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In this work we present the results of the monitoring and statistics of a grid connected photovoltaic (PV) system located on the roof of the
building occupied by the “Instituto de Ciencia y Tecndkdel Distrito Federal” (ICyTDF), at the historical center of Mexico-City (DF). The
on-grid connected photovoltaic system has 6150 Watts peak (Wp). This system ensures a daily mean reduction of 30 kW.h in the consumption
of electric energy at the ICyTDF facilities; which results in a significant saving of fossil fuels and avoiding the emission of greenhouse gases.
This system can generate an annual average of 10.8 MW.h of electrical energy, equivalent to burning 0.87 tonnes of oil which would lead to
the emission of approximately 2.1 tonne/year of{d@to the atmosphere. The ecological impact of the photovoltaic system installed in the
ICyTDF is equivalent to a forest area with more than 700 adult trees (7 hectares of forest). We also report the analysis of the PV-performance
in real time of several commercial solar modules, manufactured with different materials and technologies, these results may give an indication
of the comparative performance of the technologies under the environmental conditiokgiob\ity. Four different solar modules made

of monocrystalline silicon, polycrystalline silicon, amorphous silicon and CdS/CdTe technologies were tested. The outcome of this study
is that a better performance was noted for modules made of amorphous silicon technology under temperature variations typical of Mexico
City’s environmental conditions.
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1. Introduction tions from 14 to 18C during a single day and average relative
humidity between 30 and 60% along the year [4]. The aver-

Photovoltaic (PV) systems connected to the electrical net29€ concentration of the main gas pollutants in Mexico City’s
work constitute the application in the photovoltaic solar en-2imosphere are: ozone {£20.175 ppm, carbon monox-
ergy area that has experimented greater expansion in the I44¢ (CO)-4.5 ppm, nitrogen dioxide (NG-0.15 ppm, sul-
years [1]. According to estimations of the European ComPhur dioxide (SQ)-0.06ppm and suspended particles BM

mission for 2011, most of the photovoltaic energy generated!2° mg/nt) [5,6]. The quantitative influence of the gas pol-

in Europe will come from network connected facilities [2]. lutants in the electrical parameters of the moduleg is difficult
Germany heads the list of European countries that generai@ evaluf':\te, however these facts have.to be t.ake.n into account
more electrical energy via PV (28 GW of installed capacityalong with the temperature and solar insolation in the analy-
in April 2012). Mexico surpasses Germany in average solar
insolation. The solar potential of Mexico is the third greatest §
one of the world according to reports of the Mexican Depart
ment of Energy (SENER) and the German Technical Cooper-F
ation Agency (GTZ) in 2006 [3]. The average solar potential |
of the country is 5 kWh/m? per day, which is representative |
of Mexico City’s conditions.

On the other hand, the behavior of a particular solar mod
ule will depend not only of the material and technology used
but also of the environmental work conditions like temper-
ature, specific solar insolation, wind speed, suspended pa
ticles, etc. These conditions have a direct influence in the,
in-situ behavior of the electrical parameters of modules man-
ufactured with different technologies. Some of the environ-Ficure 1. ICyTDF geographic location with respect to the center
mental parameters of Mexico City are: temperature variaof Mexico City.
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o DC/AC tablished norms for this type of constructions with historical

GENERATOR SUERTE value, taking into account the geographic situation and the

UTILITY . . . . .
urban surroundings of the historical center of Mexico City.
i The statistical data of the PV system performance are
' : ' provided by the SB-SMA monitoring system installed along-
&
1l

side. This system are formed by a communication system
Sunny WebBox, an Inverter Sunny Boy 6000US with effi-

Photoveltaic sapla eIt ciencies of 98 % in a range of temperature from <@a@o
ATTSY | DiscineeiDC sumoersor s000scoce ronmys | DIGOHISTAC Grid + 60°C and a Sunny Sensor box. This monitoring system
(ol = 1 o @ BT+ 5 sends daily data from in-situ measurements. Figure 3 shows
) : :f“;T the graph of the daily average energy produced by the PV

system each month during the year 2010. It is possible to ap-
preciate that the months with greater energy production are
FIGURE 2. Schematic details of the on-grid PV system character- March and October with daily average energies of 33 and
istics installed in the ICyTDF. 30 kW-h, respectively. On the other hand, this average di-
minishes to 20-25 kWh during rainy months with a smaller
sis of the dependence of the electrical parameters with thgolar incidence (June to September). From this data, we can
environmental conditions. For these reasons we have stu@alculate the average solar insolation hours under real per-
ied the behavior of the electrical parameters of solar moduleformance conditions. Another important analysis is related
fabricated with different technologies under the specific ento the accumulated energy production for each month, which
vironment of Mexico City. is of interest to determine the real amount of grid injection.
In this work, an analysis of the statistical data from aln Fig. 4 the total monthly energy produced by the system
grid-connected photovoltaic (PV) system is presented to evathroughout its first year of operation is shown. This energy
uate its environmental benefits in terms of energy saving an@as calculated as the sum of the total daily energy produced
avoiding greenhouse gas emissions in Mexico City. Moreby the system. As before, the periods of greater power pro-
over, a Comparative ana]ysis of different PV techn0|ogie§lucti0n Correspond to the months of March and October with
(bulk monocrystalline and polycrystalline silicon cells, amor-averages over 1100 k¥, while in the rainy period this av-
phous silicon and CdTe thin film solar cells) was performederage falls to 800 k. This represents a monthly average
to determine which technology has the best performance urnergy production of 950 kWi injected directly to the grid
der the specific environmental conditions of Mexico City. by the PV system during 2010.
With the perspective of a future growth in the installation of ~ Thirty solar modules Kyocera KD210GX-LP with poly-
on-grid photovoltaic systems in the urban zone of Mexicocrystalline silicon technology were installed in the PV system
City, this analysis would be useful a reference frame for sizwith a nominal 6300 Wp. The typical environmental pollu-
ing and decision-making on which would be the appropriateion throughout the year in Mexico City causes the deposition
technologies used in such systems. of a fine dust layer onto the system practically in a permanent
way. An estimated loss of around 10% due to dust is typically
taken into account for the calculations of the global yield of
2. Analysis of results in the installed PV sys-

tem Average daily energy produced by the PV system
35

This project was developed through the collaboration be-
tween the Instituto Poktcnico Nacional (IPN), Universidad
Nacional Aubnoma de Mxico (UNAM) and the Instituto

de Ciencia y Tecnoldg del Distrito Federal (ICyTDF). The
project consisted on the sizing and installation of a photo-
voltaic (PV) system on the roof of the building occupied by
the ICyTDF, situated in the historical center of Mexico City.
The installed system is connected to the grid of the Federal
Commission of Electricity (CFE) with 6300 Wp. Figure 1
shows the ICyTDF geographic location with respect to the
center of Mexico City located at $97’ latitude and 2,250 m
altitude and also a zoom that displays the PV system instal-
lation on its roof. Schematic details on the characteristics of Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

the system are shown in Fig. 2 where the energy flow from SNOIKIng Ienths

the sun to the consumption network can be appreciated. ThRicure 3. Average daily energy produced by the PV system dur-
PV system of the ICyTDF, was installed following all the es- ing the year 2010.

Produced energy (kW.h)
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10.85 MW.h were injected to the electrical network during the first year of petroleum As this can vary according to the COI’T]pOSitiOﬂ

of the oil mixture, a conventional value has been taken as:
41.84x10° J = 12.4 MWh [8]. The combustion of one TEO
for electricity production implies the emission of 5.43 tonnes
of CO, to the atmosphere, as well as other polluting gases and
particles. On the other hand, since trees are photosynthetic
organisms they absorb G@nd water from the surrounding
environment and they transform them into organic matter, re-
leasing oxygen (@), according to the Sachs equation [9]:

6 CO, + 6 HbO — CgH1204 + 6 Oy, where GH120g is
glucose. Thus, according to UNEP (United Nations Environ-
ment Programme), a tree can absorb around 3 kg of @0
year, depending on the size [10].
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Monthly energy produced by PV system (kW.h)
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2
Working months of the PV system Monthly average of hours with a radiation density equivalent to 1 kW/m
The average in a year is 4.8 hours per day

FIGURE 4. Total monthly energy produced by the PV system
throughout its first year of operation.

PV systems under ambient conditions. Also, ohmic and/or
Joule heat losses between 2 and 3% must be considered dt
to the long distance and the type of electrical cable installa- §‘
tion used to connect the photovoltaic system to the cabinet'®
with the monitoring system [7]. These aspects are taken from §
the literature and were not calculated in this work. Consider-
ing these losses, the maximum output power of the PV sys-
tem is less than the nominal.

Based on international standards that consider an averag
solar radiation density incident on Earth’s surface equivalent
to 1 kW/n? (solar irradiance), we can calculate with certain Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
exactitude the average of daily hours in which this standard Working Months
is met in the center of Mexico City. In this case, we work
with the concept of solar insolation (kWm?.day) instead FIGURE 5. The monthly average of hours with a radiation density
of solar irradiation (KW/rf). Solar insolation is a measure of €duivalent to 1 kW/rin a day, from which we calculate a global
the power that hits a given surface. It is typically reported inaverage during all year o_f4.8 hours per day with this radiation den-
W/m?2. For solar PV it is often reported as the amount of en-S1tY On the center of Mexico City.
ergy (kwWh) that can be generated per peak power rating (kW)
of the solar cell in question. Solar insolation is obtained by Monthly average of CO, that was not emitted to the atmosphere
integrating the curve of the solar radiation in a day. Figure 5
shows the monthly average of hours with a radiation density __
equivalent to 1 kW/rhi in a day, from which we calculate a
global average during all year of 4.8 hours per day with this
radiation density on the center of Mexico City. Again, from
this figure we can see that average insolation is increased tCg
over 5.5 hours / day in the months of March and October. 5
This estimate is important because it provides data represen2 100+
tative of Mexico City’'s specific conditions and it can be used &
to make projections and sizing of PV systems to be installed 8”
in Mexico City and the metropolitan area.

On the basis of the collected statistical data, during its
first year of work, the direct injection to the grid of the o
ICyTDF PV system was about 10.85 MW/ which repre- Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
sents the saving of 0.87 tonnes of petroleum or 1.24 equiv- D
alent tonnes of coal. The equivalent tonne of petroleumggure 6. Statistics of the monthly average of G@hat was not
(TEOQ) is a power unit which represents the energy that in aremitted to the atmosphere due to the installation and use of the
exothermic process can be obtained from burning one tonnkyTDF PV system.
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From the accumulated statistical data it was possible tdure and solar radiation in real time and saves the data in text
calculate the daily, monthly and annual production of thefiles. This system was designed in the Escuela Superior de
photovoltaic system working under real conditions of Mex-Fisica y Matenaticas of IPN (ESFM-IPN). Figure 7 shows
ico City and make an estimate of the TEO equivalency of thighe front panel of the control program, where the information
energy production, along with the amount of C€missions of the measured data can be appreciated. The data are re-
that are avoided. Figure 6 shows the statistics of the monthlfreshed until a new measurement is initiated for the modules.
average of C@ that was not emitted to the atmosphere dueThe same figure displays the module temperature and solar
to the installation and use of the ICYTDF PV system. Thisradiation graphs, which are updated every minute. The right
data is obtained directly from the monitoring system, usingpart shows radiation incident on the module surface and in
an internal set of conversion equivalencies. The monitoringitu module temperature indicators. All data are stored in a
system calculation of C equivalencies are related to the file corresponding to the day of measurement.
percentage of avoided emissions reported by the electricity To study the behavior of the modules’ electrical parame-
company (CFE). The electricity sector is responsible for alters with incident sunlight, we work with the concept of solar
most a third of the C@emissions of the country [11]. The insolation defined above. Solar radiation measurements were
sector emits 55% of sulphur dioxide ($0and nitrogen ox- made with the sensor placed on the surface of one of the so-
ides (NQ,), and between 27% and 30% of the carbon dioxidelar modules. All modules were placed South-facing with an
(COy). As it can be seen, from the yearly statistics we canangle of 20 degrees, defined by the latitude of Mexico City.
determine by integration that the annual average amount dfigure 8 shows typical I-V characteristics of the four mod-
CO;, that was stopped from being released to the atmospherdes measured from 9:00 to 17:00 hours each day. The bulk
due to the use of the photovoltaic system was 2.1 tonnesilicon technology modules are characterized for high values
This last result is different from the theoretical values calcu-of short circuit current, while the thin films technology mod-
lated of 4.7 tonnes, considering the equivalencies reported iales are characterized for high values of open circuit voltages
Ref. 5. The difference can be caused by the conversion dats can to be seen in the graphs shown in Fig. 8. The temper-
discrepancies between the standards used by the monitorirgure variation on the surface of modules was studied for all
equipment and other international standards. In any case, thlbe months and the average temperature from 10:00 to 16:00
avoided emissions of C{due to the installation of the pho- hours was 30C, while the average solar radiation was of or-
tovoltaic system in the ICyTDF are equivalent to a forest arealer 5 kWh/m? per day.
with more than 700 adult trees (7 forest hectares). One of the critical parameters to consider in the opera-

Considering the results presented in this work, we carnion of a commercial photovoltaic module is the dependency
project that the installation of 100 photovoltaic systems peof its electrical parameters with the environmental temper-
year with a capacity of 10 kW of installed power in roofs of ature. The values of the short circuit current, open cir-
governmental and non-governmental buildings, would rep<€uit voltage, fill factor, maximum power and efficiency were
resent an approximated production of 1752 MWh per yeanmeasured as a function of the module temperature. These
Having 100 installed systems would be equivalent to savdata were taken at a fixed value of incident solar radiation
ing 137 tonnes of petroleum per year, avoiding more thar{82.1 mwW/cn#), which was the most common value of mea-
744 tonnes of CQ emissions (248000 adult trees). If the sured radiation in our experimental set. The temperature co-
program were permanent, it would mean that in the next 1@fficient expresses the variation in the solar cell parameters
years thousand tonnes of G@ould not be emitted to the at- measured at temperatures abovéQ@%vith respect to these
mosphere, due to the saving of thousand tonnes of petroleusame parameters measured &t@5Generally, manufactur-
used nowadays to produce electricity. ers include the module parameters measured &€ 2Bder

standard illumination as part of their data sheets. However,

3. Characterization of different photovoltaic
modules under the environmental condi-
tions of Mexico City

TEMPERATURA

An automated system was developed for the characteriza;
tion of commercial PV panels, which allows obtaining I-V
characteristics of up to 4 photovoltaic solar modules simul-
taneously [12]. The system is governed by a program de-
veloped in the graphical language LabVIEYY which acti-
vates the measurements and turns off the system automati
cally. In addition, it takes module temperature (not air tem-
perature) and solar radiation measurements every minute by -
means of a LM35 sensor and a calibrated solar cell, respe@icure 7. Front panel view of the control program developed for
tively. The program shows I-V curves, the module tempera-n-situ measurement of modules.
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FIGURE 8. Typical I-V characteristics of the four modules taken at different hours of the day: (a) bulk monocrystalline silicon; (b) bulk
polycrystalline silicon; (c) thin film CdTe and (d) thin film amorphous silicon.

these measurements are performed under controlled condirom their lineal dependence with the temperature for all
tions which differ from the real ambient conditions and spec-the modules studied in this work. These values, calculated
tral irradiation in which the module operates. That is why wewith respect to the calculated value corresponding taC25
take the value of the parameters measured &€ 2fs the ref-  are listed in table | expressed in°@. From Table I, it can
erence in this work. In this way, the temperature coefficienbe observed that the amorphous silicon panel presents less
of each electrical parameter indicates how increasing tempedecrease effect from temperature. The polycrystalline sili-
ature from the reference value affects its performance. con module lost 6 times more power than the corresponding
For the four modules, the short circuit current and theamorphous silicon, for each increased degree in temperature.
current density at the maximum power did not show a cleaGreater recombination at the grain boundaries, activated by
dependence with the temperature. Therefore, the temperéemperature could be the cause of this mechanism, which
ture coefficient of the short circuit current could not be de-is dimmed in the other polycrystalline materials due to their
termined. This parameter is small in general (abouti@/  photoconducting behavior.
and its determination is at the precision limit for the current  In order to have a clearer idea of this asseveration, the
measurement instruments. For this reason, it was not posgemperature coefficients for the maximum power without
ble to get the current temperature coefficient. On the othestandardizing have been written in Table Il. The decrease in
hand, the short circuit current is the electrical parameter withhe efficiency of the panels with increasing temperature with
the more pronounced dependency of the environmental comespect to its value at 2& is also shown in Table Il. From
ditions such as the spectrum of the incident light, the cloudythese results we conclude that the best solar module under
conditions and air mass. These parameters are very difficutemperature variations typical of Mexico City’s environmen-
to measure under our experimental conditions. tal conditions is the module processed with amorphous sil-
The temperature coefficients of the open circuit voltagejcon technology. Nevertheless, it is necessary to add other
fill factor, maximum power and efficiency, were determinedconsiderations like the average time of utility of the module
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TABLE |. Comparison between the temperature coefficients of the electrical parameters for PV modules fabricated with different techn
gies. The coefficients were calculated at a fixed solar radiation of 82.5 m¥\#achmodule temperatures between 25 arfd42

Electrical parameter Polycrystalline silicon Monocrystalline silicon Amorphous silicon CdTe
Voc -0.52 -0.40 -0.49 -0.43
Prmaz -1.05 -0.64 -0.33 -0.56
FF -0.33 -0.25 +0.26 +0.02
n -1.05 -0.66 -0.33 -0.55

TABLE Il. Temperature coefficients for the modules maximum power, expressed @ &vd module efficiency decrease with temperature
with respect to its value reported at’Zs

Polycrystalline Monocrystalline Amorphous CdTe
silicon silicon silicon
Prmax (W/°C) -0.64 -0.23 -0.10 -0.22
7 (% of loss with respect to 2%) 21 13 6 11

(lifetime limited by degradation processes), cost of the Wattonnes of CQ would not be emitted to the atmosphere, due
peak (Wp) supplied by each technology and the efficiencyo the saving of thousand tonnes of petroleum used nowadays
which is directly related to the area occupied by panels tdo produce electricity.

obtain the same power production. Due to all these consider- The electrical parameters of four modules manufactured
ations and the specific conditions of installation, we decidedvith different solar cells technologies were studied as a func-
to use the polycrystalline silicon technology in the facilities tion of module temperature. In the range of 20 t6@Qhe

of the ICYTDF, which is an historical building from the’8 module less affected by temperature was the one manufac-
century where the available area and weight of the PV systertured with amorphous silicon solar cells, that loses 6% of its
are restricted. This last technology guarantees modules witéfficiency value with respect to the reference value &35
efficiencies higher than 16%, which assures about 205 Wp ifollowed by the module fabricated with CdTe cells who lost
1.5 n? of area, whereas the thin film technologies with effi- 11%, and finally, the modules of crystalline silicon and poly-
ciencies between 6 and 7% would need an area of 3.5 tb 4 ntrystalline silicon with 13% and 21%, respectively. From
to obtain a similar Wp value. This analysis demonstrates thahese results we conclude that the best solar module for the
it is necessary to consider the environmental and architeeenvironmental conditions of Bkico City is the module pro-
tonic parameters in the specific place where a PV installatioeessed with amorphous silicon technology, because it is ex-
will be made, to be able to take the most appropriate decisiorhibits the best stability under temperature variations. Never-
theless, it is necessary to add other considerations like the av-
erage time of utility of the module (lifetime limited by degra-
dation processes), cost of the Watt peak (Wp) supplied by

The ecological impact of the installed photovoltaic system in€ach technology and the efficiency which is directly related
the ICyTDF is equivalent to a forest area with more than 7000 the area occupied by panels to obtain the same power pro-
adult trees (7 forest hectares). duction.

Considering the results presented in this work, we can
project that the installation of 100 photovoltaic systems peipcknowledgments
year with a capacity between 5 and 10 kW of installed power
on roofs of governmental and non-governmental buildingsTo the Instituto de Ciencia y Tecnoli@gdel Distrito Federal
would represent an approximated production of 1752 MWhn Mexico City, for the funding of this project and the facili-
per year. Having 100 installed systems would be equivalenties for the study of the PV system. This work is part of the
to saving 137 tonnes of petroleum per year, avoiding mord&rkesearch Program 1000000000058911 that is financed by the
than 744 tonnes of CQemissions. If the program were per- Conacyt, Mexico. O. Vigil-Gdln acknowledges partial sup-
manent, it would mean that in the next 10 years thousangort from COFAA and EDI of IPN.

4. Conclusions
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