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Abstract: The energy market in Mexico is facing changes due to the incorporation of clean energy
certificates (CEL) on the Electric Industry Law (LIE, Ley de la Industria Electrica). One of the
aims is to increase the percentage of clean energy use in the national energy matrix. Consequently,
the integration of energy efficiency strategies prior to the incorporation of renewables has become
essential at different levels. Industrial buildings have significant heat gains and losses through the
envelope, mainly due to their vast surface and simple construction systems. This work analyses the
typical envelopes of industrial buildings in Mexico and the effect of industrial rooftop photovoltaic
(PV) systems over the annual energy consumption. It was found that for temperate climates, the best
option would be to insulate the roof. For cities with warm climates, the best approach is to implement a
cool roof on a non-insulated layer or to simply insulate the roof. Additionally, the industrial buildings
with metallic roofs situated in warmer climates would benefit the most from the implementation of
rooftop PV systems. After all, the results point out that the decrease in the required CELs would not
influence the savings.
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1. Introduction

Practically all of the activities required for the development of society requires the use of energy.
The industrial sector has been identified as a segment that requires energy intensively, yet it has also
been pointed out to be a sector with great potential for energy savings. Worldwide, it is estimated that
the industrial sector has a consumption representing 28.8% of the global energy consumption; in Mexico,
the figures are similar (30.7%) [1]. In 2013, the Mexican energy market introduced new guidelines as a
result of the promulgation of Mexican energy reform. This reform brought the aperture of the energy
market, and a new model for the purchase and sale of electricity brought more responsibilities for high
consumption users. The main goal of energy reform is to increase the participation of clean energies in
the energy matrix. The stated goals of clean energy share were of 25% (2018), 35% (2024), 40% (2035),
and 50% (2050) [2].

The Electric Industry Law (LIE, Ley de la Industria Electrica), published in 2014, states on Article
123 that the energy suppliers and the qualified users are required to acquire or generate clean energy
certificates (CEL, Certificados de Energias Limpias) to cover a percentage of their electric annual
energy consumption [3]. The enounced actions will allow the accelerated expansion of clean energy
projects [4], contributing to the reduction of greenhouse gas emissions (GHG), thus helping mitigate
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the effects of climate change [5]. The CELs are given by the Regulatory Energy Commission (CRE,
Comision Reguladora de Energia) and are equivalent to 1 MWh generated by clean energy sources like
solar, wind, and efficient co-generation, among others. According to the LIE, qualified users have to
purchase or generate CELs enough to cover for the annual established percentage. For example, during
2018, an equivalent of 5% of CELs was established; meaning that a qualified user with a 100,000 MWh
consumption must obtain 5000 CELs [6]. For the subsequent years, a CEL quota was established as
follows, 5.8% (2019) [7], 7.4% (2020), 10.9% (2021), and 13.9% (2022) [8].

One of the proposed solutions to achieve the goals of sustainable development [3], is to improve
the quality of life taking care of the environmental, economic, and social implications. Maintaining
low energy requirements to reduce operating costs of the industrial sector has always been a concern;
nevertheless, with the clean energy regulations, this aspect has attained more relevance than ever.
As the annual energy requirements are reduced, the number of CELs required will also be less,
which would also reduce the costs and pressure to achieve the LIE requirements.

Industrial buildings designate from 50% to 67% of its electricity consumption for air conditioning
(heating and cooling) purposes [9,10]. Industrial buildings have big extensions, large exposed surfaces,
and are traditionally built with simple constructive systems, making them prone to great heat gains
and losses [11]. In spite of the importance of these type of buildings, currently, there are no Mexican
regulations that observe the energy consumption of industrial buildings. The existing regulations
(NOM-020-ENER-2011 [12] and NOM-008-ENER-2001 [13]) refer to residential and commercial
buildings and explicitly exclude industrial buildings.

In the literature, numerous analyses and projects have been mainly carried out for residential,
educational, and office buildings. In the consulted literature, it was found that many envelope studies
are related directly to energy savings in tertiary and residential buildings [14]; therefore, profound
analysis for industrial buildings is still needed. A large number of studies are carried out for hot and
warm climates [15]. Valuable studies like the case studies in Austria for refurbishment [16], in Slovakia
for a quantification of the energy demand [17], and a nearly zero-energy buildings study for the steel
sector in Germany [18]; point out the following: most of the reviewed literature consists on case studies
and generalizations are still required [14], and that for cold climates, an increase of insulation thickness
is not cost-effective [18]. In regards to the incorporation of the photovoltaic (PV) systems, Kapsalis and
Karamanis [19] state that a detailed heat transfer is required for seasonal studies. Therefore, in this
study, a methodology where both the annual thermal performance of the building’s envelope and PV
system is applied. As a consequence, an analysis of the detailed heat transfer between the building
roof and the PV systems, its impact on the energy costs, and the return of the investment period was
carried out. At first, an analysis of the profitability of the CELs, when applied to qualified users from
industrial buildings in different climatic zones, was also performed. Finally, generalized findings for
warm climates and temperate climates were enunciated to facilitate the decision-making process.

1.1. General Measures for Limiting Heat Gains and Losses on Buildings

Abuseif and Gou [15], performed a review discussing diverse matters around energy-saving
methods of ten roofing systems. The studied roofs comprise from traditional systems like concrete
and insulated roofs, to novel systems like roof garden, double-skin roofs, and roofs with PV panels.
The authors found that the most common system is insulation, mainly due to that insulation is
mandatory in many countries. Additionally, the effects of the application of reflective coatings (cool
roof) were summarized. For the cool roof, it was found that it can reduce the heat gains by 33%;
nevertheless, this causes the heat gain blockage needed for the winter months, and this method only
helps to reduce the heat losses when the cool roof is implemented together with insulation. From the
economic point of view, it was also found that on average for all analyzed climates, the cool roof has a
shorter payback period (two months), followed from the insulated roof (three years) and the PV (four
years). In the review, it is noted that most of the studies were performed for hot and warm climates and
that the few studies made on the Mediterranean and temperate climates focus on the warmest days.
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Another comprehensive study is the one carried out in France by Labat and Attonaty [14], they found
that the energy requirements from heating, ventilation, and air conditioning (HVAC), and lighting
systems are of a similar order of magnitude. The analysis was made for six buildings of different uses:
warehouses (2), two manufacture buildings (2), food industry (1), and a cattle facility (1). The utilized
methodology was found to be generally adequate to be applied to the studied industrial building stock,
which comprises non-residential buildings from Germany, Hungary, Poland, Spain, and Sweden. Also,
the building’s heat loads were completely related to the involved industrial process; whereas the
lighting energy requirements were independent of the building use.

One of the studies found for temperate climates (Cfb, Oceanic), was the one carried out by Gourlis
and Kovacic [16]. The authors studied the feasibility of the implementation of passive measures on an
industrial building in Austria. The focus of this study was to propose passive measures to prevent
summer overheating and to reduce the heating requirements, and to prevent the potential installation
of cooling systems. For the study, measurements of the current indoor conditions were carried out;
then, dynamic simulations were executed for the current and theoretical future scenarios. The most
cost-effective measure to prevent the overheating on this climate, was the application of a cool roof
coating and to implement automated exterior shading devices. Nevertheless, for colder climates,
the cool roof coating should be prudently analyzed, because it can limit the required winter heat gains.

Chowdhury et al. [20], monitored the conditions of a garment production building in Dhaka.
The buildings were constructed with local bricks, which were classified as 1st, 2nd, 3rd class,
and machine made; also, the building had no shading devices on the windows. The results pointed
out that the factories built with 3rd class bricks performed more competently, mainly due to the
thermal properties of the material. Katunsky et al. [17], analyzed through the ESP-r and BuilOpt-VIE
software the measurements of the energy demand (heating) of industrial buildings in Slovakia where a
humid continental type of climate prevails (Dfb). The authors encountered a vast diversity of types of
industrial buildings, making difficult the characterization of a standard building. However, one of the
key findings of the study was the development of a methodology that assists in the calculation of the
energy requirements and savings in buildings.

Mengjie et al. [21] carried out 50 years’ revision about building energy-saving measures; two main
research trends were found: (1) insulation and phase change materials and (2) services equipment.
The second includes heating, ventilation, air conditioning systems, indoor air parameter control and
controlling, and automation systems. These have become very important since building automation
systems allow the detection, prediction, and improvement of the building’s operation patterns in static,
temporal, or anomalous operation and also to find occupant behavior tendencies [22]. Silvestre-Blanes
and Pérez-Lloréns [23] analyzed the occupancy pattern in industrial buildings and proposed some
energy saving strategies.

Additionally, some works have focused on the development of new coatings to minimize infrared
heat gain, such as Becherini et al. [24]. They had developed two new infrared reflective coatings that do
not alter the durability of historic buildings. Their work showed its applicability to reduce the cooling
demand in warm climates, and to reduce energy gains during summer in hot climates; although in
this case, it could represent a negative effect in winter due to the thermal losses involved. Another
issue that had been explored is the impact of natural ventilation as an energy-saving strategy. Roberti
et al. [25] developed a multi-objective optimization in order to offer to combine passive strategies
to improve energy savings, comfort, and conservation of historic buildings. Their main strategies
were: exterior walls or roof insulation, window or pane substitution, airtightness improvements,
and natural ventilation. The last one was the only passive measure capable of reducing the internal
loads during summer.
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1.2. Effect of PV Systems on the Building Performance

Due to industrial buildings generally consisting of large construction and envelope areas built
with simple wall and roofing systems, they demand high amounts of energy. Photovoltaic systems on
industrial buildings are a common scene in industrial parks in several regions worldwide.

Wang et al. [26], made a comparison of three PV roof arrangements against a conventional roof in
China. The authors describe the impacts on the heating and cooling loads; nevertheless, they conclude
that there are many factors to consider, such as the local climate, optical properties of the roof, initial
roof insulation, among others. Dominguez et al. [11] analyzed numerically and experimentally the
indirect insulation effects of a PV roof in San Diego, California. The authors compared the results of
flush and tilted PV arrays against an unoccupied commercial building. Through the result comparison,
other key effects that make the correct assessment of the simulation and measured data difficult were
identified. The mentioned factors were, for example, the possible occupant behavior, the impact of the
adjacent urban environment, and the micrometeorological conditions.

Parida and Chatterjee [27] presented a case study concentrating on the cost-effectiveness of a
hybrid PV arrangement on an institutional building. They identified a scheme where the cost of energy
from the PV system is roughly the same as the cost of energy of the utility supply, emphasizing the
environmental benefits from the proposed PV arrangement. In the review by Abuseif and Gou [15],
they summarized the effects of the positive effects of the rooftop PV panels, where two key aspects
were mentioned. One was the reduction of the cooling loads with a reduction of 60% on the heat
flux for uninsulated buildings; whereas another important effect was a 7% reduction on the energy
consumption for tropical climates. Kapsalis and Karamanis [19], examined a PV array on an educational
building in Greece. The study incorporated the effects of the external microclimate, generation of
electricity, and the building canopy on the analysis of a conventional roof and a 9.6 kW polycrystalline
PV system on the building’s roof. The results pointed out that time-dependent and complex conditions
occur between the air and the surfaces, and that the PV affects the thermal capacity of the building.
The conclusions demonstrated that a detailed heat transfer should be taken into account on seasonal
studies, especially when the aim is to design a building with a net-zero energy requirement.

Wang et al. [28] studied the energy-saving impacts of the implementation of PV systems on a
building in China. In the study, it was found that the building’s overall energy consumption was
impacted; mainly due to the shading effect provided by the PV systems. Besides the shading benefits,
another benefit of the implementation of PV systems on building roofs is electricity generation. The heat
gains were attenuated, reducing the cooling loads. Meanwhile, the heating loads slightly increased,
another identified alteration is that the thermal capacity of the roof changes. Peng and Yang [29],
examined through EnergyPlus simulations, the effects of PV panels on the roof temperature of a house
in different cities in China. The study was carried out in Nanjin, Harbin, and Haikou, which have a
humid subtropical climate (Cfa), humid continental (Dwa), and mild temperate (Cwa), respectively.
Several roofing systems were examined with and without PV systems. The results showed that the
heat transfer through conduction, convection, and radiation could only be adequately simulated in the
chosen software when the air gaps between the PV panels and the roof are set as an air-conditioned zone.
Without underestimating the software’s capacity on the estimation of all of the terms involved at the
overall heat balance model, the effect of the PVs on the roof temperature cannot be properly calculated.

In this study, different envelope configurations and their impact on the annual energy consumption
of an industrial building in six cities in Mexico are analyzed. Three façades and five different insulation
proposals are examined for representative Mexican climates. The studied climates range from
semi-arid climates (BSh & BSk), desert (BWh & BWk), and temperate (Cwa & Cwb), according to the
Köppen–Geiger classification. The results were obtained through dynamic simulations for a typical
meteorological year for each of the climates of interest. The results were obtained hourly for a year to
analyze the effects on the industrial building envelope. The first objective of this work was to find the
best combination of envelope materials to reduce the operative energy requirements related to the use
of air conditioning systems (heating and cooling). Secondly, the aim was to study the heat transfer
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impact and energy output of the implementation of a PV system on the roof of the building. Finally,
different scenarios were evaluated, so if the company is ranked as a qualified user and needs clean
energy certificates, the decrease in the energy consumption due to the implementation of different
strategies is such that a lower amount of CELs would be required.

2. Methods

The simulation model of the industrial building was made considering different constructive
systems and different thermal insulation proposals and comparing the performance of the metallic
roof against the implementation of a reflective waterproofing coat on the roof (cool roof). TRNSYS 17
(Thermal Energy System Specialists, Madison, WI, USA) was used to evaluate the thermal behavior of
the building over a year on an hourly basis. A 10,000 m2 typical industrial building was designed
according to information collected by a real-estate agency [30–35]. The building’s geometry can be
observed in Figure 1. The building’s height is 11.25 m, has dimensions of 60 × 167 m with a flat roof.
The building was modeled in SketchUp 8 (Trimble Inc., Sunnyvale, CA, USA), through the TRNSYS 17
plug-in. The building has 600 m2 of acrylic skylights on the roof and 826 m2 of glazing on the walls
to comply with the lighting requirements for work facilities established by the NOM-025-STPS-2008
Mexican regulation [36].
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Figure 1. Studied industrial building model with a flat roof.

2.1. Climate

The weather information from the cities of interest (wind speed, mean temperature, humidity,
and solar radiation) was requested from the Mexican National Meteorological Service (SMN). The
weather generator from TRNSYS was utilized (Type 54), where the averaged weather information from
the SMN was processed so the information could be transferred to an adequate format. The studied
cities were Monterrey (MTY), Tijuana (TIJ), Torreon (TOR), Ciudad Juarez (CDJ), Guadalajara (GDL),
and Guanajuato (GTO); which were chosen due to their industrial development, economic relevance,
and climate representability. Within these cities, six climatic zones are represented: hot semi-arid (BSh),
cold semi-arid (BSk), hot desert (BWh), cold desert (BWk), mild temperate (Cwa), and oceanic (Cwb),
respectively, according to the Köppen–Geiger classification.

2.2. Façade Systems

In this study, three façades were analyzed: tilt-up (prefabricated concrete façade), concrete block,
and a steel façade. For all of the modeled buildings, a metallic roof of a 0.75 mm thickness was
considered. In TRNSYS, the façade systems are modeled as several layers of materials, so the thermal
properties of each material are required. Details of the implemented façades are listed in Table 1.
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Table 1. Thermal properties of the façade.

Façade Material Thickness
(m)

Thermal
Conductivity

k (W/m K)

Density
ρ (kg/m3)

Specific Heat
Cp (J/kg K)

Tilt-up [12,37] Reinforced concrete 0.2000 1.740 2300 840
Concrete [38,39] Concrete block 0.2000 0.877 1400 1000
Steel [40,41] Steel sheet 0.0075 52.30 7800 450

2.3. Insulation and Cool Roof

In this study, an industrial building with a flat metallic roof was considered as the base scenario.
The building was analyzed considering a bare metallic roof, and with the implementation of a coat of a
white reflective waterproofing; representing the “cool roof” scenario. To the base building (scenario A),
five insulation combinations were implemented. The configuration of the insulation proposals can be
observed in Figure 2, and the thermal properties of the utilized materials are in Table 2. The utilized
insulation materials were expanded polystyrene and rock wool, which were applied on the walls and
roof, respectively. The insulation thickness was selected according to the commercial availability of the
materials; this was of 1.0 and 3.0 inches for the walls and 4.0 inches for the roof (2.5, 7.5, and 10 cm).
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The proposals were simulated for each of the considered cities. The objective of this part of the
study was to determine the energy requirements, so the building is maintained within a temperature
range. In practice, the temperature range varies depending on the productive process carried out.
In this study, the authors opted to analyze the energy usage of industrial buildings broadly; therefore,
the thermal comfort range was implemented. American Society of Heating, Refrigerating and
Air-Conditioning Engineers (ASHRAE’s) methodology [42] was used to calculate the temperature
range. The method takes into account the operative temperature and humidity, considering an airspeed
of less than or equal to 0.2 m/s. The calculated temperature ranges were utilized to set the temperatures
at the thermostat of the heating and cooling systems, and are presented in Table 3.
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Table 2. Thermal and optical properties of the considered materials.

Material
Thermal

Conductivity
k (W/m K)

Density
ρ (kg/m3)

Specific
Heat

Cp (J/kg K)
α 1 ε 2 Source

Expanded polystyrene 0.0360 15.96 1210 - - [43,44]
Mineral wool 0.0357 32.00 835 - - [37,45]
White paint - - - 0.30 0.93 [37,46]
Metal roof 52.30 7800 450 0.30 0.60 [39,40]
White waterproofing - - - 0.14 0.85 [47]
Soil 0.52 2050 1840 - - [48]

1 α: absorptivity, 2 ε: emissivity.

Table 3. Temperature ranges implemented for heating and cooling.

City (Climate) Heating Setpoint
(◦C)

Cooling Setpoint
(◦C)

Ciudad Juarez (BWk) 21 28
Guadalajara (Cwa) 20 27
Guanajuato (Cwb) 20 27
Monterrey (BSh) 20 27
Torreon (BWh) 21 28
Tijuana (BSk) 20 27

2.4. PV System Modeling

To implement the PV panels into the building simulation, a regionally available panel was selected.
In Table 4, the characteristics of the PV panel are presented. The PV array consists of the PV panels
placed over the roof separated by 0.2 m from the building. A horizontal separation, so the panels
would not overshadow each other in all of the studied cities, was also calculated. As a consequence,
the separation between panels is 1.98 m, while the separation between the panels next to the skylights
is 5.48 m. In total, each building had 35 PV panels consisting of 58 modules each. The array covers
30.85% of the roof of the building, which helps to comply with the required natural lighting regulations
and provides enough space for other required rooftop installations. The total installed power on each
building was of 507.5 kW.

Table 4. Characteristics of the photovoltaic (PV) panel [49].

Parameter Value

Dimensions (m) 1.64 × 0.99 × 0.04
Technology Polycrystalline silicon
Open circuit voltage (V) 36.30
Optimum operating voltage (V) 30.60
Short circuit current (A) 8.71
Maximum operating current (A) 8.17
Maximum power (W) 250
Module’s efficiency (%) 15.39
Temperature coefficient (1/◦C) −0.005

The PV panel was implemented into the TRNSYS simulation with the Type 562. At this type,
the PV panel represents a simple glazed PV panel where its performance is based on a constant
global array efficiency. The efficiency is a function of the cell temperature and the incident radiation,
which is provided by an external file. The energy output is calculated, taking into account the module
temperature coefficients and the module’s efficiency.
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2.5. Heat Transfer

Heat balances were performed for the industrial building prior to the heat transfer calculation
between the building and the photovoltaic panel. In Figure 3, the PV heat transfer between the
buildings is presented. Type 562 resolves the PV energy balance. It has a solar energy input and a PV
power output, where convective and radiative energy losses from its top and bottom are considered.
The convective losses depend on the top ambient temperature (Tair), and the air temperature under
the module (Tair-zone), while the radiative losses depend on the sky temperature (Tsky), and the air
temperature under the module (Tair-zone) [48]. All energy losses, convective and radiative, as well as the
overall PV efficiency, depend on the surface temperature of the PV module (Tsurface). This is the only
variable unknown and is calculated with an iterative process. Within the type, the module’s efficiency
from Table 4 (at reference conditions: 1000 W/m2, 25 ◦C) is corrected to the proper operating conditions.

Sustainability 2020, 12, x FOR PEER REVIEW 8 of 22 

2.5. Heat Transfer 

Heat balances were performed for the industrial building prior to the heat transfer calculation 
between the building and the photovoltaic panel. In Figure 3, the PV heat transfer between the 
buildings is presented. Type 562 resolves the PV energy balance. It has a solar energy input and a PV 
power output, where convective and radiative energy losses from its top and bottom are considered. 
The convective losses depend on the top ambient temperature (Tair), and the air temperature under 
the module (Tair-zone), while the radiative losses depend on the sky temperature (Tsky), and the air 
temperature under the module (Tair-zone) [48]. All energy losses, convective and radiative, as well as 
the overall PV efficiency, depend on the surface temperature of the PV module (Tsurface). This is the 
only variable unknown and is calculated with an iterative process. Within the type, the module’s 
efficiency from Table 4 (at reference conditions: 1000 W/m2, 25 °C) is corrected to the proper operating 
conditions. 

It should be noted that Type 562 allows performing a simplified heat transfer analysis, by 
establishing the convective heat transfer coefficients as constant mean values, evaluated at constant 
surface temperature. In order to strengthen the study, a detailed heat transfer analysis was 
considered, where both the upper and bottom of the module’s convective coefficients were calculated 
using the Type 1232, which calculates the convective coefficients for flat plate surfaces. For the 
calculation, the ambient temperature (Tair) and the wind speed ( 𝜈 ) are taken from the 
meteorological weather data. For this work, modes 3 and 4 were selected in the Type 1232, further 
details are commented in the following lines. 

 
Figure 3. Energy balance between the PV system and the industrial building. 

A laminar-turbulent flow was assumed at the bottom of the module (mode 3). Meanwhile, for 
the module’s upper side, a fully turbulent flow was assumed (mode 4). For both modes, the 
convection coefficient (hconv) is calculated as a combination of natural and forced convection with 
Equation (1) as follows: 

Figure 3. Energy balance between the PV system and the industrial building.

It should be noted that Type 562 allows performing a simplified heat transfer analysis,
by establishing the convective heat transfer coefficients as constant mean values, evaluated at constant
surface temperature. In order to strengthen the study, a detailed heat transfer analysis was considered,
where both the upper and bottom of the module’s convective coefficients were calculated using the
Type 1232, which calculates the convective coefficients for flat plate surfaces. For the calculation,
the ambient temperature (Tair) and the wind speed (

.
νwind) are taken from the meteorological weather

data. For this work, modes 3 and 4 were selected in the Type 1232, further details are commented in
the following lines.

A laminar-turbulent flow was assumed at the bottom of the module (mode 3). Meanwhile, for the
module’s upper side, a fully turbulent flow was assumed (mode 4). For both modes, the convection
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coefficient (hconv) is calculated as a combination of natural and forced convection with Equation (1) as
follows:

hconv =
3
√

hnatural
3 + h f orced

3 (1)

The natural and forced convective coefficient equations from Incropera and Dewitt [44] are used
at Type 1232, where the Nusselt number is calculated with correlations for pure natural and forced
convection, respectively.

First, natural convection analysis is presented, since the model is the same for both operation
modes. Natural convection coefficient is calculated with

hnatural =
Nu·kair

L
(2)

The Rayleigh number (Ra) needs to be estimated to decide which equation for the Nusselt number
is appropriate. The Rayleigh number is preliminary estimated with the following equation

Ra =
gβair

(
Tair − Tsur f ace

)
αair

µair
ρair

L3 (3)

where βair is the inverse of the average air temperature. If Ra > 1 × 109, the Nusselt number is calculated
with the following equation

Nu =

0.825 +
0.387Ra1/6(

1 +
(

0.492
Pr

)9/16
)8/27


2

(4)

But when Ra < 1× 109, the Rayleigh number is recalculated, adjusting the gravitational constant (g)
for the slope of the surface with Equation (5), and the Nusselt number is calculated with Equation (6).

Ra =
g cos(90− slope)βair

(
Tair − Tsur f

)
αair

µair
ρair

L3 (5)

Nu = 0.825 +
0.387Ra1/4(

1 +
(

0.492
Pr

)9/16
)4/9

(6)

In the case of the forced convection analysis, forced convection coefficient is calculated with

h f orced =
Nu·kair

Lchar
(7)

where the characteristic length (Lchar) and the Reynolds number (Re) are calculated by

Lchar = (4L·W)/2(L + W) (8)

Re =
(
3600Lchar

.
νwindρair

)
/µair (9)

In the equation, the air density is ρair and the air viscosity is µair. The Nusselt number is calculated
with different correlations for each side of the PV panel. For the bottom side (mode 3), the Nusselt
number is calculated with the following equations

Re < 5.0× 104Nu = 0.664Re1/2Pr1/3 (10)
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Re > 5.0× 104Nu = (0.37Re0.8
− 871)Pr1/3 (11)

On the other hand, for the upper side (mode 4), the Nusselt number is given by

Nu = 0.37Re0.8Pr1/3 (12)

Once the PV energy balance is solved, the radiative heat transfer between the roof of the building
and the PV system is estimated. For this calculation, the PV array was considered as a simplified
single PV module, keeping the initial and final height of the PV panels. With this simplification, it was
estimated that the resultant surface had a 0.57◦. Therefore, the heat transfer was simplified as radiative
heat exchange between two parallel plates. The radiative heat transfer between the PV and the building
was defined with Equation (13).

.
Q12 = As

 σ
(
T4

1 − T4
2

)
1
ε1

+ 1
ε2
− 1

 (13)

where As is the PV area, σ is the Stefan–Boltzmann constant, T1 and T2 are the PV and roof temperatures;
and ε1, ε2, are the PV and roof’s emissivity, respectively.

2.6. Economic Parameters

When the annual energy requirement of the industrial building is calculated, this information is
utilized as a start point for the economic analysis. The annual thermal loads can be converted to the
required fuels (natural gas and electricity), employing the efficiency of the systems. For this study,
the efficiency of 0.92 [50], and coefficient of performance (COP) of 2.1 [51], are used for the selected
heating (gas) and cooling systems (electricity), respectively. The natural gas prices were taken from the
reference prices published by the Mexican Energy Regulatory Commission (CRE). In Table 5, the mean
prices for 2018 can be observed for each city [52]. Information published by the Mexican Petroleum
Company (PEMEX) was utilized to find the annual increase in natural gas prices. The natural gas
annual price increase from 2015 to 2019, was calculated to be 11.47% [53,54]. The electricity prices were
obtained from the Mexican Electricity Commission (CFE), for a period of 2015 to 2019. The electricity
tariffs regularly used on industrial buildings correspond to the Hourly Medium Tension High Demand,
(GDMTH, Gran Demanda en Media Tension Horaria) tariff [55], the values are shown in Table 5.
An inflation of 4.126% was also considered [56].

Table 5. Electricity and natural gas mean prices.

City (ID)
Natural Gas (USD/kWh) Electricity (USD/kWh)

2018 2015 2016 2017 2018 2019

Ciudad Juarez (CDJ) 0.012 0.055 0.055 0.072 0.065 0.068
Guadalajara (GDL) 0.016 0.060 0.060 0.077 0.068 0.072
Guanajuato (GTO) 0.015 0.060 0.060 0.077 0.070 0.075
Monterrey (MTY) 0.013 0.055 0.055 0.071 0.060 0.065

Tijuana (TIJ) 0.014 0.057 0.058 0.075 0.041 -
Torreon (TOR) 0.012 0.055 0.055 0.072 0.065 0.068

After the annual cost from the consumption of both fuels in the buildings is calculated, the annual
increment of the prices is also added. The present worth (PW) is estimated with Equation (14)
to determine the total cost of the air conditioning systems operation and evaluate its financial
feasibility [56].

PW = PC
[
(1 + i)n

− 1
i(1 + i)n

]
+

{
G

1
i

[
(1 + i)n

− 1
i(1 + i)n −

n
(1 + i)n

]}
(14)

where PC, is the annual cost of energy at the end of the first year of operation, n is the number of
considered years, i corresponds to the inflation value, and G is the gradient, which is obtained by
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multiplying the annual energy cost increase by the energy cost (PC). The PW is calculated for the base
scenario and each of the envelope proposals for a defined period (1 year). Also, the cost of operating
the heating and cooling systems is obtained by calculating and adding the present worth of the cost
of the required heating and cooling fuels. Next, the economic savings of each of the proposals are
evaluated by subtracting the proposal’s present worth from the base scenario. This value indicates the
difference between the cost of the base scenario and the cost of applying the proposed envelope during
the same period. The return of investment will be the time when the savings are equivalent to the
investment cost of each scenario. When this period is met, the savings will become a profit for the
building owner.

The net present value (NPV) is calculated by adding the correspondent envelope investment
and the operative cost of each proposal, which is presented in Equation (15). For the cases where
the photovoltaics are incorporated into the building, the investment cost includes the PV system
expenditure. Additionally, the electricity selling price was assumed as the price of the bought electricity.
In accordance with the electricity price of the GDMTH tariff for each city. In Table 6, a summary of the
utilized economic parameters is presented.

NPV = PW + investment (15)

Table 6. Economic parameters summary.

Parameter Value

Interest rate or inflation (%) 4.126
Energy price escalation of electricity (%) 7.09

Energy price escalation of natural gas (%) 11.47
Envelope investment cost See Table 7

Investment cost of PV system (USD) 636,298

Table 7. Implementation cost of each proposal.

Proposals
(1) Metallic Roof (2) Cool Roof

Total Cost (USD)

A - $61,116
B $31,032 $92,148
C $43,076 $104,192
D $113,791 $174,907
E $144,823 $205,939
F $156,867 $217,983

2.7. Proposal Costs

The cost of applying each of the proposed scenarios is presented in Table 8; these costs are
presented by the unit area and the total per building. They take into account the material price and
installation costs. The proposals were named with letters A to F (detailed scheme in Figure 2), and with
numbers 1 and 2, metallic roof and a cool roof (metal roof with reflective waterproofing), respectively.
The cost of each of the proposals is shown in Table 8. Proposal A with metallic roof represents the base
scenario; hence no added costs are considered for this case.
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Table 8. Cost per square meter of material and building total.

Material Total Cost
(USD/m2)

Total Cost per Building
(USD)

Expanded polystyrene (1”) $7.31 $31,032
Expanded polystyrene (3”) $10.08 $43,076

Mineral wool (4”) $12.10 $113,791

3. Results

The results obtained from this study are separated into energy and economical. The energy
results include information about the heating and cooling annual thermal loads required to maintain
the temperature setpoints for each city. These results are the input for the economic calculations,
where the aimed result is to determine the return of investment for each of the proposed scenarios.
The second section contemplates the incorporation of the PV systems into the industrial building and
the calculation of the return of investment and the potential CELs savings. Also, it is important to
point out the limitations of this study which are as follows:

• The internal heat loads were not considered as the present study was performed as a general
analysis to estimate the energy requirements of a typical industrial building in various climates
independently from the potential heat gains, which are highly dependent on the process carried
out at the industrial building.

• The grid connection was not explored at this stage. The reason for this simplification was that
each process or industry type has a particular demand profile. Also, the study was conceived,
so the detailed consideration of the transmission, distribution, and electricity marginal prices for
each city would not complicate the initial study on the envelope and effect of the PV system.

• The choice of materials was limited to commonly used materials from the country/region.
• The albedo effect was not considered.
• Ventilation strategies were not considered.

3.1. Results without PV System

3.1.1. Energy Demand of Envelope Proposals

In Figure 4, the annual energy requirements from the heating and cooling systems per square meter
are presented. In each figure, the results are divided into two sections: metallic roof (1) and cool roof (2).
The previously described scenarios are named A to F; and, the studied cities are listed alphabetically.

In Ciudad Juarez (Figure 4a), when the annual thermal load from both heating and cooling
systems is quantified, it can be observed that some scenarios that consider insulation would require
less energy. The thermal load is reduced up to 18.5% with the application of mineral wool on the
metallic roof (A vs. D), whereas the thermal load of scenarios A–C, decreases up to 15% when the cool
roof is implemented. In Ciudad Juarez, the scenarios which would represent less energy consumption
are D, E, and F. Within these scenarios (D–F), it can also be observed that there is no greater difference
between the metallic roof and cool roof, where the calculated difference is less than 1%. In Guadalajara
(Figure 4b), the less energy-intensive scenarios are D–1 and D–2, which represent the mineral wool
roof. However, generally, the scenarios which have the cool roof present better results. In Guanajuato
(Figure 4c), where a temperate climate exists, the heating loads are predominant. For this city, scenarios
D to F, also represent the best alternative. The D–1, E–1, and F–1 have the lowest energy requirements;
nevertheless, they are of only 1% less than the cool roof scenarios. Here the difference in performance,
which would represent less energy consumption, is also the implementation of the mineral wool on
the roof.
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In Monterrey (Figure 4d), a predominance of cooling requirements is in place, representing from
48% to 75% of the annual energy needs. In order to reduce the annual energy requirements, the D
scenarios are indicated as the best. In this city, scenarios B–1 and C–1 would require more energy than
the base scenario due to an increase in the cooling requirements; the rest of the proposed scenarios will
represent energy savings from 27% to 31%. Lastly, in Torreon (Figure 4e), scenarios D to F, with and
without reflective waterproofing, would represent less energy requirements with respect to the base
scenario; and scenarios B and C would require more energy to operate. The same situation occurs as in
Monterrey, the heating requirements are slightly reduced, while the cooling needs increase. In Tijuana
(Figure 4f), where also a temperate climate endures, the cool roof has a negative impact on the energy
savings, as a result of the increase of the heating requirements. The increase in energy consumption
when the metallic roof (1) and cool roof (2) results are compared ranges from 0.5 % up to 11.2%. In this
city, the best scenarios are both D–F with a metallic roof, and D–F with cool roof, as they all have the
same annual energy requirements.

Overall, the best approach for cities with warm climates is related to the implementation of either
a cool roof on a non-insulated roof or apply insulation on the metallic roof. And, for the cities with
temperate climates, the best option would be to insulate the roof.

3.1.2. Economic Viability of the Envelope Proposals

In Figure 5, the economic viabilities of the proposed scenarios are presented. The figure aims
to help the decision-making process by pointing out only the best scenarios, nevertheless, other
economically viable scenarios exist. Figure 5 shows both the results for the payback period, and the
net present value (NPV). Letters (a), (b), and (c) refer to the payback calculation for heating, cooling,
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and heating + cooling; whereas letters (d), (e), and (f) correspond to the NPV of the heating, cooling,
and heating + cooling, respectively.
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In Figure 5a, the calculation of the return of investment estimated rates is close to 70 years; for this
reason, the results of returns of up to 32 years are shown. When only heating systems are necessary
(Figure 5a), the proposals that reduce the payback period are the ones that contain thin insulation on
the walls (B–1). It is also observed that the reduction percentage of the application of the different
proposals reflect a minor payback period decrease, being significantly higher than the potential energy
savings from cooling. For all the cities, except for Ciudad Juarez, the best proposal for all three façades
(tilt-up, concrete, steel) is B–1. On the other hand, for Ciudad Juarez, the best scenarios are B–1 for the
tilt-up and steel façade, and D–1, for the concrete façade.

It can be observed that the cooling demand rule the return of investment of the industrial buildings.
In Figure 5b, it is observed that for all cases, the most viable proposal is A–2, where the returns of
investment occur from the second to the fourth year, and for the cities with temperate climates up
to the eighth year. When the building requires the use of heating and cooling systems (Figure 5c),
in four of the six studied cities, the proposal that presented a shorter return of investment times is A–2
(Torreon: 2.18 years). For the cities of Guanajuato and Tijuana, cities with a temperate climate, the best
proposal is D–1, where the shorter return of investment was for Guanajuato (9.81 years).

In order to give an integral view, in Figure 5 d–f the NPV is presented for the scenarios that had
the lowest payback period. Globally, it can be observed that the cost is higher for the use of heating
systems, while the expenditure of using cooling systems would be significantly low. This is directly
linked with the correspondent payback periods of the heating and cooling. In Figure 5d, it can be
observed that the steel façade has a lower cost when compared with the tilt-up and concrete façades.
If the use of heating systems is a must, they should be installed at a steel industrial building with a
cool roof. On the other hand, the implementation of any façade type results in a profitable investment
when cooling systems are required. From Figure 5e,f, it can also be inferred that if both heating and
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cooling systems need to be used, the cities where it would be more lucrative to install an industry,
from an air conditioning (heating and cooling) point of view, are Torreon, Monterrey, Ciudad Juarez,
Guadalajara, Guanajuato, and lastly Tijuana.

3.2. Results with PV System

3.2.1. Energy Demand for Building with PV System

In Figure 6, the energy requirements per square meter from the industrial buildings with and
without the implementation of the PV systems are presented. Here the annual thermal effect over the
building’s envelope can be seen.
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For Ciudad Juarez (Figure 6a), where the highest energy requirements would be needed, it can be
observed that the behavior between the three façades is consistent. Higher energy consumption for
the buildings with the metallic roof, and lower consumption with the cool roof. When the building
has a metallic roof, the implementation of the PV lowers the annual energy requirements (−4.2%),
but when the building has a cool roof, the energy requirements slightly increase (+1.3%). In Guadalajara
(Figure 6b), a similar performance is observed, but with lower energy requirements. The differences
between the building with and without PV systems are a reduction of 13.0% (metallic roof), and an
increase of 3.7% (cool roof). In Guanajuato (Figure 6c), as in the previous two cases, the inclusion of the
PV system on the metallic roof would result in lower energy requirements, whereas on the cool roof,
the energy requirements for the building with PV panels would be higher. In Monterrey (Figure 6d),
larger differences in the thermal behavior between the building with metallic roof vs. cool roof are
observed. Thus they represent reductions of up to 15.6% for the metallic roof and 2.2% on the cool roof.
In Tijuana (Figure 6e), only minor differences due to the implementation of the PV occur. And finally,
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in Torreon (Figure 6f), for the building with cool roof negligible reductions would arise (0.6%), whereas,
for the metallic roof, a reduction of 14.7% would take place.

The climates that would benefit the most from the implementation of PV systems on buildings
with metallic roofs would be the warmer climates, which correspond to Ciudad Juarez, Guadalajara,
Monterrey, and Torreon. On the buildings which already have an envelope improvement with the cool
roof incorporation, the benefits are attenuated or negligible.

In Figure 7, the impacts due to the implementation of the PV system broken down on the heating,
cooling, and total calculated energy requirements are presented. The presented percentages represent
the mean from the metallic roof scenarios. In general, what can be noticed is that, on average, the total
annual energy requirements will be reduced. As expected, the cooling requirements will dramatically
be reduced even in the cities where the cooling is not the main concern. Likewise, when the heating
requirements were consistently augmented, the increases round from 8.8% to 12.8%.Sustainability 2020, 12, x FOR PEER REVIEW 16 of 22 
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In Table 9, the percentages of the heating and cooling demand costs that could be supplied by
the PV system on the roof of the building are presented. The presented scenarios correspond to the
base building (scenario A), which is the building with a metallic roof. Also, the difference between the
calculation considering a simplified and detailed heat transfer (HT) is presented as a way to show the
risk of under or overestimation of the heating and cooling energy costs of a building if the appropriate
heat transfer is not calculated. From the results, it can be observed that the heating and cooling costs
for the industrial building can be successfully supplied by the installation of PV systems on 30.85% of
the roof surface. The cities with minor percentages of energy supplied by the PV systems are Ciudad
Juarez (90%) and Guanajuato (91%), while the rest of the cities would even have an energy surplus.
On the other hand, when the simplified heat transfer model is implemented, the energy costs of the
industrial building are overestimated by up to 23.9%.

Table 9. Percentage of heating and cooling costs supplied by the PV.

City (ID)
Percentage of Energy Costs Supplied by PV (%) Difference

(%)Simplified HT Detailed HT

Ciudad Juarez (CDJ) 80 90 12.5
Guadalajara (GDL) 87 103 18.4
Guanajuato (GTO) 77 91 18.2
Monterrey (MTY) 92 114 23.9
Tijuana (TIJ) 96 105 9.4
Torreon (TOR) 111 133 19.8
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3.2.2. Economic Viability of Building with PV System

In Figure 8, the payback period and the correspondent NPV of the industrial building, considering
the simplified HT and detailed HT for each of the studied cities, is presented. For all cases,
the simplification of the heat transfer between the building and the PV system results in an
overestimation of the payback period. The average reduction in the return of investment period is
around 0.9 years and 1.0 years for Guanajuato and Tijuana, respectively, which represent cities in
temperate climates. And a decrease from 1.1 years for Ciudad Juarez up to 2.2 years for Monterrey.

There is a risk related to the overestimation on the payback period, because the payback time is less
attractive; thus, it can affect the planning of renewable investments. Consequently, it is encouraged that
the heat transfer is calculated as detailed as possible with the available tools and simulation programs.
According to the analysis, it can also be observed that when the simplified HT calculation mode is
implemented, the differences in the payback period among the different façades are minimal. While,
when the detailed HT is calculated, the payback periods from each of the façades can be differentiated.
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3.3. Clean Energy Certificates (CEL)

According to the newly set requirements of the Electric Industry Law (LIE), qualified users
are required to acquire CELs to comply with a pre-established percentage of the annual energy
consumption. This strategy is completely in line with the compromises made at the Paris Agreement
in 2015, where the Mexican government declared that the country would lower GHG by 22% [2]. Also,
that by 2021, Mexico would produce 30% of its energy from clean sources (35% by 2024); the scenario
was considered feasible due to the projected new renewable projects [2]. The newly implemented
energy auctions aim to promote the construction of clean and renewable energy power plants, while the
legal framework to reduce the GHG emissions is set.

In this work, two scenarios were projected; they were the fulfillment of the 2018 and 2022 CELs’
requirements. These scenarios represent 5.0% and 13.9% of CELs, which are related to the total annual
energy utilization. In Figure 9, the savings related to the CELs’ requirements for each of the envelope
proposals are presented. In Figure 9a, the projected savings calculated with the 2016 CEL mean price
(17.4 $/CEL) [57], whereas, in Figure 9b, the savings are calculated, taking into account the mean CEL
price from 2017 (8.6 $/CEL) [57]. The cities where it is more profitable to incorporate the CELs by the
qualified consumer are Torreon, Ciudad Juarez, and Monterrey. When the savings are calculated with
the 2017 mean price, the savings become less attractive to the user. From the estimations, it can be
observed that the CELs savings would decrease as the price continuously lowers due to the ongoing
energy auctions.
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It is important to remark that the CELs monetary savings were calculated using the envelope
proposals, which would require less energy to operate; thus, the savings become a complementary bonus
to the user. Nevertheless, in this pricing scenario, greater savings result from a correct implementation
of the façade and roofing systems.
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4. Conclusions

In this study, the objective was to reduce the annual energy requirements of a 10,000 m2 industrial
building and to calculate the return of investment period for the proposed scenarios. The analysis was
carried out for six different Mexican cities, considered as representative of the main industrial cities of
the country. Even though it is recommended that the thermal behavior of the buildings is analyzed for
each city and climate, it was possible to generate several general observations.

It was found that insulating the walls had a small effect on the annual total energy requirements
when compared to the implementation of insulation on the roof. The preferred approach for warm
cities is related to the implementation of a cool roof on a non-insulated roof or insulate of the metallic
roof, while for temperate cities, the best option is roof insulation.

When the building only contemplates the installation of heating systems, the best choice to reduce
the payback period is the application of one inch of insulation on the walls. It was also observed
that the cooling demand determines the return of investment of any measure applied to the studied
industrial buildings. If the building only intends to use cooling systems, the return of investment
ranges from 1.8 to 6.8 years, and it occurs when the building is uninsulated and with a cool roof for all
cases. When the building considers the use of both heating and cooling systems, the most effective
strategy is also the implementation of the cool roof on an uninsulated building (A-2), for warm climates;
but for temperate climates, the best is the use of the rockwool on the roof (D-1).

The warmer climates benefit the most from the implementation of PV systems, which have a
metallic roof (Ciudad Juarez, Guadalajara, Monterrey, and Torreon), whereas buildings that already
have a cool roof, the benefits are almost negligible. In general, the total annual energy requirements are
reduced. The cooling requirements will dramatically be reduced even in the cities where the cooling is
not the main concern. Though the heating requirements increase (8.8% to 12.8%), total annual energy
savings occur. When the simplified heat transfer is used for the calculations between the building
roof and the PV system, the energy costs of the industrial building are overestimated by up to 23.9%,
while the payback period is overestimated for all the studied cases. There is an inherent risk related to
the overestimation on the payback period, making the project less attractive, affecting the planning
of renewable investments. Consequently, it is highly encouraged that the heat transfer is calculated
as detailed as possible using the available tools and simulation programs. This information can be
relevant within the construction decision-making process.

The cities where it is more profitable to incorporate the CELs by the qualified consumer are
Torreon, Ciudad Juarez, and Monterrey. It can also be concluded that the CEL savings become a
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complemental bonus to the user; they do not dictate the decisions involved in the energy savings. Still,
within this pricing scenario, greater savings and consequently environmental benefits result from a
correct implementation of the façade and roofing systems.

The methodology implemented at this project can be translated into other applications, for
example, educational, public, office buildings, and vertical or even at detached housing. On this
occasion, the analysis at an industrial building is presented because of the foreseen benefits and
possibilities due to the electricity costs of the industrial tariff. Also, nowadays, there is great potential at
public and administrative buildings since, in Mexico several years ago, federal and local governments
have launched aggressive campaigns encouraging the decrease of energy use and implementation
of renewables on such constructions [58,59]. On the other hand, the improvement of the envelope
of residential buildings has been intensely studied, and attractive energy savings can be reached.
Nevertheless, in Mexico, for example, the use of PV systems in dwellings has economic feasibility
only at one of the seven residential electricity tariffs; thus, making the analysis unattractive. Also,
the industrial building envelope has an inherent vulnerability due to the use of simple materials and
plausible large heat gains and losses associated with the envelope’s exposed area.

Within the future foreseen work, it is envisioned that the incorporation of internal heat gains,
of several industrial processes, is required as this would give new perspectives on the heating and
cooling energy use. Another issue that needs to be explored is the grid connection. Various scenarios
of connection have to be analyzed, together with the possible use of batteries for peak shaving.
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Nomenclature

As Area of the PV panel, m2

g Gravitational constant, m/s2

hconv Convection coefficient, W/m2
·K

hforced Forced convection coefficient, W/m2
·K

hnatural Natural convection coefficient, W/m2
·K

L Length, m
Lchar Characteristic length, m
kair Thermal conductivity of air, W/m·K
Nu Nusselt number, -
Pr Prandtl number, -
Q12 Radiative heat transfer between PV and building, -
Re Reynolds number, -
Ra Rayleigh number, -
slope Surface’s slope, deg
Tair Ambient air temperature, K
Tsurface Surface temperature of the PV panel, K
Tsky Sky temperature, K
Tair-zone Temperature of the air zone between the PV panel and building, K
T1 PV temperature, K
T2 Building roof temperature, K
.
vwind Wind speed, m/s
W Width, m/s
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Greek Symbols

αair Air thermal diffusivity, m2/s
βair Inverse of the average air temperature, 1/K
ε1 PV’s emissivity, -
ε2 Building roof’s emissivity, -
µair Air dynamic viscosity, kg/m·s
ρair Air density, kg/m3

σ Stefan-Boltzmann constant, W/m2
·K4

Abbreviations

ASHRAE American Society of Heating, Refrigerating and Air-Conditioning Engineers
CEL Clean Energy Certificates, Certificados de Energia Limpia
CRE Regulatory Energy Comission, Comision Reguladora de Energia
HVAC Heating, ventilation, and air conditioning
LIE Electric Industry Law, Ley de la Industria Electrica
PV Photovoltaic panel
SMN Mexican National Meteorological Service, Servicio Meteorologico Nacional
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