dioxide equivalent per kilowatt-hour

TED Technology and environment database

TWh Terawatt-hour

USD American dollars

USD/tCOpe American dollars per ton of carbon dioxide equivalent
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