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Abstract: The Mexican national electricity transmission and distribution grid (SEN, initials in Span-
ish) is characterized by the high interconnection between its several electricity generation plants
and the millions of final consumers throughout the country. This feature, which is seen first as an
adequate transmission and distribution method for electricity between producer and consumer, has
the inconvenience of being highly complex when renewable energy is introduced into the SEN. The
random nature of renewable energy means that coordination between the producer and consumer
is difficult; therefore, these energy sources are considered by the Mexican Federal Commission of
Electricity (CFE, initials in Spanish) without priority in their generation and distribution. In this
document, a solution for this is given by the consideration of on-site photovoltaic production in
the Mexican residential sector, setting a straightforward relationship between production and con-
sumption, neglecting the long-distance transmission, and freeing the transmission and distribution
through the SEN at certain hours of the day. Different scenarios are studied, considering the level
of penetration of this renewable energy technology into the housing sector. In this way, it is found
that, if 80% of the total Mexican dwellings hold a photovoltaic roof, in some seasons of the year,
a large part the total national demand can be fulfilled by the photovoltaic generation if certain
systems—such as bidirectional smart meters—are applied. In this sense, the results show that, if 80%
of the Mexican dwellings had a photovoltaic roof, there would be a money saving of 3418 Million
USD and a mitigation of 25 million tons CO2e, for 2018. With this, it is concluded that renewable
energy in Mexico could provide a much greater share if the electricity is produced in the same place
where it will be consumed. This might be possible in Mexico due to the high interconnection of the
transmission and distribution grid, which would manage the surplus electricity generation in the
dwellings in a proper manner.

Keywords: extensive use of on-site renewable-energy; national transmission and distribution grid;
economical and environmental benefits

1. Introduction

The world is under an energy transition from conventional to renewable and clean
energy sources. The countering of global climate change and the reduction of energy
poverty are the main reasons to carry out this transition [1]. Nevertheless, this conversion
is not being carried on in an equal manner amongst the nations. While some countries
are already about to reach a 100% renewable energy scenario [2–7], and others are in the
transition [8–13], some have not reached even 10% [14–17]. Among many other reasons,
such as economical [18–21], social [22,23], political [24–26], technical [27], or multicriteria
issues [28], renewable and low-carbon energies are not easy to implement in national and
large-scale scenarios.

Due to its random production, which is dependent on the climate conditions, the con-
sumption of the renewable energy (wind and solar, mainly) can be summed up by the
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phrase ‘use it or lose it’ [29], giving only few options of consumption if it is not instantly
used [30]. Energy storage and smart grids are the most mentioned solutions in the litera-
ture review [31]. Moreover, other technical issues—such as the load frequency variation
of the electrical current—have to be addressed in order to dispatch proper and reliable
electricity [32]. In this sense, innovative approaches of renewable energy management
have been developed in recent years [33].

In addition, the complexity of a national transmission and distribution grid makes the
implementation of renewable energies in a national scenario more difficult. Whereas the use
of renewable energy is working properly in local and small scenarios, a national electricity
system does not allow us to coordinate the activity of generation and consumption [34].

This is the case for the Mexican electricity system, which is still dominated by fossil-
fuel-based generation, as it considers this source “more reliable and controllable” due
to its continuous working hours [35,36]. Moreover, although there is a national goal to
achieve a share of 35% renewable energy by 2024, different challenges, including the
coordination of the transmission and distribution grid [37], are still a brake to reaching
such an achievement.

Furthermore, in the literature review, to the best of our knowledge, a study was not
found that shows an analysis of the extensive implementation of renewable energy at a
small scale, especially in the housing sector, and what would be the corresponding benefits
of this implementation.

Due to these reasons, in this document, the extensive use of on-site renewable energy
is proposed for the Mexican housing sector, instead of medium and large renewable-
energy plants that introduce their generated electricity to the SEN, yielding their priority
to fossil-fuel-based electricity.

For this, a model for the estimation of the generated electricity on an annual basis
considering the extensive implementation of photovoltaic (PV) roofs is necessary. Fur-
thermore, the model also calculates the instantaneous electricity demand compared to
the instantaneous electricity generation of the PV roofs, considering the national average
solar radiation.

As such, different scenarios are considered in order to determine their influence on
the Mexican electricity sector. These scenarios comprise the level of penetration of PV
roofs into Mexican households. In each scenario, an analysis of the energy saving, the CO2
mitigation, and the cost reductions of the transmission and distribution grid are estimated.
Finally, the feasibility and affordability of the implementation is discussed, considering a
costs/benefits study of the different scenarios.

The advantage of the model is seen in the novel analysis of the renewable energy usage
in the Mexican electricity scenario, while the disadvantage is focused on the lack of accuracy
due to the general approach considered in the document. Nevertheless, we believe that
the analysis proposed here would help to show the main benefits of the extensive imple-
mentation of renewable electricity generation in the Mexican housing sector. A synthetized
flowchart of the methodology can be seen in Figure 1.

The first two steps of the flowchart are focused on the 2018 status of the transmission
and distribution grid, and the electricity generation of each source in Mexico.
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electricity generation with private companies since the so-called Mexican Energy Reform 
was issued in 2013. Nonetheless, the SEN (transmission and distribution grid) is com-
pletely managed by the CFE through the National Center of Energy Control (CENACE, 
initials in Spanish). 

One characteristic of the SEN is the high level of interconnection between the gener-
ators and consumers throughout the entire country. The SEN comprises four intercon-
nected systems in the following Mexican municipalities: 

 National Interconnected System (NIS): from Puerto Peñasco, in the northern state of 
Sonora, to Cozumel, in the southern state of Quintana Roo. This is the biggest Mexi-
can interconnected system. 

 Baja California Interconnected System (BCIS) comprises the municipalities of Ense-
nada, Tijuana, Tecate and Mexicali, in the state of Baja California, and San Luis Rio 
Colorado, in the state of Sonora. Furthermore, this system is interconnected to the 
Western Electricity Coordinating Council (WECC) of California, USA. 

 Baja California Sur Interconnected System (BCSIS): from the municipality of Loreto 
to Los Cabos, in the state of Baja California Sur. This system is completely insolated. 

Figure 1. Methodology flowchart of the approach presented in this document.

2. Materials and Methods
2.1. National Transmission and Distribution Grid

The Mexican national electricity sector is run by the Mexican Federal Commission of
Electricity (CFE, initials in Spanish), a government-owned company that has shared the
electricity generation with private companies since the so-called Mexican Energy Reform
was issued in 2013. Nonetheless, the SEN (transmission and distribution grid) is completely
managed by the CFE through the National Center of Energy Control (CENACE, initials in
Spanish).

One characteristic of the SEN is the high level of interconnection between the genera-
tors and consumers throughout the entire country. The SEN comprises four interconnected
systems in the following Mexican municipalities:

• National Interconnected System (NIS): from Puerto Peñasco, in the northern state of
Sonora, to Cozumel, in the southern state of Quintana Roo. This is the biggest Mexican
interconnected system.

• Baja California Interconnected System (BCIS) comprises the municipalities of Ense-
nada, Tijuana, Tecate and Mexicali, in the state of Baja California, and San Luis Rio
Colorado, in the state of Sonora. Furthermore, this system is interconnected to the
Western Electricity Coordinating Council (WECC) of California, USA.

• Baja California Sur Interconnected System (BCSIS): from the municipality of Loreto to
Los Cabos, in the state of Baja California Sur. This system is completely insolated.

• Mulege Interconnected System (MIS): from the municipality of Mulege to Bahia de
Todos los Santos, in the state of Baja California Sur. This system is completely insolated.
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Furthermore, the NIS has 11 international interconnections with the following gates:

• United States of America: Ribereña-Ascarate, Anapra-Diablo, Ojinaga-Presidio, Piedras
Negras-Eagle-Pass, Nuevo-Laredo-Laredo, Cumbres F.-Railroad, Cumbres F.-Planta
Frontera, Matamoros-Brownsville and Matamoros-Military.

• Belize: Xul Ha-West.
• Guatemala: Tapachula-Los Brillantes.

The biggest interconnected system is the NIS, which embraces the Mexican continental
territory (92.7%), while the BCIS, BCSIS and MIS are located at the Baja California peninsula,
sharing only 7.3% of the national territory. In terms of population, in 2018, the NIS managed
the electricity of 122,483,587 Mexicans (96.4% of the total population), while the other three
systems provided electricity to 4,608,055 people (3.6%). A map of the SEN can be seen
in Figure 2.
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Figure 2. Mexican national electricity transmission and distribution grid. The peninsula of Baja California comprises the
BCIS, MIS and BCSIS (source: CENACE [38], translation: own).

The SEN—comprising NIS, BCIS, BCSIS and MIS—can also be divided into transmis-
sion and distribution grids. The national transmission grid is considered to be for long-
distance electricity transportation (200–500 km), with a voltage level range of 69–400 kV,
whereas the general distribution grid (to be dispatched to the final consumers) is consid-
ered to be for medium-distance transportation (10–50 km), with a voltage level range of
1–35 kV. In 2018, the national transmission grid had a length of 108,018 km, while the
general distribution grid had a total length of 512,520 km [38].

2.2. Renewable Energy Generation through the Transmission and Distribution Grid

In order to analyze the renewable energy technologies in Mexico, an analysis of all of
the generation technologies used in Mexico was carried out. In 2018, the installed capacity
of generation in the country was 70,053 MW. The distribution according to the type of
technology can be seen in Table 1.
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Table 1. Installed capacity of electricity generation in Mexico in 2018 [38].

Technology Installed Capacity (MW) Share of Capacity (%)

Combined cycle 25,569 36.5
Hydroelectricity 12,610 18.0

Conventional thermal 11,909 17.0
Coal-fired 5394 7.7

Wind 4764 6.8
Turbogas 3222 4.6

Photovoltaic 1821 2.6
Nuclear 1611 2.3

Efficient cogeneration 1401 2.0
Geothermal 701 1.0

Internal combustion 701 1.0
Bioenergy 350 0.5

Total 70,053 100

From Table 1, one can notice that only 28.9 % out of the 70,053 MW installed capacity
in Mexico can be considered to be clean and/or renewable, i.e., the technologies of hydro-
electricity, wind, PV, geothermal and bioenergy. Nevertheless, it is worthwhile to mention
that, during 2018, PV and wind had an increase of 1316 MW and 942 MW, respectively,
owning the highest growth rates among the other technologies [38].

This is because in Mexico, as was aforementioned, in 2013, an Energy Reform was
issued to allow private electricity generation. In this sense, several companies started to
produce electricity with wind, PV, and natural-gas–based technology, mainly, along with
the so-called ‘Independent Producers’, who—since 1992—have had permission to generate
electricity with various technologies (mainly fossil-fuel based) for the following purposes:
(a) to sell it to CFE, (b) to export it, and (c) for self-consumption. In none of these three
cases should the activities be considered as an economic competition to CFE. With the
Energy Reform, however, private companies were allowed to generate electricity with a
higher profit than the Independent Producers, due to the CFE paying a higher cost for each
MWh produced [39].

Nevertheless, in the case of private electricity generation, the companies have to pay
the CFE a fee for the electricity transmission and distribution. This cost is called a ‘porting
fee’, and has to be covered regardless of the generation technology. Because of this reason,
several renewable energy companies filed a dispute to the Mexican Supreme Court of
Justice in 2020 against the porting fee, claiming that this payment “discourage the clean
energy production in Mexico”.

Furthermore, due to the random nature of renewable energy production, the CENACE
has difficulties in dispatching this generated electricity, especially during hours of low
demand, i.e., 23–9 h the next day. For a typical summer day, an average of 36,982 MW is
registered during low demand, while the daily average is 39,629 MW, with a maximum
peak of 42,873 MW at 17:00 h [40].

As such, the CENACE requires that the electricity from private companies:

. . . must be incorporated [to the SEN] by means of the intervention and backup
of power plants with total [electricity generation] availability and that dispatch
planning and operation reservoirs, as well as related services that make its feasible
performance, which requires of the correct specification of the associated products
required in order to give more certainty to all the market stakeholders [41].

In this sense, renewable energies struggle to be dispatched because their production is
lower compered to fossil-fuel–based energies. In Table 2, the average hours of working of
each generation technology is displayed.
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Table 2. Average working hours of the generation technologies in Mexico, in 2018 [38].

Technology Energy Produced
(GWh)

Working Hours at
Year

Percentage of Work
at Year (%)

Combined cycle 161,812 6328 72.2
Hydroelectricity 32,362 2566 29.3

Conventional thermal 41,881 3517 40.1
Coal-fired 29,190 5411 61.8

Wind 12,373 2597 29.7
Turbogas 8567 2659 30.4

Photovoltaic 2221 1220 13.9
Nuclear 13,643 8469 96.7

Efficient cogeneration 6980 4982 56.9
Geothermal 5395 7694 87.8

Internal combustion 2221 3168 36.2
Bioenergy 635 1813 20.7

From Table 2, one can see that combined cycle technology, based on natural gas, has a
high working rate compared to wind and PV. This can explain the belief that natural-gas-
based generation is seen as more ‘controllable’ than renewable generation [35], especially
when unexpected demands are presented. This, along with the porting fee, means that
renewable energy in Mexico is still seen as an expensive and unreliable technology.

2.3. Loss on the Transmission and Distribution Grid

Moreover, another obstacle that the generators have, private or public, is the electricity
loss throughout the transmission and distribution grid. In the case of Mexico in 2018, this
loss is divided as shown in Table 3.

Table 3. Electricity loss in the transmission and distribution grid in Mexico, in 2018 [38].

Production (GWh) Loss onto Transmission Grid
(GWh)

Loss onto Distribution Grid
(GWh) Final Consumption (GWh)

318,236 33,669 15,756 268,811

According to Table 3, the total loss in Mexico in 2018 was 15.53% of the total generated
electricity. In the transmission grid, mostly by the wires and transformation facilities
heating, was 10.58% out of the total generated electricity, whereas in the distribution grid,
mostly by incidents of thieving and mismeasuring, was 4.95% out of the total generation.

As such, as it can be seen, renewable energies in Mexico have their most challenging
phase on the transmission and distribution grid, which is not under their management.
This, additional to their random generation, makes that these kind of technologies look for
innovative solutions.

Therefore, in this document, for renewable energy technologies, a solution approach
for the inconvenience of the porting fee, the lack of priority given by the CENACE, and the
loss throughout the SEN is given by the extensive installation of PV roofs in the Mexican
residential sector. This is expected to reduce the transportation of electricity at long and
medium distance (10–500 km), to use the electricity in the moment that it is generated,
and to dispense with the porting fee.

2.4. PV Roof Technology

As was already mentioned, the extensive placement of PV cells on the roofs of the
Mexican housing sector is proposed. The first purpose of this is to avoid the use of the
transmission grid at long and medium distances. A general scheme of the proposed PV
technology is displayed in Figure 3:
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The proposed technology comprises the use of electricity storage to be consumed
at short and medium times. Nevertheless, the main approach of the PV generation is
the incorporation of the surplus generated energy into the distribution grid, managed by
CENACE. This is expected to liberate the transmission grid if the PV roofs are applied in
an extensive manner in the country.

2.5. Available Roofs in the Mexican Residential Sector

In 2018, there were approximately 34.73 million dwellings allocated in the Mexican
residential stock. According to the National Survey of Households Incomes and Expen-
ditures 2018 (abbreviated to ENIGH in Spanish) from the Mexican National Institute of
Statistics and Geography (abbreviated to INEGI in Spanish), the distribution according to
the type of construction is shown in Table 4.

Table 4. Number of households in Mexico in 2018 [42].

Total
Households

Detached and
Semi-Detached

Households

Apartments in
Multi-Story
Buildings

Communal Houses
and Nonresidential

Rooms

34,735,833 32,443,268 1,736,792 555,773
Percentage (%) 100.0 93.4 5.0 1.6

From Table 4, one can easily notice that more than 93% of the households in Mexico
are able, in principle, to install PV technology in their roof, considering that detached and
semi-detached houses have an independent roof, where Mexican people install water and
gas tanks [42].

In the case of apartments, most of the households with this type of construction are
located at the greater metropolitan area of Mexico City (1.58 million apartments) [42].
If it is considered that an apartment building in Mexico City is, on average, four stories
high according to the Mexican National Housing Commission (CONAVI, abbreviation in
Spanish) [43], and that 1 out of 4 apartments has an independent roof, 395,933 roofs might
be available for the installation of PV cells.
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As such, neglecting communal and nonresidential rooms, in 2018 there were approxi-
mately 32.73 million roofs available for solar renewable energy, if it is also considered that
approximately 100,000 dwellings already had this kind of technology in the country in the
same year [44].

2.6. Architypes of Dwellings in Mexico

According to the ENIGH, Mexican households can be divided by their size and their
number of occupants, as is displayed in Tables 5 and 6.

Table 5. Distribution of Mexican dwellings according to their built area [42].

Built Area (m2) ≤45 46–100 >100 Total

No. Dwellings 3,681,998 16,291,106 14,762,729 34,735,833
Share of total (%) 10.6 46.9 42.5 100.0

Table 6. Distribution of Mexican dwellings according to their number of occupants [42].

No. Occupants 1–2 3–5 6–8 ≥9 Total

No. Dwellings 7,850,298 19,903,632 5,766,148 1,215,754 34,735,833
Share of total (%) 22.6 57.3 16.6 3.5 100.0

In Tables 5 and 6, three kinds of architypes are proposed for the present study, namely
small (architype 1), medium (architype 2) and large (architype 3). These three architypes as-
sume a uniform distribution of the number of occupants concordant with the building size,
assuming that a small house shelters few people, and vice versa. As such, the distribution
is the following:

• Architype 1: in all dwellings of ≤45 m2 live families of 1–2 people.
• Architype 2: families of 1–5 people live in dwellings of <45 m2.
• Architype 3: all families of >5 people live in dwellings of >100 m2.

Small numbers of people living in a large dwelling and many people living in a small
household are neglected, even though these situations might be present in the country [42].
As such, Table 7 can be constructed. The table assumes that 32.73 million dwellings are able
to have a PV roof in 2018, neglecting apartments, non-residential rooms, and households
with installed PV.

Table 7. Architypes of available dwellings in Mexico in 2018.

Architype 1 Architype 2 Architype 3

No. Dwellings 3,015,331 23,405,266 6,315,235
Share of total (%) 9.2 71.5 19.3

For each architype, two respective levels of consumption and generation are proposed.
These levels are estimated based on the average number of occupants, in the case of
consumption, and based on the average roof surface, in the case of generation.

For the calculation of the consumption, it is assumed that, in Mexico, in 2018, there
was a consumption in the residential sector of around 62,000 GWh [38]. In the same year,
the population was 126.2 million inhabitants [38]. With this, a yearly average consumption
of 491.3 kWh per capita is supposed. It is worthwhile to mention that this consumption is
only in the residential sector, neglecting the other energy activities of Mexicans (industry,
commercial etc.).

In order to calculate the generation, the average national irradiance in the Mexican
territory was taken into account, i.e., 5.3 kWh/m2 per day [45]. Furthermore, if the average
efficiency of the PV cells is set at 17.3% [46] (considering this figure as the most common
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amongst commercial PV cells, i.e., polycrystalline silicon cells), the electricity generation is
estimated as follows [46]:

PVe f f =
Pout

Pin
(1)

Pout = PVe f f ·Pin (2)

where PVeff is the efficiency of the PV cell (dimensionless); Pout is output power, i.e.,
the generated electricity (kWh); and Pin is the input power, i.e., the solar radiation (kWh).
Therefore, if the average irradiance is given in kWh/m2 per day, the annual electricity
production by m2 is set as 334.7 kWh/m2.

As such, considering the average consumption of 491.3 kWh/person and the average
generation of 334.7 kWh/m2, Table 8 was constructed. For each architype, an average num-
ber of persons (consumption) and an average PV-cell surface (generation) was considered
as follows:

• Architype 1: ocupants, 1.3. PV-cell surface, 2.0 m2.
• Architype 2: occupants, 3.5. PV-cell surface, 5.2 m2.
• Architype 3: occupants, 5.3. PV-cell surface, 7.9 m2.

Table 8. Average annual consumption and generation of the three architypes of dwellings.

Architype 1 Architype 2 Architype 3

Consumption (kWh) 638.7 1719.6 2603.9
Generation (kWh) 669.4 1740.4 2644.1

The number of occupants was estimated based on Table 6, whereas the average surface
of the PV cells was calculated according to the average consumption of each architype,
estimated from a backward calculation of the mean number of occupants, considering that
the electricity production must cover the total consumption of the dwelling. In this way,
Table 8 was constructed.

As such, with these three proposed architypes, along with their respective consump-
tions and generations, three different scenarios of extensive PV roof installation in Mexico
were carried out.

3. Results
3.1. Scenarios for Extensive PV Installation in Mexico

Three scenarios of extensive PV-roof installation in the Mexican housing sector are
hereby proposed. These scenarios are designed according to the current characteristics of
technical feasibility and affordability within the Mexican context. In this sense, ten govern-
mental programs were carried out in the residential sector in order to save energy, from
1990 to 2017 [47], which mainly focused on illumination and refrigeration. Amongst these
programs there is Daylight Saving Time (DST, Horario de Verano, translation into Spanish),
issued in 1996, the results of which were an average annual savings of around 1100 GWh
since its implementation [47], which is very related to energy savings in illumination.

Furthermore, since the Energy Reform was issued, the participation of private com-
panies in electricity generation in Mexico has considerably increased. In this sense, seven
large PV installations (from 100 to 362.96 MW of installed capacity) have been placed since
2013, with more projects by private companies planned for the coming years [39].

As such, if it is considered that the extensive PV-roof installation program could be
issued with the support of the Mexican Government and private companies, alone and/or
together, three preliminary scenarios are proposed, as can be seen in Table 9.
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Table 9. Three scenarios of extensive PV-roof installation in Mexico.

Scenario A Scenario B Scenario C

No. Dwellings 26,188,666 13,094,333 6,547,167
Share (%) 80 40 20

As such, considering the respective share of the three architypes, multiplied by the
respective average energy consumption and production of each architype, Tables 10–12
were constructed. It is worthwhile to remark that the estimated generated electricity might
be fully exploited if some technologies are applied. These technologies are mainly two:
electricity storage, and the use of a bidirectional meter (cf. Figure 3) which allows the
distribution manager (in this case, the CENACE) to dispatch the surplus generation to
another consumer who requires the electricity at the very same time, taking advantage of
the interconnected distribution gird.

Table 10. Average annual consumption and generation of the three architypes of dwellings in Mexico,
in 2018, for scenario A.

Architype 1 Architype 2 Architype 3 Total

No. Dwellings 2,412,265 18,724,213 5,052,188 26,188,666
Consumption (GWh) 1540.7 32,198.2 13,155.4 46,894.3

Generation (GWh) 1614.8 32,587.6 13,358.5 47,560.9

Table 11. Average annual consumption and generation of the three architypes of dwellings in Mexico,
in 2018, for scenario B.

Architpye 1 Architype 2 Architype 3 Total

No. Dwellings 1,206,133 9,362,107 2,526,094 13,094,333
Consumption (GWh) 770.4 16,099.1 6577.7 23,447.1

Generation (GWh) 807.4 16,293.8 6679.2 23,780.4

Table 12. Average annual consumption and generation of the three architypes of dwellings in Mexico,
in 2018, for scenario C.

Architpye 1 Architype 2 Architype 3 Total

No. Dwellings 603,066 4,681,053 1,263,047 6,547,167
Consumption (GWh) 385.2 8049.5 3288.8 11,723.6

Generation (GWh) 403.7 8146.9 3339.6 11,890.2

From Tables 10–12, one can notice that the three scenarios generate a considerable
amount of energy compared to the total consumption of electricity in the Mexican resi-
dential sector in 2018 (62,000 GWh). As such, scenario A would generate 76.71% of the
consumption, scenario B would generate 38.36%, and scenario C would generate 19.18%.
Any of these figures help to reduce long-distance electricity transmission and distribution,
as well as fossil-fuel-based electricity generation in Mexico, which shares 71.1% of the total
installed capacity of the country.

3.2. National Demand and Generation

One of the most important tasks of the CENACE is the planning of the transmission
and distribution of the instant electricity demand in the Mexican territory. This planning
is highly related to the SEN’s performance, in which the electricity is transmitted and
distributed towards the final consumers at the very same time it is generated.

As mentioned already, the national installed capacity in Mexico, in 2018, was 70.1 GW,
when in a typical day an average of 34.4 GW is registered during low demand, while the
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daily average is 37.0 GW, with a maximum peak of 40.6 GW. Moreover, during the 23 h
week of 2018, the instant demand reached a maximum peak of 46.8 GW. In this sense,
Figure 4 shows the national instant demand for the summer and winter solstice, 21 June
and 21 December, respectively.
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According to Figure 4, the peak demand of the winter solstice occured at 16:00 h,
GMT-6. This atypical hour is explained by the fact that Mexico shares three different times
zones, i.e., GMT-6, GMT-7, and GMT-8. In this sense, times zones GMT-7 and GMT-8 have—
to a great extent—air-conditioned dwellings, because most of their territory, including
the Baja California Peninsula, presents arid and dry-tropic climate conditions. Both arid
and dry-tropic conditions represent 69.9% of the total share of air-conditioning in the
country [48,49]. Therefore, 16:00 h (GMT-6) represents the warmest hours for time zones
GMT-7 and GMT-8 (14:00 and 15:00 h, respectively) increasing the electricity demand in
terms of air-conditioning [40].

Moreover, when the DST is presented in Mexico, since the first Sunday of April until
the last Sunday of October, coinciding with the cooling season, the times zones change to
GMT-5, GMT-6, and GMT-7, respectively, with the exception of the northern state of Sonora
and the southern state of Quintana Roo [50]. Thus, the peak of the electricity generation
and consumption is delayed to 17:00–18:00 h, GMT-5 (Mexico City time zone), considering
that the air-conditioned dwellings located at arid and dry-tropic conditions consume more
energy at later hours. For the understanding of this situation, a map of Mexico with its
time zones and main climate conditions can be observed in Figure 5.

From Figure 6, one can reaffirm that summer time, even in the DST program, is still
the season with the higher electricity demand of the year, due to its being the warmer
season, forcing the use of air-conditioning in a large part of the country.
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3.3. National Demand Reduction

By applying an extensive installation of PV roofs, it is expected that the instant national
electricity demand will be decreased. With the three scenarios hereby developed, it is also
expected that the respective instant demand will decrease compared to the actual net
generation and demand. As such, two sample days were chosen: one considering DST
(cooling season) and one without DST.

For this, the instant demand of the PV-roofs is calculated as follows:

GInstant = RMean·PVSur f ace·PVE f f (3)

where GInstant is the instant generation by the PV cell (W), RMean is the mean national global
solar radiation of Mexico at one hour specificly (W/m2), and PVSurface Architype n is the
surface of the PV cell according to the architype (m2). As such, in order to calculate the
national generation by the PV roofs, Equation (4) is developed:

NGScenario =
No.Dwelling Architype 1

∑
n=1

RMean·PVSur f ace Architype 1·PVE f f +
No.Dwelling Architype 2

∑
n=1

RMean

·PVSur f ace Architype 2·PVE f f +
No.Dwelling Architype 3

∑
n=1

RMean·PVSur f ace Architype 3·PVE f f

(4)

where NGScenario is the national instant generation (MW) by PV cells according the
type of scenario (A, B and C) developed in this document. Both Equations (3) and (4) were
developed for this document in particular.

From Figure 7, one can observe that the global solar radiation is higher and lasts
longer during the summer solstice than the winter solstice. As such, it is possible to use
PV technology to decrease the instant demand of electricity when it is more necessary, i.e.,
the cooling season. As such, by applying Equation (4), the instant national demand and
generation by the PV roofs—considering the proposed scenarios—can be displayed for the
summer and winter solstice.
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In Figure 8, one can observe that the highest generation in scenario A happens at
13:00 h, with a peak generation of 32,000 MW, which represents almost 73% of the total
national demand. In the case of Figure 9, the peak generation happens at 12:00 h, and
represents almost 69% of the total national demand at the same hour for scenario A.
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Furthermore, for an annual perspective with hourly analysis, Figures 10–12 are dis-
played for scenarios A, B and C, respectively.
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From Figures 10–12, one can notice that the generation is highly related to the national
global solar radiation, which has higher values during summertime. Moreover, in Figure 10,
it can be observed that, during some periods, the PV generation is able to fulfill the total
national demand. This is, of course, when certain conditions of low demand and high solar
radiation are present in the country.
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3.4. Validation of the Results

The validation of the results is given by the comparison of the actual installed capacity
and the annual electricity generation of the PV technology in the country. As such, Table 13
was constructed with the installed capacity, the annual electricity generation, and the
working hours of the three scenarios developed in this document.

Table 13. Generation of the three proposed scenarios.

Installed Capacity
(MW)

Annual Generation
(GWh) Working Hours at Year

Scenario A 36,922.9 47,560.9 1288
Scenario B 19,450.4 23,780.4 1223
Scenario C 9972.5 11,890.2 1192

Actual PV 2018 1821 2221.0 1220

From Table 13, one can notice that the working hours in the three scenarios—the result
of the ratio between the annual generation and the installed capacity—have a similar order
of magnitude to the actual working hours presented in Mexico in 2018.

Moreover, for the total number of dwellings according to the correspondent architype,
a total consumption of 62,205.9 GWh is estimated. In this sense, it is considered that the
distribution of dwellings is given by the following: 3,195,697 for Architype 1, 24,836,121 for
Architype 2, and 6,704,016 for Architype 3, with a total of 34,735,833 dwellings. As such,
with Table 8, the correspondent consumption of each architype is multiplied by the respec-
tive number of dwellings, and the total consumption of 62,205.9 GWh is hence estimated. If
the actual consumption of the Mexican residential sector in 2018 (62,000 GWh) is compared
with the consumption calculated in this document, it can be concluded that the model
developed here estimates, in a proper manner, the energy consumption, and thus the
generation, in the Mexican residential sector.

4. Discussion
4.1. Environmental Benefits

If the proposed approach were applied in the country, there would be a certain
environmental benefit, reflected mainly in the CO2 mitigation. As such, by considering the
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CO2-equivalent (CO2e) emission factor of the Mexican generation plants in 2018, i.e., 0.527
TonCO2e/MWh [51], and assuming that the total generation of the PV roofs replaces the
generation by the fossil-fuel–based technologies, Table 14 can be constructed.

Table 14. Mitigation of TonCO2e by installing PV roofs extensively in Mexico in 2018.

TonCO2e Mitigated

Scenario A 25,064,594
Scenario B 12,532,271
Scenario C 6,266,135

The mitigation presented in any scenario is much higher than the Horario de Verano
program, which—in 2018—had a CO2eq mitigation of 498 thousand tons [47], with an
energy saving of 945.29 GWh [47]. As a matter of fact, the actual PV generation in 2018
alone was 2.3 times higher than the mentioned governmental program. This reaffirms the
necessity of using innovative approaches of renewable energies beyond national saving
programs that seem to be insufficient by themselves for achieving the signed international
agreements of CO2eq reduction.

4.2. Economic Benefits

By considering the average price of MWh generated in Mexico in 2018 as 71.88 USD [52],
calculated by the Mexican Escrow for Saving Electricity (FIDE, acronym in Spanish),
the money saving in each scenario can be seen in Table 15.

Table 15. Money saving by installing PV roofs extensively in Mexico in 2018.

USD Million

Scenario A 3418
Scenario B 1709
Scenario C 854

From Table 15, one can conclude that any of the three scenarios provides high money
savings compared to other annual-based savings, such as the Horario de Verano (67.95 USD
Million [47]), or the extensive use of natural ventilation in Mexico (900 USD Million [48]).

4.3. Economic and Technical Feasibility

Any of the presented scenarios could be financed by a governmental program, such
as the Horario de Verano, or the substitution of incandescent lightbulbs and/or obsolete
refrigerators [47], as were carried out in previous years. Alternatively, it could perhaps be
an association between the governmental programs, through the Ministry of Energy, and
the private initiative, through renewable-energy companies, which have been willing to
invest in Mexico since the Energy Reform of 2013. Moreover, the final consumer, as the
center of the trade, could provide an impulse for the projects by investing on their own PV-
roofs, as well as by looking for financing from the aforementioned governmental programs,
or even from financial entities such as banks [44].

In any case, any stakeholder is able to receive money savings and/or profits. Govern-
mental entities and final consumers can save money by not using the energy that is not
produced, freeing the transmission grid in the case of the CENACE, and lowering the elec-
tricity bills, in the case of the final consumers. On the other hand, clean-energy producers
can increase their production, cheapening the costs of this kind of energy production.

On the subject of technical feasibility, the SEN, and especially the distribution grid,
is already prepared to exchange generated electricity, as is shown in the issued law of
Residential Distributed Generation Power Plants and Distributed Clean Generation lower
than 0.5 MW, with an interconnection contract with CFE through the filial CFE Basic
Services Provider [53].
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The framework of the law considers that the generated electricity by the PV roofs
has to be distributed through the distribution grid, with voltages of 1–35 kV, amongst
consumers located near the residential power plant [53]. In this sense, the three schemes
of managing the generated electricity by the residential power plants (PV-roofs) are the
following:

• Net Metering: the customer consumes and generates energy in the same supply
contract. This energy is offset against each other, and a single billing is issued.

• Net Billing: the energy consumed that CFE bills towards the customer is independent
of the energy that the customer generates and sells to the CFE; that is, it is not
compensated. The consumed electricity must be associated with a supply contract.

• Total Energy Sale: the client sells all of the energy generated to the CFE. There is no
customer supply contract with the CFE.

For the purposes of this document, the Net Metering contract best suits the inter-
connection and exchange of electricity between the producer (household) and distributer
(CENACE), producing an energy balance of production and consumption. In the case of
the Net Billing and Total Energy Sale schemes, CENACE could not carry out this energy
balance due to the lack of information of the electricity generation by the households.
Moreover, in the scheme of Total Energy Sale, it is implied that a device of energy storage
would be needed in order to dispatch the energy necessities of the dwelling, meaning that
the proposed approach would be more expensive and difficult to implement.

As such, the benefits of the proposed strategy rely on the economical saving, mostly
of the final users, and the environmental benefits, which are more focused on the national
scenario, reducing the millions of TonCO2eq released into the atmosphere, reaching—in a
faster manner—the signed agreements, such as Paris and Kyoto.

Finally, the feasibility of the implementation of the approach depends on the technical
capability of the SEN and CENACE. In this sense, these Mexican institutions already have
the technology in certain regions of the country, awaiting the expansion to the total national
territory in the coming years.

5. Conclusions

In Mexico, the issue of the lack of priority given by the CFE to renewable energy
production was addressed in this document by the proposal of the extensive use of on-site
PV cells in the Mexican residential sector. An additional purpose of the proposal was to
liberate the transmission grid by generating clean energy at the very same place where it is
consumed, thereby avoiding the electricity loss throughout the SEN.

Moreover, the technology for carrying out this generation–consumption relationship
has already settled on Mexico through the CENACE, which is the system in charge of
balancing the generated energy, generally from large power plants (above 200 MW of
installed capacity), and the final consumers. For this, the CENACE uses the SEN, leaving
only three relatively small interconnected systems in the Baja California Peninsula to
manage their own generation–consumption.

Therefore, this disadvantage of the SEN with respect to random renewable energies
is addressed by the use of extensive on-site generation in the Mexican residential sector.
As the Mexican government already has three kinds of schemes for an energy trade between
small producers and the CFE (Net Metering, Net Billing, and Total Energy Sale), the scheme
of Net Metering was hereby proposed to distribute the instant energy production from the
residential roofs amongst their nearby consumers, using the distribution grid of the SEN.

In this sense, it was found that the three scenarios proposed in this document, con-
sidering the different levels of penetration into the Mexican housing sector, achieved
promising benefits, both environmental and economic. For Scenario A, 3418 Million USD
and 25 Million TonCO2e could be saved and mitigated, respectively; whereas, for Sce-
narios B and C, the money saving and the CO2 mitigation could be 1709 Million USD
and 12.5 Million TonCO2e, and 854 Million USD and 6.2 Million Ton CO2e, respectively.
Furthermore, the initial investments seem affordable if there is a collaboration among the



Energies 2021, 14, 195 19 of 21

main stakeholders, namely the government, private initiatives and final consumers, which
always show the multiple benefits that come with this national approach.

As a final comment, it should be mentioned that the extensive simultaneous use of PV
generation in a national scenario, such as that presented here, could be carried out if the
transmission and distribution grid is highly interconnected, which is the case in Mexico.
When a national electricity system has several regional insolated grids, an independent
analysis has to be carried on for every regional system.
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Nomenclature
GInstant Instant generation by PV cell [W]
NGScenario National instant generation by PV cells [MW]
PVeff Efficiency of the PV cell [dimensionless]
PVSurface Architype n Surface of the PV cell according to the architype [m2]
Pin Solar input power [kWh]
Pout Electrical output power [kWh]

RMean
Mean national global solar radiation of Mexico at one hour in
specific [W/m2]
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