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ABSTRACT

The integration of a PVT-air collector with phase changing material is subjected to local
climatic dynamics. The prime novelty of this work is to include the climatic dynamics for
PCM selection specifically for Mexico and analyzing the system based on multi-
disciplinary parameters. In this work, yearly equivalent analysis is carried out for three
different Mexican climatic zones within the Képpen classification (Aw, BSh, and Cwb)
to select the optimal phase-changing material. Multi-disciplinary performance indicators
are analyzed which are based on energy, exergy, exergetic sustainability, life cycle CO2
emissions, enviroeconomic, exergoenvironmental, and economic analysis. The results
have shown that a temperature decrement as high as ~20% can be attained for the
best-selected phase-changing material. The electrical, thermal and exergetic efficiency
ranges from ~8 to ~11%, 25 to ~33% and ~13 to ~17% respectively. The carbon pricing
factor ranges from $20.00-$32.00 MXN per year. For the life cycle cost analysis, the
local inflation, and the discount rate is considered. The Levelized Cost of energy ranges
from $3.09 MXN/(kWh) to $4.30 MXN/(kWh) and the payback period ranges from ~10
to ~15 years.



RESUMEN

La integracion de un colector de aire PVT con material de cambio de fase esta sujeta
a la dinamica climatica local. La principal novedad de este trabajo es incluir la dinamica
climatica para la seleccion de PCM especificamente para México y analizar el sistema
basado en parametros multidisciplinarios. En este trabajo, se realiza un andlisis
equivalente anual para tres zonas climaticas mexicanas diferentes dentro de la
clasificacion de Koppen (Aw, BSh y Cwb) para seleccionar el material 6ptimo de
cambio de fase. Se analizan los indicadores de desempefio multidisciplinarios que se
basan en la energia, la exergia, la sostenibilidad exergética, las emisiones de CO- del
ciclo de vida, el analisis ambiental, econémico, ambiental y econdémico. Los resultados
han demostrado que se puede lograr una disminucién de la temperatura de hasta
~20% para el material de cambio de fase mejor seleccionado. La eficiencia eléctrica,
térmica y exergética varia de ~8 a ~11%, 25 a ~33% y ~13 a ~17% respectivamente.
El factor de fijacién de precios del carbono varia de $20.00 a $32.00 MXN por afio.
Para el analisis del costo del ciclo de vida, se considera la inflacion local y la tasa de
descuento. El costo nivelado de energia varia de $3.09 MXN/(kWh) a $4.30

MXN/(kWh) y el periodo de recuperacion varia de ~10 a ~15 afios.
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CHAPTER 1. INTRODUCTION

The 2030 agenda of the United Nations (UN) (Santika et al., 2020) is a blueprint to
achieve a sustainable future by addressing the global challenges in which ‘affordable
and clean energy’ (Buyukozkan et al., 2018) has key importance. It focuses on the
universal access to energy, increased energy efficiency (Bhadbhade et al., 2020), and
the increased use of renewable energy making up sustainability (Piacentino et al.,
2019) goal resilient to environmental issues like climate change. Each of the
participating countries in this agenda has initiated goals to meet the UN 2030 target. In
this regard, one of the goals of the Mexican 2030 agenda is to focus on affordable and
non-polluting energy resources aligning with the global targets knowing the photovoltaic
electricity generation potential in Mexico (see Fig. 1.1). However, it is quite challenging
to meet such an enthusiastic goal without a proper regulation and support system in
government policies. In this context, in December 2013, the Mexican Congress
approved a series of constitutional amendments by allowing private investment in the
national power sector of Mexico. These energy reforms boomed the solar energy sector

particularly photovoltaic industry in Mexico since its implementation.

SOLAR RESOURCE MAP
PHOTOVOLTAIC POWER POTENTIAL
MEXICO ESMAP LARGIS ]

@ 'WORLD BANK GROUP

JVilahermosa

[ Tuxla Glvérrez

{

Long term average of PVOUT, period 1999-2018
Daily totals: 38 4.2 46 5.0 5.4

KWh/kWp
Yearlytotals: 1387 1534 1680 1826 1972

Fig. 1.1. Photovoltaic power potential in Mexico (ESMAP et al., 2019).
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Photovoltaic (PV) (Singh et al., 2020) power generation plants, being a viable solar
energy harvester, comes up with a unique set of technical problems primarily because
of operational difficulties. These involve; sun being an intermittent energy resource and
over-heating issue (Wajs et al., 2020). The excess PV heat is caused by the internal
mechanism of the solid-state PV cells when some of the electrons of the higher
frequency leave the conduction band on the incidence of solar energy. This
phenomenon disrupts the reference temperature (25°C) of the PV cells yielding a
parameter called ‘temperature coefficient’ that produces a loss of power. The value of
this coefficient for a typical monocrystalline solar cell is -0.45%. °C*! indicating a
photovoltaic efficiency loss of 0.45% per one degree increase in the operating
temperature of PV panel (see Fig. 1.2). The operating temperature of the photovoltaic
panel is a unique blend of many operational, geometric and climatic characteristics
(Coskun et al., 2017). With this background, a photovoltaic panel must be installed with
a local climatic feasibility study. Mexico: being a mega-diverse country in its climate,
must go through a series of steps in its photovoltaic industry to meet the 2030 national
and global sustainability agenda because the PV operating temperature can disorder

the renewable energy mix in the national electricity grid.

17 Silicon thin film cells | -
Monocrystalline cells
Polycrystalline cells

16 ycry

ey,

30 40 50 60 70 80
Temperature, °C

Fig. 1.2. Photovoltaic efficiency as a function of operating temperature for different technologies of
solar cells.
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1.1 Background Research

Several technical alternatives are available for the regulation of the operating
temperature of the PV panel. The prime objective is the uniform cooling of the PV panel
which can be attained by modern techniques like microchannels (Diallo et al., 2019),
improved design of heat exchanger, heat pipes (Ren et al., 2020), jet impingement (K.
M. Kim et al., 2014), combined microchannel-jet impingement, heat sinks and
spreaders, dielectric cooling by direct immersion and making use of phase-changing
materials (Nizeti¢ et al., 2018). Each of the cooling methods is evaluated based on
operating range, required energy consumption, investment, the requirement of
turbomachinery, dependence on wind speed and direction, easiness of integration with
PV module, heat rejection rate, and its maintenance. It can be concluded that the
thermal management of photovoltaic panels with the use of phase-changing material
(PCM) is a viable option. These PCM materials receive the excess heat of the
photovoltaic panel and store it in the phase-changing process. However, PCM once
charged; in terms of thermal heat, emits it back to the assembly. Furthermore, the
excess heat during all the process can be used to satisfy the thermal energy demand
of a residential or an industrial sector by heating a working fluid. Such a kind of
assembly is called photovoltaic-thermal-collector (PVT) with a phase-changing
material. (Preet et al., 2017) reported that the temperature of the PV module without
any cooling technology is higher than the ambient temperature throughout the day and
reaching as high as 85°C. It is also reported that the temperature reduction is 47% and
53% by making use of PVT and PVT-PCM configurations.

The diverse nature of research on PVT-PCM is carried out in which (Al-Waeli,
Chaichan, et al., 2019) analyzed a PVT system using nanofluid cooling and nano-PCM
and reported an overall efficiency of 85.7%. (Sardarabadi et al., 2017) experimentally
investigated ZnO-water nanofluid and PCM in the PVT system has reported that
utilizing nanofluid, instead of water, can improve the overall thermal efficiency by 5%
and overall exergy efficiency by 23%. (Stropnik & Stritih, 2016) integrated a PV panel
with a phase-changing material and reported that the electric power production for the
proposed integration has increased by 7.3% in one year for the city of Ljubljana,

Slovenia. (Arici et al., 2018) also proposed the PV panel with a phase-changing
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material, however, they utilized a simplified numerical model for the optimization of the
PCM. Their results have reported that the integration has reduced the PV operating
temperature for a maximum of ~10°C. (Qiu et al., 2015) theoretically investigated the
energy performance of the microencapsulated phase changing material-based PVT
collectors. (Hossain et al., 2018) analyzed a two-side serpentine flow-based PVT-PCM
collector based on energy, exergy, and economic analysis. They reported that the
maximum electrical efficiency of PV and PVT-PCM collector was ~10% and ~11%
respectively. (Gaur et al., 2017) numerically studied the electrical and the thermal
performance of a PVT collector using PCM OM37 for the winter and summer days in
Lyon, France, and reported that during the night time the PCM acts as a heat source
and can provide the hot water which can be utilized in the next morning. (Yazdanifard
et al., 2016) investigated the performance of PVT-PCM collectors in the laminar and

the turbulent flow regime of the working fluid.
1.2 Theoretical framework

All these researches have particularly focused to use an incompressible fluid (water
and/or nanofluid) in the PVT-PCM assembly. Water: being a working fluid, can possess
many cons to the assembly causing corrosion in the piping and its leakage can lead to
the total system failure. Similarly, nanofluids are going through tremendous problems
of particle stability, sedimentation, segregation, and clogging. Using the current
technology, nanofluid in a PVT-PCM assembly can be realized only in a control lab
setup; yet practically it possesses great challenges for an apparatus on a commercial

or an industrial scale.

Another alternative is to use an incompressible fluid like air in a PVT-PCM assembly.
Despite the poor thermophysical properties of air, the air-based systems are practically
preferred for lesser use of materials, low operating cost than water-based systems,
there is a diverse utilization of air in the industrial processes, and it is also a clean

transport fluid.

In this aspect, (Su, Jia, Alva, et al., 2017) proposed two different configurations of PVT-
air-collector having PCM installed either below the backplate or below the air channel.

Their results have concluded that the configuration having a PCM below the airflow is
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not feasible because it shows an unstable behavior of overall efficiency during the
whole day. In contrast, the configuration having PCM material installed below the
backplate; quite near to the PCM material, offers higher stability, energy production,
and thermal heat gain. However, (Su, Jia, Alva, et al., 2017) have only focused on the
analysis of one day to deduce the results. The work (Su, Jia, Alva, et al., 2017)
considered a PCM material having a melting peak at 280C which can lead to the non-
favorable PCM operational hours under dynamic performance. (Su, Jia, Alva, et al.,
2017) consider the climatic data conditions of Nanjing, China which is humid subtropical
(Cfa) (Pidwinry, 2011) climatic region, and the applicability of this configuration for other
climatic regions is still dubious. Moreover, the work presented no details on the

selection of a PCM material for these configurations.

Therefore, in this work, the prime novelty is to utilize the best configuration of (Su, Jia,
Alva, et al., 2017) by identifying the gaps and enhancing the analysis using advanced
thermodynamic analysis including exergy, entropy, environmental, economic,
enviroeconomic, exergoenvironmental and exergoenviroeconomic analysis. Another
novelty of this work is to focus on the Mexican climatic conditions to contribute towards
the 2030 national agenda. Finally, one of the major contributions of this research
towards the existing repository of this area is to provide a methodology systematically

on the selection of PCM material for Mexican climatic conditions.

It is an on-going debate on the optimal PCM selection depending on the weather
conditions. In this aspect, (Ma et al., 2018) presented a detailed mathematical model
of a PV panel along with its sensitivity analysis. Their results reported that the two-
dimensional analysis demonstrates that the peak temperature increases to about 5°C
for every 100 W.m2 increase in the solar radiation, and the optimal performance of the
PCM can be attained when its melting point is slightly higher (about 5°C) than the
ambient temperature. (Smith et al.,, 2014) provide a global insight into the energy
generated by the photovoltaic panel considering the climatic data. They evaluated that
the annual PV energy output is increased by ~6% for regions in Mexico and eastern
Africa by using the optimal PCM melting temperature. They also reported that year-
around dynamic climatic behavior might lead to durations when the optimal PCM

melting temperature might not meet; however, the sub-optimal melting temperature still
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produces an enhanced energy output. (Zhao et al., 2019) presented a year-around
performance analysis of the PV with PCM and analyzed five PCM material of various
melting ranges and the results indicate that those systems perform diversely under
different weather conditions and seasons. They suggested that the PCM with a high
melting temperature range usually performs well in summer but hinders heat transfer
in winter since it will not be melted in the cold days which can lead to higher PV
temperature. For a PCM having a low melting temperature range, it can perform better
in winter, but it will be easily melted in the summer. Therefore, the study suggested

using the PCM20 system for optimal performance.

Likewise, little research is carried on the climatic applicability of the PVT-PCM
collectors. One such work is carried out on a PV-PCM configuration by (Khanna et al.,
2018a). However, this analysis is not considered based on climatic classification (i.e.
Kb6ppen climate classification) nor it is for a PVT collector integrated with a phase-
changing material. Their results have reported that the climatic regions having lower
temperature fluctuations are suitable for the PCM integration, the heat extraction from
the PV panel is more productive in a warm climate as compared to a cold climate, low
wind-speeds are favorable for PCM integration, and climatic regions having higher solar
insolation is also more productive for PCM.

Based on the established literature gap (refer to Table 1.1), it is identified that PVT-air-
collector with PCM is hardly analyzed for weather conditions based on the advanced
thermodynamic analysis. Additionally, no research of this kind is considered for the
local climatic conditions of Mexico. Therefore, in this work, the authors have analyzed
a PVT-air-collector with PCM for the Mexican climatic conditions. The system
configuration is presented in Fig. 1.3 which is the most suitable as presented by (Su,
Jia, Alva, et al., 2017). The photovoltaic panel is attached at the top of this assembly,
followed by an aluminum backplate, a phase changing material, air channel, and
insulation. A physical model based on energy analysis is established to deduce the
system performance in terms of thermal heat gain, electricity power production, and
overall efficiency. The prime objective of the work is to identify the most viable (in terms
of thermal, economic and environmental performance) PCM material and quantity for

the three climatic conditions of Mexico i.e. Savana (Aw), semi-arid (BSh) and highland
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(Cwb) climates (Pidwinry, 2011). The work is enhanced by the usage of

enviroeconomic, exergoenvironmental, and exergoenviroeconomic analysis.

Photovoltaic panel
Back plane

Phase changing material

Air outlet

Air channe] ——>»

Air inlet

Insulation

Y,

Fig. 1.3. Schematic diagram of the PVT air collector with PCM.
1.3 Hypothesis

The selection of a phase-changing material is dependent on local climatic conditions
and the optimal phase-changing material can have viable thermodynamic performance

indicators.
1.4 General objective

To apply the advanced thermodynamic tools assisted with a heat transfer analysis for
an efficient, economical, and environmental-friendly photovoltaic thermal management

with the usage of phase-changing material.
1.4.1 Specific objectives

1. To develop a mathematical model of the photovoltaic-thermal air collector
integrated with a phase-changing material.
To resolve the governing mathematical model with an appropriate numerical model.
To select the best phase-changing material given the climatic conditions in Mexico.
To carry out a yearly analysis to evaluate the thermal performance for the most
suitable phase changing material for each dominant Mexican climatic zone.

5. To evaluate the economic feasibility of the PVT-PCM assembly.
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Table 1.1. A literature review on PVT PCM technology.
Type of
Type of L
Type of . working phase.- Duration of | Location of Climatic
Reference Type of analysis . changing X . . . zone?
Collector fluid material analysis? experimentation/analysis?
analyzed?
analyzed?
(Preet et al., PVT-PCM Energy analysis Water Paraffin wax | One day Beant -
2017) RT-30 College of
engineering and
technology,
Gurdaspur, India
(Hossain et al., | PVT-PCM Energy analysis, | Water Lauric acid One day University of Malaya, -
2018) Exergy analysis, 59990, Kuala Lumpur,
and Economic Malaysia
analysis.
(Malvi et al., PVT-PCM Energy analysis | Water Paraffin wax | One day University of Leeds, LS2 | -
2011) 9JT, United Kingdom
(Modjinou et al., | PVT-PCM Energy analysis Water Macro- Two days Hefei (latitude 31°N; -
2019) encapsulated | (January longitude 117°E), China
PCM 10, 2018
and April
09, 2018)
(Gaur et al., PVT-PCM Energy analysis Water Bio OM37 Two days Lyon, France -
2017) PCM (February
20, and
July 08)
(Yuan et al., PVT with Energy analysis Water Parameters Two days | Hefei (latitude 31°N; -
2018) macro- are of longitude 117°E), China
encapsulated mentioned December
PCM but its type is | 2017 and
not January
mentioned. 2018.
(Fayaz, Rahim, | PVT-PCM Energy analysis Water Paraffin 24 hours University of Malaya, -
Hasanuzzaman, (commercial 59990, Kuala Lumpur,
Rivai, et al., code A44- Malaysia
2019) PCM)
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(Hosseinzadeh | PVT-PCM Energy analysis, | Water Organic Selected Ferdowsi University -
etal., 2018) and Exergy paraffin wax | days in of Mashhad, Iran
analysis. August
and
September
(Kazemian et PVT-PCM Energy analysis, | Water, Paraffin wax | 9:30 a.m. Ferdowsi University of -
al., 2018) Exergy analysis, | ethylene to 3:30 Mashhad, Mashhad, Iran
and Entropy glycol and p.m. on
analysis. their selected
mixture days in
August
(Su, Jia, Lin, et | PVT-PCM Energy analysis Water Paraffin wax | One day Nanjing, China -
al., 2017) (a reference
to [17])
(Khanna et al., PVT-PCM Energy analysis Water RT 25 HC - - -
2018b) PCM
(Su, Jia, Alva, PVT-PCM Energy analysis Air The 08:00 to Nanjing, China -
etal., 2017) parameters 17:00
of the PCM hours
are
mentioned
but its exact
name is not
mentioned.
(Z. Lietal., PVT-PCM Energy analysis Water Paraffin wax | 18th to Building roof in the -
2019) 19t of July | campus of Shanghai Jiao
2018. Tong University,
Shanghai, China
(31°1"14"N,
121°26"11"E)
This work PVT-air- Energy analysis, | Air Tested Yearly Three different locations Three
collector with | Exergy analysis, different equivalent | (Campeche, Monterrey, different
PCM Entropy PCM analysis and Mexico City) climatic
generation rate, materials to zones
etc. find the most (Aw,
viable option. BSh,
and

CWh)
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CHAPTER 2. MODELING SETUP

The mathematical model of the PVT air collector integrated phase-changing material is

developed based on several assumptions which are listed here:

1 The properties of the different materials of the collector are homogenous throughout
its construction (Modjinou et al., 2019; Preet et al., 2017).

2 Thermophysical properties of air at any cross-sectional area remains the same;
however, they vary with respect to its flowing direction depending upon its
temperature (R. Tariq et al., 2018; Rasikh Tariq et al., 2019).

3 Solar radiation is equally distributed on the surface area of the photovoltaic panel
(Preet et al., 2017; Rasikh Tarig, Sheikh, et al., 2018).

4 The temperature and thermophysical properties are constant within the boundary
of control volume for the converged results.

5 Conduction is the dominant mode of heat transfer inside the PCM (Yuan et al.,
2018).

6 The melting and freezing phenomena of the PCM is symmetric (Fayaz, Rahim,
Hasanuzzaman, Rivai, et al., 2019).

7 There is no dust or other deposits on the top of the photovoltaic panel (Preet et al.,
2017).

2.1 Physical model based on energy balance

The energy balance on the photovoltaic panel is given by:

(ppv 5\/,3\, )Cp’pv GTEV _ S- hconv,Pv —amb (TPV _Tamb ) - hradPV—Sky (TF’V _TSky ) 528X (2.1)
ot -U PV —back plane (TPV _Tback plane ) —-EPP

PV

The convective heat loss coefficient from the PV panel to the ambient is given by

Neony pv_amp = 9-8 + 3.7V, (McAdams, 1954). The radiative heat loss coefficient from the
PV panel to the sky is given by: N oy gy =& 0| Toy +Toy |[Tow +Tay | with

amb

Ty = 0.0375T.° +0.32T,,, (Maetal., 2018). The electrical power production is given
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in terms of the temperature of the photovoltaic panel and the reference temperature for
the design conditions. It is given as (Skoplaki & Palyvos, 2009; Wang et al., 2019):

EPPoy =176y e [1-Br (Toy —Tor)] (2.2)

where, 7,, . is the efficiency of the PV panel under the reference temperature T,

which is 25°C and Br is the temperature coefficient of the PV module. These values

Mever and Br are often specified by the manufacturer; therefore, the term
ey e L= BI (Tey, = T,1)] corresponds to the efficiency of the photovoltaic panel for its

operating temperature T,, .

The energy balance on the backplate is given by:

oT (1-apy )S+U

back plane

SV PV -back plane (TPV _Tback plane)
(’Dback plane " back plane )Cp,back plane af

= 0ZOX

"~ back plane—PCM 1 (Tback plane _TPCM ’1)

The effective heat capacity model is utilized for the analysis of the PCM which includes
its evaluation of properties during the solid, mushy as well as liquid phase. This effective
heat capacity can be calculated depending upon the phase; thus, given by (Jiménez-
Xamén et al., 2019):

Cp(eff),PCM =
[SOlid phase] Cois)pem TPCM < (Tm,PCM - ATPCM)
C +C H
[MUShy phase] PPy PPN + —latent (Tm,PCM - ATPCM) SToew < (Tm,PCM + ATPCM)
2 ZATPCM
[I—iqUid phase] Corypem TPCM > (Tm,PCM + ATPCM)

where C, . pcw COrresponds to the effective heat capacity either for solid, mushy, or
liquid phase, and T .., is the melting temperature of the PCM. Eq. (2.4) must only be

applied after evaluating the temperature of the PCM which can be calculated by
applying the energy balance on each layer. Following this, the first layer of the PCM

has two types of conductive heat losses. The first one is a conductive heat loss from

(2.3)

(2.4)
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the absorber plate to the first layer of the PCM. The second one is also a conductive
heat loss from the first layer of PCM to the interface of PCM 1 and PCM 2. In this way,

the energy balance is given by:

aTPCM,1 _ Uback plane—PCM 1 (Tback plane _TPCMJ) 525X

(p(eff)PCM,lé\/PCM,l) CoefpeMas = (2.5)
o -U PCM,1-PCM,2 (TPCM,l _TPCM,Z)
(,0 SV )C 5TPCM'2 UPCM,l—PCM,Z (TPCM,l _TPCM,Z) 575X
(eff)pcM 29 Vpem 2 ) YpeffypeM2 T A7 T 2.6
ot __U PCM,2-PCM,3 (TPCM,Z _TPCM,S )_ (2.6)
(,0 SV )C aTPCM 3 UPCM,Z—PCMB (TPCM,Z _TPCM,S) 575X
(eff)pcM 30 Vpem 3 | Ypeffipems T A7 T 27
ot __UPCM,3—PCM,4 (TPCM,S _TPCM,4 )_ 2.7)
aTPCM4 UPCM,3—PCM,4 (TPCM,3 _TPCM,4)
(p(eff )PCM ,4WPCM,4 )Cp(eff )PCM 4 T = 6ZoX (2.8)
__U PCM,4-PCM,5 (TPCM,4 _TPCM,5 )_
(p SV )C anCM15 UPCM,4—PCM,5 (TPCM,4 _TPCM,S) 575X
(eff)pcM,59VPems | “pefiypem,s T 7 T 29
ot _UPCM,S—air (TPCM,S _Tair ) ( )

It can be considered that the specific heat at the inlet and the outlet of the air channel
remain the same because of the low range temperature operating condition. The

energy balance on the air channel is given as:

(Paircp,air )a;%ir §Z5X5y = |:UPCM,5—air (TPCM,S _Tair )_Uair—ins (Tair _Tins ):I 026X

+m_c. .. T -m_c. T

air ~“p,air " airinlet air ~p,air " air ,outlet

(2.10)

Since the temperature at the outlet of the control volume T, .., is not directly known.

It can be converted into the nodal temperature and the inlet temperature using the
=2T. -T

approximation:T,, =0.5[T,; ;e ar — Varoutet- 1NE coONvective

+Tair,out|et] or T

air ,outlet
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- . : . : K, Nu
heat loss coefficient in the air channel is calculated using h. .. = Da"/2 . The
h

hydraulic diameter is divided by two because h is referenced from the center of

conv ,air

the channel to either side. It is given by: D, =2ab/(a+b). The Nusselt number is
given for constant heat flux, rectangular channel, and fully developed flow condition i.e.
Nu =8.235[1-1.893(b/a)+3.76(b/a)* —5.814(b /a)’ +5.316(b/a)" ~2(b/a)° | (Iv &
Lienhard, 1986; Jesumathy et al., 2012).

Finally, an energy balance on the back insulation can be written as:

oT. Uair—ins (Tair _Tins )
(Ioins é\/ins )Cp,ins = = 026X

Ot | “Nomyins-ams (Tie = Tamp ) ~ Meagins sty (Tins — Tt ) (2.11)

The convective heat transfer coefficient from the insulation to the ambient is calculated

using: h =5.8+3.7v,,,, (Jesumathy et al., 2012) and the radiative heat loss

conv ,ins—amb
coefficient from the insulation to the ambient is calculated using:

h = 2050 Te +Tay |[ T + Ty | (McAdams, 1954).

rad,ins—sky ins ins sky

2.1.1 Numerical setup

The developed mathematical equations are formulated numerically using first-order

accurate, explicit, time-marching forward finite difference formulation. The discretized

formulation:
1 n+. i i — i 1 n+ I
anV _ Tp\/- T ol aTback plane _ Tback plane Tback plane | aTPCM,l _ TPCM,l _TPCM,lE .
ot At ©oat At oot At ’
a-I-PCM,Z — TPICM 2 TPICM 2. 8-I-PCM 3 — TPICM 3- TP|CM 3. a-I-PCM 4 — TPICM 4 TPICM 4 . (212)
ot At ot At Coat At ’
aTPCM,S TPICM 5 TPICM 5 . aTa Tallrm Taler aT -I-lrl1sm TnlwsH

ot At ot At "ot At
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are plugged into the mathematical model. After an extensive mathematical derivation,
the following matrix is evolved which can give the temperature plots provided it is

converged.
i
i 1 Tey o
A3 A4 AS 0 0 0 0 0 0 back plane C2
0 AL A A 0 0 0 0 0] Teu™ C,
0 0 A A A 0 0 0 0 TPiCM,Z C4
° 0 0 A A A 0 0 0 TFi’CM,S = C5 (2.13)
0 0 0 0 As Ag A, O 0 T C,
PCM,4
O 0O O 0 0 Ay A, A, O - C,
O 0 O o0 0 0 A, A, A, PC‘M C,
TI. n+
0 0 0 0 0 0 0 air C
_ Au Aa]l c,|

2.1.2 Performance metrics of energy analysis

The net-monthly-electrical-power-production of the PVT-air-PCM is calculated by
subtracting the electrical consumption from the blower from the monthly-electrical-

power-production. It is given by:

net electricity production

last day of the month

NMEPP = > [AxEPP,, —CEP,

blower

], x10° (2.14)
day

first day of the month

The area of a photovoltaic panel A is multiplied with EPP,,, to express the units of the

term AxEPP,,in W. The term CEPR,

blower

is the electricity consumption by the blower

and its calculation procedure is mentioned in the author’s previous work (Rasikh Tariq

& Sheikh, 2018). The term [AxEPP,, —CEP,,.. | represents the net electricity

production by the photovoltaic assembly. Finally, it is multiplied with 10-3; thus, NMEPP
is expressed in kW. h (Stropnik & Stritih, 2016).
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This performance parameter characterizes the heat gain to the air across the thermal
collector (called monthly-thermal heat gain) which can be accumulated over the whole
year. It is calculated using:

last day of the month

MTHG = z maircp,air I:Tair,outlet _Tair,inlet :'day X1073 (215)

first day of the month
Each of the electrical and the thermal part of the collector is characterized based on its
efficiency. The monthly-averaged electrical efficiency is defined as the net electrical
energy production per unit of the input heat gain for the whole year. It can be written
as:

=100x

(2.16)

nenergetic,monthly,electrical

last day of the month |:A x EPPPV _ CEPblower :|
day

first day of the month IT

The monthly thermal efficiency 7.nergetic.montny memar 1S d€fined as the total thermal heat

gain per unit of the input heat gain from the solar radiation, written as:

77energetic ,monthly thermal air ~p,air

first day of the month

last day of the month T. -T. .
_ 100 % Z m.. c { alr,outletI air ,inlet j| (2 17)
T day

2.3 Entropy

The yearly averaged entropy generation rate of the collector can be obtained using:

363 E.Xloss
Yearly entropy generation= " (2.18)
day=1 amb

day

2.2 Exergy analysis

The exergy viewpoint gives the usefulness of the energy analysis; thus, enhancing its
applicability. It can be developed for a PVT-air-PCM collector by utilizing net exergy
balance on the overall control volume which can include three different rates of exergy
i.e. the rate of exergy at the inlet, the rate of exergy at the outlet, and the rate of exergy
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loss. The objective of exergy analysis is to find the exergy losses in the PVT-air-
collector. Considering, the inlet exergy of the control volume to be positive and the

outlet exergy to be negative, the exergy balance can be written as:
EXioss = EXsun —EXepp — (EXair,out — EXair,in } (2 19)

The terms appearing in this equation are calculated as follows:

1 The radiation exergy rate which is an input to the collector can be computed by

applying the theorem of (Petela, 2003, 2008) as:

4
: 4(T 1(T
EXsun = 1-— —amb. + — —amb. .
TAPV{ 3[Tsun] 3£Tsun] ]
2 The electrical power production from the photovoltaic panel is a pure form of energy
and it is a useful rate of work. Therefore, the net electrical power production

multiplied by the area of the PV panel is actually Exepe . Thus,

Exere = A, xEPP —CEP,

blower *

3 The exergy flow [E.Xair,out— E.Xair,inj is calculated using the enthalpy and entropy at
the inlet and outlet state points of the collector using:
EXair out — EXairin = My Cp [(Tair,out —Tair,m)—Tamb In(Tair'out I Ty in )]

The exergy rate equation can be written in terms of the whole year as follows:

. 365 . . . .
EXoss yearty = Z |:Exsun —EXepp — (Exair,out — EXair,in ]i| (220)

day=1 day

The equation is accumulated over time; therefore, the units of EXiossyeary are W. h.
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The yearly exergetic efficiency is written as:

365

nexergetic,yearly = 100 X Z

day=1 EXsun

EXepp + (EXair,out — EXair.in j / correction factor

(2.21)

day

The flow exergy is divided by the correction factor to bring the equivalence owing to the
electrical power production and the thermal heat. It signifies that the correction factor
is the heat-to-electricity conversion efficiency which, by average, is 35% among
Mexican power plants (Electricity Sector Outlook 2017-2031, Secretaria de Energia
(SNER), Mexico, 2017).

2.4 Exergetic sustainability index

The efficient use of energy resources for a minimum environmental footprint and
maximum social ease can ensure sustainable development. In this regard, exergy
analysis serves as a systematic approach to reduce the negative impact of
overconsumption of available energy resources. It is defined as follows:

. . e 2.22
Exergetic sustainability index= ( )

- nexergetic,yearly

It is desired to have a PVT-air-collector having a higher exergetic sustainability index.
2.5 Life Cycle emissions of CO>

The environmental analysis is accompanied by the life-cycle analysis which yields that
the COzemission factor for the solar collector which is 4.35x1072 kgco2. kW-1.h1 (Milousi
et al., 2019). The life-cycle CO2 emissions of the collector can be calculated using:

Life cycle emissions of CO,=Emission factor of CO, (2.23)

MTHG
correction factor /.

last month

Y (NMEPP +

first month
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2.6 Enviroeconomic factor

COz2, being an element of having global warming potential, therefore, carbon pricing
can be an effective method to cut its emissions. In this regard, enviroeconomic analysis

is defined as:

Enviroeconomic parameter=Life cycle emissions of CO, x Emission price of CO,  (2.24)

(Caliskan, 2017) reported that the emission price of COz is 0.0145 USD. kg'co2 ($0.28
MXN. kg-co2).

2.7 [Exergoenvironmental factor

The exergoenvironmental analysis is like the conventional environmental analysis
where the energy consumption duration is accounted for. However, the

exergoenvironmental considers the exergetic usefulness-based COzvalue is written as:

Exergoenvironmental parameter=Emission factor of CO, (2.25)

% laﬁﬁmh E'XEPP + EXair,ouf — EXairin
first month correction factor

month

2.8 [Exergoenviroeconomic factor

The exergoenviroeconomic factor is an amalgam of enviroeconomic (cost of carbon
pricing) and exergoenvironmental factor. It is a new tool to assess the CO2 emission
considering the exergetic results of the system Therefore, this parameter not only
includes the first law of thermodynamics but the second law of thermodynamics, as

well. It is given by:

Exergoenviroeconomic parameter=Exergoenvironmental parameter (2.26)
x Emission factor of CO,

It gives the exergetic price of CO2 emissions.
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2.9 Economic analysis

The economic assessment of the PVT-air-PCM collector is carried out based on the
life-cycle-cost, Levelized cost of energy, and the payback period for each of the
considered locations. It is given by:

1. The life cycle cost of the PVT-air-collector is calculated through a cost balance over
the whole life period. It includes a balance of the initial cost, operation, and
management (O&M) cost, energy cost, and the salvage value. It can be written as
(Sohani et al., 2018; Sohani & Sayyaadi, 2020):

LCC = -Initial cost - O&M cost - Replacement cost + Energy cost + Salvage value (2.27)

2. The Levelized Cost of energy can be calculated using the Present Worth of Capital
Cost PWCC which only includes the life-cycle costs, given Dby:
PWCC = Initial cost + O&M cost + Replacement cost - Salvage value (Sohani et
al., 2018). The PWCC must be converted into a Total Annual Cost TAC to calculate
the Levelized cost of energy. Therefore, the Capital Recovery Factor CRF can be
used to project the present worth of the capital cost into a total annual cost i.e.
TAC =CRFxPWCC (Raman & Tiwari, 2008). Finally, the Levelized Cost of energy
can be calculated using (Tripathy et al., 2017):

last month

LCOE= TAC/

2.28
(NMEPP + MTHG j ( )
month

correction factor

first month

3. The third economic indicator is the payback period which refers to the number of
years that takes the cash flow to become equal to the cash flow i.e. the breakeven
point is achieved. It considers the sum of annual cash flows and the initial
investment (Mohammadi et al., 2018). Therefore, the Net Present Value (NPV) is
given by (Herrando et al., 2018, 2019):

1+i

inflation

1 number of years (2.29)
NPV = -Initial cost + Life cycle saving- . 1—( ]
discount Iinﬂation

1+ Idiscount
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Eq. (2.29) gives the payback period when the NPV is zero i.e. approaching the
breakeven point (Sohani et al., 2017).

The calculation details of initial, O&M, replacement, and salvage costs are presented.
The one-time initial cost consists of the equipment cost, transport cost, and installation

cost. Itis given by:

Initial cost= Equipment cost + Transport cost + Installation cost (2.30)

Equipment cost is the price of the entire PVT-air-PCM assembly involving construction

specifications (see Table 2.1) and the initial cost is presented in Table 2.2.

Table 2.1. Equipment cost.

No. Component Price [MXN-Mexican Pesos]
1 PV cells $500.001:2

2 Inverter $1,271.00%:2

3 Absorber plate $120.007

4 Phase changing material $1825.243

6 Insulation $300.002

7 Casing $800.002

8 Structural frame $1,200.00?

9 Blower $842.81 (Dincer et al., 2017)
10  Air filter $150.00 2

11 Intake air grill $70.00 2

12 Outlet air grill $90.00 2

13 Cables $600.007?

14  Circuit breakers $800.007

15 Overhead cost 15%

16  Equipment cost $11,004.41

1The scaled-down unit price of PV cells and inverter (considering an array-to-invertor ratio of 1.20).
2Quoted from a local manufacturer for the specification’s details mentioned in section 4.
3 The price of PCM is referenced from (Bland et al., 2017) and approximated for the subject case.

Table 2.2. Initial cost.

No. Item Cost

1 Equipment cost  $11,004.41

2 Installation cost! $800.00 (Mexico City)
$900.00 (Monterrey)
$800.00 (Campeche City)

3 Transport cost’  $500.00 (Mexico City)
$800.00 (Monterrey)
$500.00 (Campeche City)

4 Initial cost $12,304.41 (Mexico City)
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$12,704.41 (Monterrey)
$12,304.41 (Campeche City)

1 Quoted from local manufacturers of each city.
2 Considers the charges of the freight.

The operation and maintenance cost involves the maintenance of the equipment and
property taxes. The salary of the operator is different for each location, the annual
maintenance cost is 5% to the first annual cost (Rasikh Tariq, Sheikh, et al., 2018), and
the property tax is ignorable considering a smaller area of the occupied land. The

details are presented in Table 2.3.

Table 2.3. Operation and Maintenance (O&M) cost.

No. Item Cost

3 First Annual cost?! $1,355.55 (Mexico City)
$1,399.62 (Monterrey)
$1,355.55 (Campeche City)

4 Annual maintenance cost? $67.77 (Mexico City)
$69.98 (Monterrey)
$67.77 (Campeche City)

5 O&M cost3 $615.22 (Mexico City)
$635.22 (Monterrey)
$615.22 (Campeche City)

1+,

number of years
interest )

— OlCRF: Iinterest (
(1+i

;First annual cost = CRF x Initial cost (Maatallah et al.,

Iinterest
interest

2019; Raman & Tiwari, 2008)
2 Annual maintenance cost = 0.05 x First annual cost (Rasikh Tarig, Sheikh, et al., 2018)

. number of years
( interest )

)number of years

3 O&M cost =Annual maintenance cost

(Tripathy et al., 2017)

. number of years
1+ iierest )

I interest ( interest

The replacement cost of the material/equipment is evaluated for the phase changing
material and invertor. By an approximation, at least two inverters are needed for a
photovoltaic panel during its lifetime which can be replaced at its midlife. Similarly,
(Mengjie et al., 2017) suggested that the thermal life cycles of PCMs can be lower than
1500 times; therefore, a PCM can be replaced after 4 years. As a result, the cost of
both items is included over the life span as prescribed by (Tripathy et al., 2017). As a
general observation, the inflation rate of a city influences the future replacement cost.
Therefore, the following equation gives the present value of the replacement cost

considering the inflation rate (Sohani et al., 2018):
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1
Replacement cost = Invertor cost[(

. replacement year-1
+ Iinflation )
(1+i

replacement year
interest )

(1+ iinflation
T +PCM cost
(1+ i

interest

)first replacement year-1 )Iast replacement year-1

interest

(1+ iinflation
+PCM cost
(1+i,

)first replacement year )Iast replacement year

The average inflation rate of Mexico City, Monterrey, and Campeche City 5.14, 4.69,
and 4.53% (INEGI, 2014). The salvage value is the income generated from the
equipment at the end of its useful life. It is equal to the 15% (Sohani et al., 2018) of the

initial cost whose present value; written in terms of the interest rate, is as follows:

0.15xInitial cost (2.32)

. number of years
(1+Iinterest )

Salvage value =

The energy cost is the income generated for the PVT-air-PCM collector by selling the
electricity and the thermal heat. The federal electricity commission (CFE) of Mexico has

a different type of domestic electricity tariffs c,, depending upon the locality and is also

variable depending upon the month of the year. Therefore, the averaged tariffs are
0.771 MXN/(kW. h) for Mexico City (plan: 1, limit: basic consumption), 0.794 MXN/(kKW.
h) for Monterrey and Campeche City (plan: 1C, limit: basic consumption) (CFE
(Comision Federal de Electricidad), 2018). The energy generated by the collector is
considered equivalent to the amount of heat that can be generated from the combustion

of natural gas, merely for the calculation procedures. It ¢, is 0.38 MXN/(kW. h) (CRE,

n.d.). Naturally, photovoltaic panels degrade over their lifetime; therefore, a degradation
rate of 10%, 20%, and 30% is considered in the 0-10, 11-20, and 21-25 years,
respectively. Thus, the energy cost can be written as (Kalogirou, 2009):

( " ] t t )number of years-1 last month st monh
_ interes
Energy cost =-~—— ~ambersiyears| Ce (NMEPP)  +c,, >, (MTHG)

(1+ lgiscount ) first month month first month month

(2.31)

(2.33)
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CHAPTER 3. VALIDATION OF RESULTS

(Su, Jia, Alva, et al., 2017) presented a performance analysis of three different
configurations of photovoltaic air collectors. Two of the configurations are equipped with
phase changing material and the last configuration is a conventional PVT air collector.
The design parameters are presented in Table 3.1 and Table 3.2. The authors carried
out the analysis for a typical summer day of Nanjing, China from the duration of 07:00

to 18:00 hours which is presented in Fig. 3.1.

The results of the analysis; given the solar data and the design parameters, are
presented in Fig. 3.2. Itis reported that our results have high conformity with the results
of (Su, Jia, Alva, et al., 2017) for the configuration having upper PCM; since both of
them are simulation works. With this confidence, the authors can conclude that the
developed model can correctly predict the performance of a PVT-air-PCM collector for

further deductions.

Table 3.1. Characteristics of the PVT collectors analyzed by (Su, Jia, Alva, et al., 2017).

Parameter Value
Length of PV module, m 15
Width of the PV module, m 1
Height of pipe, m 0.05
Wind velocity, m. st 2
Specific heat capacity of air, kJ. kgt. K1 1.005
Mass flow rate of air, kg. s* 0.05
Thickness of PCM 0.05
Moy ref [] 0.12
Br k1 0.0045

Table 3.2. PCM material considered by (Su, Jia, Alva, et al., 2017).

Parameter Symbol  Value
Temperature of fusion [°C] ATy 28
Latent heat capacity [J. kg] H 210000

latent

Specific heat capacity [J. kgt K-1] Cy o) 29002100

Thermal conductivity [W. m-1. K] kp(s) kp(l) 0.24 0.15

Density [kg. m=3] Potsy Pt 860 780
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Fig. 3.1. Solar data of Nanjing, China is taken as an input for the analysis of (Su, Jia, Alva, et al.,

2017).
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Fig. 3.2. Validation of the current study by comparison with the results of (Su, Jia, Alva, et al., 2017)

, (b) photovoltaic efficiency, and (c) electrical power.

considering (a) temperature of the solar cell
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CHAPTER 4. SIMULATION DETAILS

The prime focus of this work is to analyze the PVT-air-PCM collector for the Mexican
climatic conditions. As per Képpen's climate classification (Kottek et al., 2006), Mexico
has 15 climatic zones and the dominant are Aw, BWk, BWh, BSh, Cwb, and BSk.
However, the population is unevenly distributed in the country where the climatic zones
BWKk, BSk, and BWh are underpopulated and climatic zone: Cwb; Mexico City, is
densely populated. Therefore, the work considers three climatic zones (Aw, BSh, and
Cwb) to cover the maximum Mexican territory along with the population-dense regions.
The selected cities are Mexico City (19.4326° N, 99.1332° W), Monterrey (25.6866° N,
100.3161° W) and Campeche City (19.8301° N, 90.5349° W) which are in climatic
zones Cwb (highland), BSh (semi-arid), and Aw (Savana) respectively. The collector is
assumed to be south-facing and is placed at an optimal tilt angle i.e. Mexico City: 17°
(Jacobson & Jadhav, 2018), Monterrey: 22.6° (Charles R., 2017a), Campeche: 17.2°
(Charles R., 2017b).

Representative weather data of each month (Duffie & Beckman, 2013) of the whole
year for each location is extracted from TRNSYS (Klein, 2010) and it is presented in
Fig. 4.1. From observation, it is reported that Campeche City has the highest ambient
temperature and solar radiation, followed by Monterrey and Mexico City.

The analysis considers a selection procedure of different phase-changing materials and
their thermophysical parameters are presented in Table 4.1. Similarly, the
thermophysical parameters of the photovoltaic panel, backplane, air channel, and the
insulation are presented in Table 4.2.

Table 4.1. Thermophysical properties of phase-changing materials.

Parameter Symbol RT35HC 2 RT28HC:? RT25HC*
Temperature of fusion [°C] AToepm 34-36 27-29 22-26
Latent heat capacity [J. kg] H ent 240000 250000 210000
Specific heat capacity [J. kgt K] Cusy  Cpy 2000 2000 2000 2000 2000 2000
Thermal conductivity [W. m-1. K] Ky Koy 02 02 02 02 02 02
Density [kg. m] Py Ppay 8802 7702 880 770 880 770

Thickness [m] tocm 0.03!
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1 Optimal thickness as reported by (Su, Jia, Alva, et al., 2017).

2 (Abdelrahman et al., 2019; Kant et al., 2016)

3 (Data Sheet RT28HC Rubitherm Technologies GmbH Imhoffweg 6 D-12307 Berlin E-Mail:
Info@rubitherm.Com Internet: Www.Rubitherm.Com., 2020)

4 (Data Sheet RT25HC Rubitherm Technologies GmbH Imhoffweg 6 D-12307 Berlin E-Mail:
Info@rubitherm.Com Internet; Www.Rubitherm.Com., 2020)

Table 4.2. Thermophysical properties of a photovoltaic panel, backplane, air channel, and insulation.

Parameter Value Reference

Photovoltaic panel*

Length [m] 1.96 (PerfectHome Solar Panels, 2020)
Width [m] 0.99 (PerfectHome Solar Panels, 2020)
Thickness [m] 0.035  (PerfectHome Solar Panels, 2020)
Density [kg.m-?] 2330 (Jones & Underwood, 2001)
Thermal conductivity [W.m-1, K-1] 148 (Lu & Yao, 2007)

Emissivity [-] 0.91 (Hammami et al., 2017)

Specific heat [J. kg*. K1] 677 (Jones & Underwood, 2001)
Absorptivity [-] 0.8 (Shan et al., 2014)

Moy et [] 0.1726 (PerfectHome Solar Panels, 2020)
Br [ok-1 0.004  (PerfectHome Solar Panels, 2020)
Back plane?

Thickness [m] 0.0005 (Shan et al., 2013)

Density [kg.m-3] 2698 ¢

Thermal conductivity [W.m1. K1] 225.94 5

Specific heat [J. kgt. K1] 921 6

Air channel

Mass flow rate [kg. s1] 0.05 (Su, Jia, Alva, et al., 2017)

Height of the channel [m] 0.05 (Su, Jia, Alva, et al., 2017)
Density [kg.m3] 1.29 7

Thermal conductivity [W.m1. K1] 0.025 8

Specific heat [J. kg, K] 1004 9

Insulation?®

Thickness [m] 0.05 (A. Tiwari & Sodha, 2006)

Density [kg.m-3] 120 (Bai & Bai, 2014)

Thermal conductivity [W.m1. K-1] 0.035  (Greenspec, 2020)

Specific heat [J.kgt. K] 1030 (Greenspec, 2020)

1 The polycrystalline cells based module (code: PC335-72P) is manufactured by Perfecthome solar
panels (PerfectHome Solar Panels, 2020).

2Material: Aluminum.

3 Material: Glass mineral wool.

4 (Thermtest Instruments, MATERIALS THERMAL PROPERTIES DATABASE, 2020a)

5 (Thermtest Instruments, MATERIALS THERMAL PROPERTIES DATABASE, 2020b)

6 (Thermtest Instruments, MATERIALS THERMAL PROPERTIES DATABASE, 2020b)

7 (Thermtest Instruments, MATERIALS THERMAL PROPERTIES DATABASE, 2020b)

8 (Thermtest Instruments, MATERIALS THERMAL PROPERTIES DATABASE, 2020b)

9 (Thermtest Instruments, MATERIALS THERMAL PROPERTIES DATABASE, 2020b)
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Fig. 4.1 Distribution of (al) Solar radiation, (a2) ambient temperature and wind velocity, of Mexico City,
(c2) ambient temperature and wind velocity of Campeche City.

(b1) solar radiation, (b2) ambient temperature and wind velocity, of Monterrey,
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5.1 Selection of the most suitable phase-changing material

Understandably, each climatic zone has a unique climatic characteristic formed by its
elevation, location, ambient temperature, solar radiation, wind velocity, humidity among
too many other factors. As a result, a PCM having known thermophysical
characteristics (fusion point, specific heat, thermal conductivity, latent heat) can or
cannot be suitable to the unique climatic dynamics of a location. Hence, it is quite
important to select the right PCM for the right climate. Thus, in this section, a systematic
selection procedure of the phase-changing material is presented for each of the city
considering its variant climatic behavior. Simulations are carried out on three different
PCMs (RT35HC, RT28HC, and RT25HC) for each of the city (Mexico City, Monterrey,
and Campeche) and the results are presented in Fig. 5.1. The analysis is supported by

the melting percentage of each PCM to justify its physics for each climatic dynamic.

Fig. 5.1(al, b1, and c1) shows the temperature of the photovoltaic panel without PCM
along with PCM RT35HC, RT28HC, and RT25HC supported with the ambient
temperature and the solar radiation for each month of the whole year. It is reported that
for each day the photovoltaic temperature with and without PCM is increasing with the
increase in solar radiation, and similarly, decreasing with the decrease in solar radiation
because the solar radiation is a source of thermal energy to the photovoltaic panel.
Particularly, for the case of PV without PCM, before the sunshine hours, the PV
temperature is equal to the ambient temperature due to the solution of energy balance
equations. It remains the same until the solar radiation is absorbed by it, reaching a
maximum at the peak of ambient temperature, and dropping back to the ambient
temperature in the absence of solar radiation. Thus, the peaks of photovoltaic
temperature; regardless of the existence of PCM, coincides with the peaks of ambient
temperature. This makes quite a sense because the thermal potential is minimum
during the peak ambient temperature; thus, an expected elevated PV temperature is
observed. The pattern is followed throughout the whole year which can also be affected

by wind velocity. For example: in the case of Mexico City, the high wind velocity and



CHAPTER 5. RESULTS AND DISCUSSION
29
low solar radiation during September decreases the PV temperature owing to a

dominant wind-induced cooling.

Fig. 5.1(al) presents the PV temperature with different phase changing materials for
Mexico City. Surprisingly, the PV temperature by using PCM RT35HC in Mexico City
gives a higher photovoltaic temperature; ~8% more as compared to the photovoltaic
temperature without the use of any PCM. The results are quite contradictory because
it is reported from the literature that PCM should contribute to the thermal management
of the PV panel. However, the authors emphasize that the thermal management of PV
panels using PCM is only possible through a suitable PCM selection. This process is
explained by the fact as presented in Fig. 5.1(a2) that the melting percentages of PCM
RT35HC are quite less averaging to only ~2.5% for the whole year corresponding to
the fact that the PCM mostly remained in its solid-state and has an inherited lower
thermal conductivity, and thus, acting as an insulation to the PV temperature leading to
a higher PV temperature as compared to the case of without PCM. The PCM remained
in its solid-state because it has a higher fusion range Thus, in other words, the local
climatic dynamics could not generate enough heating to the PV panel to exploit the
latent heat energy of PCM RT35HC.

Fig. 5.1(al) also illustrates the PV temperature for the case of a collector using PCM
RT28HC and PCM RT25HC. The lowest PV temperature is observed for the case of
PCM RT25HC, followed by PCM RT28HC corresponding to ~17.2% and ~11% yearly
averaged temperature decrement, respectively. It is explained through the melting
percentages of each PCM which is the highest for RT25HC at a yearly averaged value
of ~26%. It signifies that the phase change/latent heat energy of RT25HC is captured
more than other PCMs. In summary, the climatic dynamics of Mexico City are only
suitable to exploit the phase change energy of a PCM having a lower fusion range like
22-26°C. Thus, PCM RT25HC is recommended for Mexico City.

Several other observations are also made from Fig. 5.1(al). The solar radiation is the
lowest for September. Therefore, the hourly weather dynamics are not enough even to
utilize the latent heat of PCM RT25HC. It concludes that the thermal management of

PV with PCM is not effective for a duration of lower solar radiation. Similarly, the month
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of March exhibits lower ambient temperature resulting in a higher thermal potential from
the PV panel to the local environment as compared to the PCM side. Therefore, the
melting percentages are also lower for this month. It signifies that the use of PCM for
the thermal management of PV is not recommended for climatic zones having a lower
ambient temperature. Similarly, the PV thermal management using PCM for a climatic
zone having higher wind velocity is not recommended. Additionally, the PCM cannot be
suitable for a climatic zone which has very high climatic fluctuations because, in this
way, one PCM cannot fully exploit the yearly climatic dynamics. In other words, a PCM
can be suitable for the crust of a weather fluctuation and might not melt for the trough
of the same weather fluctuation. All of these corresponds to the technical limitations of
the PV-PCM combination.

A similar discussion can be deduced from Fig. 5.1(b) in which the most suitable PCM
is RT28HC because Monterrey has relatively more solar radiation and ambient
temperature from Mexico City. Thus, a PCM having a relatively higher fusion range (27-
29°C) utilizes the maximum phase change energy. Wind-induced cooling is more
dominant in the case of Monterrey. The first five months from January to May has higher
wind velocities as compared to the rest of the year. Thereby, the PV temperatures are
relatively lower for the first five months. From the perspective of available solar
radiation, the PCM is not effective for the thermal management of PV for Monterrey for
February owing to its lower solar radiation. Overall, for Monterrey, the temperature
decrement of the PV panel using PCM RT28HC is ~18% as compared to the case of
not using a PCM.

Likewise, from Fig. 5.1(c), the most suitable PCM for Campeche City is RT35HC which
is a tropical savanna climatic zone, experiences the maximum solar radiation and
ambient temperature and remains nearly consistent throughout the year. The month of
April and May experiences the maximum wind-induced cooling on the PV surface, and
the month of November experiences the minimum solar radiation; therefore, the PV
temperatures are lower for these months. Overall, Campeche has the maximum solar
radiation and ambient temperature; thus, making it suitable for a PCM of high fusion

range to be fully effective. Hence, the averaged melting ratio of RT35HC is 31%, and
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the temperature decrement is around ~20% as compared to the case of not using a
PCM.

It is noted that for Monterrey the melting percentage of RT25HC is highest, yet, the
lowest PV temperature is observed for RT28HC. Similarly, for Campeche City, the
highest melting percentage is of RT25HC, followed by RT28HC, yet, the lowest PV
temperature is reported for RT35HC. It is explained by the thermophysical
characteristics of each PCM and its association with the region climatic dynamics. First,
RT25HC has the lowest specific heat, by this means, limiting its energy storage
capacity knowing that Monterrey and Campeche City have the highest incoming heat
in terms of solar radiation. Additionally, the lower fusion range of RT25HC readily
presents the PCM to allow an easy phase change process even before the peak
ambient temperature when the thermal management is needed the most. Therefore, a
higher melting percentage (>70%) can also constraint the thermal management
because, in this way, a lower quantity of the material is left for energy storage. In
conclusion, lower melting percentages of PCM cannot fully avail the latent heat, and
higher melting percentages leave a lower thermal mass for energy storage. As a result,
RT28HC and RT35HC are recommended for Monterrey and Campeche City.

Some other general observations are made from Fig. 5.1. In a comparison of all three
locations, Campeche City has shown the highest PV temperature, followed by
Monterrey and Mexico City. However, Campeche City has shown the maximum
decrement in the PV temperature owing to its consistency in the climatic pattern. Some
other observations are that for the case of using a PCM, regardless of the location, the
PV temperature takes a suitable time to return the ambient temperature. However, the
PV without PCM reaches the ambient temperature more quickly than the PV with PCM.
It makes sense because the solidification process of the PCM emits heat. Additionally,
Campeche City needs the maximum time for the PCM to reach the solidification,

followed by Monterrey and Mexico City.
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Fig. 5.1. Characteristics of PVT-PCM collector for (a) Mexico City, (b) Monterrey, and (c) Campeche

City.
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Finally, this analysis can allow us to make a recommendation on the selection of PCM
for different climatic zones of Mexico. Fig. 5.2(a) presents the climate classification
graph of Mexico adapted from Kdppen (Kottek et al., 2006), and Fig. 5.2(b) presents
the general recommendation on the selection of PCM for the thermal management of

PV panels for the three climatic zones of Mexico.

(@ (b)

[l PCM RT35HC
O PCM RT28HC

B BWh: Warm desert climate
[0 BSh: Warm semi-arid climate
I Aw: Tropical savanna climate
[ BSk: Cold semi-arid climate

[ Cwa: Humid subtropical climate
[ Cwb: Subtropical highland climate

Fig. 5.2. (a) Mexican climatic map adapted from Kdppen climate classification (Kottek et al., 2006), and
(b) recommendation on the selection of CM subjected to the Mexican climate.

5.2 Yearly simulation results

Fig. 5.3 presents the first-law performance indicators of PVT air collectors (with and
without PCM) for each subject location. It presents the net-monthly-electrical-power
production, first-law energetic efficiency from PV perspective, monthly-thermal heat

gain, and first law energetic efficiency from thermal heat gain perspective.

For Mexico City, Fig. 5.3 (a) and (c) indicate the accumulative net-monthly-electrical
production and accumulative monthly thermal heat gain are lowest for January, March,
June, and September and highest for April, May, July, and October which perfectly
reflects the patterns of the solar radiation presented in Fig. 4.1. Likewise, for Monterrey,
the net-monthly-electrical power production and monthly thermal heat gain are lowest
for February, November, and December and highest for April, May, June, July, and
August as per its weather pattern. For Campeche, apart from January, August,
November, and December, the performance indicators are nearly consistent owing to

its special climatic pattern.

Fig. 5.3 (b) and (d) presents the first-law definitions of electrical and thermal

efficiencies. It is observed that, regardless of the climatic zone, the first-law efficiencies
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are maximum for months experiencing lower solar radiation and a minimum for months
experiencing higher solar radiation. It makes sense because, for the case of electrical
efficiency, the PV heat-to-electricity conversion capacity can be better for lower solar
radiation owing to a lower PV operating temperature. However, for the case of thermal
efficiency, higher solar radiation is correlated with a higher ambient temperature which
decreases the potential of flow heat per unit input solar radiation. For example: For
Campeche City, the electrical and thermal efficiency is lowest for June which has the
highest solar radiation, and highest for January which has the lowest solar radiation.

Another perspective from Fig. 5.3 is related to the pattern of percentage enhancement
of PVT collectors by the usage of PCM. It is realized that the percentage enhancement
in the first-law performance indicators is highest for the month of highest solar radiation
(for example March to July in Campeche City) because it aids the PCM to function

properly in terms of its melting percentage.

Table 5.1 presents the summary of this section in which the yearly accumulated thermal
and electrical power, and averaged thermal and electrical efficiencies are presented.
The highest first law energy indicators are reported for Mexico City, followed by
Monterrey and Campeche which also coincides with the findings of section 5.1.1. The
enhancement in the electrical power is 22% for Mexico City (same as Monterrey),
followed by Campeche City. Since Monterrey has overall high fluctuation in weather
parameters; therefore, it directly reflects in the yearly first-law indicators.

Table 5.1. Summary of the energetic performance indicators for each city with and without the
consideration of PCM.

Mexico City Monterrey Campeche

With PCM Yearly accumulated NMEEP [kKW. h] 377.6 446.3 516.1
Yearly averaged electrical efficiency [%] 8.0 9.1 10.6
Yearly accumulated MTHG [kW. h] 486.5 575.0 664.9
Yearly averaged thermal efficiency [%] 25.1 28.7 33.2

Without PCM Yearly accumulated NMEEP [kKW. h] 308.0 364.1 416.0
Yearly averaged electrical efficiency [%] 6.5 7.5 8.7
Yearly accumulated MTHG [kW. h] 396.8 469.1 535.9

Yearly averaged thermal efficiency [%0] 20.4 235 26.7
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Fig. 5.3. Yearly simulation results of parameters: (a) net-monthly-electrical-power-production, (b) first
law electrical efficiency, (c) monthly-thermal heat gain, and (d) first law thermal efficiency, considering

the most suitable PCM for Mexico City, Monterrey, and Campeche City.
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5.3 Viewpoints from other multi-disciplinary parameters

The results of the yearly accumulated exergy distribution are presented in a Sankey
diagram (refer to Fig. 5.4) for each city for the case of PVT-air-PCM. The percentage
of total input exergy utilized for PV generation is 9.5, 10.9, and 12.5, flow exergy is
11.7, 13.6, and 15.6, and the energy losses are 78.7, 75.4, and 71.8 for Mexico City,
Monterrey, and Campeche City respectively. The highest exergy utilization: in other
words, exergetic efficiency (see Fig. 5.4(a)) and yearly entropy generation rate (see

Fig. 5.5(a)) is reported for Campeche City, followed by Monterrey and Mexico City.

The exergetic analysis directly reflects the sustainability index (see Fig. 5.5(b)) which
is highest for Campeche City (~1.4) considering its lowest entropy generation rate.
Additionally, Campeche has the highest energetic (see Fig. 5.5(c)) and exergetic
(enviroeconomic: see Fig. 5.5(e)) life cycle CO2 emissions contributing to a high
energetic carbon pricing (enviroeconomic: see Fig. 5.5(d)), and exergetic carbon
pricing (exergoenviroeconomic: see Fig. 5.5 (f)).

(@) (b)

PV generation | 9.5% (377.6 kW. h) PV generation | 10.9% (446.3 kW. h)

Thermal heat | 11.7% (464.5kW. h) Thermal heat | 13.6% (553.0kW. h)
Input exergy:
100%
(3962.9 kW. h)

Input exergy:
100%
(4061.9 kW. h)

Exergy loss| 78.7% (3120.8 kW. h) Exergy loss| 75.4% (3062.5kW. h)

=13.0%

ﬂaergezrc yearly

()
12.5% (5161 kW. h)

PV generation

Thermal heat | 15.6% (642.9 kW. h)

Input exergy:
100%
(4107.2kW. h)

Exergy loss| 71.8% (2948.3 kW. h)

=17.3%

]? exergetic yearly

Fig. 5.4. Sankey diagram of exergy distribution for (a) Mexico City, (b) Monterrey, and (c) Campeche
City.
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Fig. 5.5. (a) Yearly entropy generation rate, (b) exergetic sustainability index, (c) life cycle emissions of
COg2, (d) enviroeconomic parameter, (e) exergoenvironmental parameter, and (f)
exergoenviroeconomic parameter of PVT-air-PCM collector for Mexico City, Monterrey, and Campeche
City.

5.4 Economical feasibility

In this section, the results of the economic analysis are presented (see Fig. 5.6). The
highest life-cycle-cost is reported for Campeche City, Monterrey, and Mexico City. In
other words, the LCC can indicate the profit generated by the collector over its lifetime;
therefore, Campeche has significant financial advantages. Mexico City has the highest
cost of energy at $4.30 MXN/(kW.h), followed by Monterrey and Campeche City. The
payback period of the collector is lowest in Campeche at 10.8 years; although it is a
little higher as compared to the one reported in the literature (Al-Waeli et al., 2018). In
conclusion from this section, Campeche (climatic zone: Aw) performs the best based

economic assessment majorly because of its consistency in climatic behavior.

(@ (b) (©)
| [nitial Cost = O&M Cost Replacement Cost = Energy cost

o 26%

52% ‘1% 56% . 29% 60% *

\ 13% 12%
15%
LCC =$1649.99 MXN LCC =$5623.21 MXN LCC = $9,966.97 MXN
LCOE = $4.30 MXN/(kW.h) LCOE = $3.67 MXN/(kW.h) LCOE = $3.09 MXN/(kW.h)
PP =15.1 years PP =12.9 years PP =10.8 years

Fig. 5.6. Results of economic analysis for (a) Mexico City, (b) Monterrey, and (c) Campeche City.
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In this section, the comparison of the result is presented based on the first and second

law performance indicators. The prime objective of this section is to review the

performance indicators of similar collectors available in the literature and to compare

them with our results.

Table 5.2 presents the electrical, thermal and exergetic efficiency of similar collectors

which are available in research, and it is deduced that the first and second law

efficiencies for Mexico City are lower than the one available in the literature; however,

the efficiencies reported for Campeche City are comparable with the other studies.

Table 5.2. Comparison of different collectors based on electrical, thermal, and exergetic efficiency.

Reference

Technology

Electrical
efficiency [%]

Thermal
efficiency [%)]

Exergetic
efficiency [%]

(Al-Shamani et al., 2016)
(Al-Shamani et al., 2016)

(Al-Shamani et al., 2016)
(Al-Shamani et al., 2016)
(Rounis et al., 2016)

(G. Lietal., 2015)
(Sardarabadi et al., 2017)
(Sardarabadi et al., 2017)
(Sardarabadi et al., 2017)
(Sardarabadi et al., 2017)
(Sardarabadi et al., 2017)
(Gaur et al., 2017)
(Kazemian et al., 2018)
(Kazemian et al., 2018)
(Kazemian et al., 2018)
(Hosseinzadeh et al., 2018)
(Hosseinzadeh et al., 2018)
(Hosseinzadeh et al., 2018)
(Fayaz, Rahim,

Hasanuzzaman, Nasrin, et
al., 2019)

PVT with water!

PVT with SiO2
nanofluid?

PVT with TiO2
nanofluid3

PVT with SiC
nanofluid4
Building-integrated
PVT®

PVIT with static
miniature solar
concentrator 8

PV

PVT with deionized
water

PVT with ZnO-water
nanofluid

PVT-PCM with
deionized water
PVT-PCM with ZnO-
water nanofluid

PVT with PCM

PV

PV with PCM

PVT with PCM

PV

PVT with nanofluid
PVT-PCM with
nanofluid

PVT-PCM

9.142
10.09

10.58

13.07

~13.9

10.1

16.30
12.91
13.42
14.03
12.56
13.44
14.05

12.59

58.22
60.54

63.67

65.88

10.9
12.23

12.29
13.17

13.42

12.27
12.75
14.37
10.73
~12.1
~13.6
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(Ahn et al., 2015) PVT collector with heat -
recovery ventilation 15.0 23
(Fayaz et al., 2018) PVT with MWCNT- 12.37 79.1 -
nanofluid
(Fayaz et al., 2018) PVT with water 12.3 75.24 -
(Jahromi et al., 2015) PVT - 52 9.7
(Maatallah et al., 2019) PVT-PCM ~13.5 ~27 -
(Hossain et al., 2018) PVT-PCM 11.08 87.72 12.19
(Hossain et al., 2018) PV 9.75 7.01
(J. H. Kim et al., 2014) PVT air collector 15 22 -
(S. Tiwari et al., 2018) PVT air collector -
integrated drying
system 11.26 26.68
(da Silva & Fernandes, PVT -
2010) 9 15
This work PVT with PCM 13.0
RT25HC for Mexico
City 8.0 25.1
This work PVT with PCM 15.1
RT28HC for Monterrey 9.1 28.7
This work PVT with PCM 17.4
RT35HC for
Campeche City 10.6 33.2

1The mass flow rate of the working fluid is 0.068 kg. s

2The mass flow rate of the working fluid is 0.68 kg. s™1.

3The mass flow rate of the working fluid is 0.068 kg. s1.

4The mass flow rate of the working fluid is 0.68 kg. s

5 Summer, no wind conditions, and a mass flow rate of 400 kg. h-! of the working fluid.
6 March, 14.

Table 5.3 reports the comparison of the Levelized Cost of the energy of different
devices working on a similar principle. The LCOE is higher for the proposed PVT-air-
PCM collector owing to its yearly simulation as some of the months can be under-
optimized for PCM operation. Anyways, there is a general critic on the economic
feasibility of PV-PCM collectors which can be improved provided the PCM and inverter
costs can be replaced because they constitute a big portion in life cycle cost analysis
(see Fig. 5.6)

Table 5.3. Comparison of different collectors based on the Levelized cost of energy.

Reference Technology Location Cost of energy [USD. kW, h1]
(J. Y. Kim et al., 2009) PV Korea 0.531*

(Lazard, 2018) PV Atlanta 0.412

(J. Y. Kim et al., 2009) PV Korea 0.8242

(Wang et al., 2019) PV-ETC Italy 0.0993

(Mondal & Denich, 2010) PV Oman 0.327

(Kazem et al., 2017) PV Oman 0.2258

(M., 2012) PV Oman 0.304
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(Celik, 2006) PV Turkey
(Celik, 2006) PV Turkey
(Celik, 2006) PV Turkey
(Celik, 2006) PV Turkey
(Hazi et al., 2014) PVT Romania
(Tripathy et al., 2017) Building-integrated  India
PVT
(Al-Waeli, Kazem, et al, PVT with nano- Malaysia
2019) PCM/nanofluid
(Al-Waeli et al., 2018) PVT with nanofluid  Malaysia
(Gu et al., 2018) PVT concentrator Sweden
(Arici et al., 2018) PV-PCM Turkey
This work PVT-air-PCM Mexico

0.440*

0.500°

0.710¢

0.9507

0.062723 for heat
0.03368 for electricity
1.61-3.61

0.112

0.196

0.142243

0.1456° to 0.163523
0.1545to 0.215

1 With 91% of inverter efficiency.
2With 92% of inverter efficiency.
3 Considering an exchange rate of 1 Euro = 1.12 USD

4 A PV size of 2 kW, with battery storage and inverter efficiency of 95-98%.

5 A PV size of 3.034 kW with battery storage.
6 A PV size of 2 kW without battery storage.
7 A PV size of 3.034 kW without battery storage.
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CONCLUSION

A literature gap is identified that PVT collectors integrated with PCM using air as a
working fluid have not gone through extensive research. Additionally, the PV and PCM
integration is subject to climatic characteristics; therefore, research is lacking in the
proper selection procedure of PCM for the thermal management of PV. And finally,
almost no research is available on the entropy, life cycle emissions, enviroeconomic,
exergoenvironmental, exergoenviroeconomic, and economic assessment. The work is
a unique blend of a classical mathematical model consisting of energy balance,
covering the multi-disciplinary thermodynamic indicators, and finalized with an

extensive mathematical model. The following are the key findings of this work:

1. PCM selection has the most important role to enhance the thermal performance of
PVT devices. This selection procedure is completely dependent on the local climatic
dynamics. Improper PCM selection can even rise the PV temperature. Additionally,
the PV-PCM combination has a very narrow operating range for its optimality. For
example, PCM is not suitable for climatic zones having high-temperature
fluctuation, radiation variance, high wind velocity, or cold climates. In conclusion,
PCM RT35HC is suitable for tropical Savana climate (Aw), RT28HC for warm semi-
arid climate (BSh), and RT25HC for highland (Cwb) climatic zones.

2. For the best-selected PCM, the thermal and electrical efficiencies are 22-33% and
8-10.6%, respectively which are ~20-24% more than the case of not using a PCM.
The highest performance enhancement is reported for Savana climatic zone which
has a nearly consistent climatic pattern throughout the year.

3. The exergetic losses are very high ranging from 71% to 78% which is caused by
the sub-optimal PCM performance for the fluctuation in weather parameters. The
exergetic efficiency ranges from ~13 to ~17%. The exergetic sustainability index is
around ~1.2.

4. The life cycle CO2 emissions based on first and second law ranges from 65 to 95
kg per year. COz2 pricing based on energy and exergy balances ranges from $20.00-
$32.00 MXN per year.
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5. The Levelized Cost of energy is $4.30 MXN/(kWh), $3.67 MXN/(kWh), and $3.09
MXN/(kWh) for Aw, BSh and Cwb climatic zones. Similarly, the payback period
ranges from 10 to 15 years.

6. The capacity factor of the plant for Mexico City, Monterrey, and Campeche City is
0.14, 0.16, 0.19, respectively for the photovoltaic electricity generation.

Although, the theoretical understanding of the photovoltaic thermal collector having air
as a working fluid using phase changing material as a heat rejection source is possible;
yet, it’s practical realization, especially for a mass industrial scales comes up through
a series of problems including the manufacturing complications, installation
procedures, operational problems, and the maintenance difficulties. Nevertheless, the
system can have successful utilization in building-integrated systems for a case when

the secondary use of the system is also important as the need for air heating.
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