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Abstract

The intermittency of renewable energy resources which only have localized availability with low
energy density, is the main reasons for our reliance on conventional fossil fuels. If steady supply
and high energy quality can be achieved then solar energy potential is enough to meet the global
energy demand. Heat and electricity both are equally important forms of derived energies. In this
paper, an innovative configuration of solar energy system for simultaneous need of electricity and
high grade thermal energy, is presented and discussed along with the long term energy storage
solution. The proposed CPV/T system, with hydrogen based electrical and MgO based thermal
storage, can produce electricity and high-temperature thermal energies at efficiency of 30% and
70% respectively. The CPV-Hydrogen configuration achieved Solar to Hydrogen efficiency of
19%. On the other hand, the MgO based TES system obtained 80% material storage efficiency at
400°C which can be easily achieved with the concentrated thermal energy density of 240 Suns.

Keywords: CPVT, Hydrogen, MgO, Solar, Collector, Sustainable.
1. Introduction

Energy is an essential need for the sustainability of the modern world. However, with the recent
Paris Agreement on climate change between 192 states and European Union, the target has been
set to limit the global temperature increase, below 2°C through expanding the use of renewable
energy resources [1-12]. Solar energy is considered having the highest energy potential, to meet
the current global energy needs [13-15]. Despite its availability as low grade radiative and thermal
energy, it can be easily converted into high-grade source of electrical and thermal energy by using
solar cell and concentrators [16]. In addition, to enhance the energy density of the solar energy
systems, there is a need to break the conventional photovoltaic market trend with an influx of the
highest efficiency CPV system, by overcoming its design complexity and application limitations
[17,18].

The operating requirements and conditions of photovoltaic systems depend upon the type of
technology. For example, the conventional single-junction PV systems remain stationary during
their operation, while the multi-junction solar cell (MJC), 47.1% efficiency [19,20], based
concentrated photovoltaic systems require continuous solar tracking during whole day operation
as solar concentrators can only accept direct or beam solar radiations. [21]. However, such solar
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tracking must be highly accurate within the order of 0.1° as the power output of the CPV system
can drop significantly with poor solar tracking [22, 23]. Such higher tracking accuracy can be
reduced with concentrating assembly of high acceptance angle which can also save the tracker
power with fewer tracking movements. The accurate and cost-effective tracking system has been
developed in our previous studies [24] which is not only suitable for CPV tracking needs as high
as 0.1° but its compact size and low-cost design will boost the CPV market with more customers
and application scope, like conventional PV.

Like the importance and need for green and efficient electricity from solar energy [25,26], there is
a lot of application potential and need for high-grade thermal energy for industrial applications.
For low grade and low-grade thermal applications, conventional flat plate and evacuated tube
collectors are very common [27], only for temperature range up to 90°C. For high temperature
solar thermal energy, solar concentrators are used either in trough form or solar mirror field. Such
configuration is suitable for a large capacity system and needs a lot of initial investment and spatial
requirements. Most of the systems require both high grade thermal and electrical energy for their
operation, such as MED, MD, and MSF desalination systems [28-32] in the GCC countries which
are enriched with solar energy potential. Therefore, such a configuration of the solar energy system
is needed which is capable of providing highly efficient solar electricity along with the high grade
solar thermal energy. Conventionally, the thermal energy of the photovoltaic system is recovered
in the form of a PV/T [33,34] or CPV/T [35-37] system. Instead of natural convection, solar cells
are place on water cooled heat exchanging surface. The heat dissipated by the solar cells during
their operation, is absorbed and recovered by the cooling water, as shown in Fig. 1. However, high-
grade thermal energy cannot be obtained from such heat recovery schemes. In this paper, a novel
CPV/T system configuration is proposed which is not capable of providing efficient electricity but
high grade thermal energy can also be extracted simultaneously. Such novel configuration will be
able to produce both heat and electricity using single concentrator assembly design.

To Thermal Load

Heat Recovery fliid

Despite efficient conversion of solar energy, intermittency is still a major hindrance in its steady
operation. Energy storage is needed for steady and uninterrupted solar energy supply [38,39].
However, solar radiation cannot be stored directly, therefore, it can be converted into other suitable
energy forms such that desired energy output (heat or electricity) can be obtained at any time and
capacity, without any loss.

For solar electricity, conventional electrochemical storage technique, in the form of battery, is
suitable for low capacity and short period [40,41]. Therefore, it cannot provide a sustainable energy
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storage solution for long term solar electricity needs. However, other energy storage techniques
i.e. compressed air, pumped hydro are not suitable for system level storage needs. Production of
hydrogen not only provides long term energy storage options but it is also a sustainable solution
as it can be easily converted back into electricity without any emission but pure water production.
The hydrogen energy also can be transported over long distances without any energy loss. Such
benefits make hydrogen a sustainable energy carrier and future fuel [42]. The most sustainable
method of hydrogen production through solar energy is by splitting water [43] into electrolyser
using photovoltaic generated electricity. However, due to low system efficiency, conventional
single generation PV systems are not suitable for hydrogen production, Therefore, CPV with
highly efficient solar electricity production can utilize such sustainable hydrogen storage solution
to overcome solar intermittency. Moreover, it can also be utilized for both small and large capacity
system needs.

For high temperature solar thermal energy storage (TES), conventional TES systems, like hot
water tanks, are not suitable. However, phase change materials (PCM) such as molten salt or other
suitable substances have the potential to absorb high-temperature heat energy but they have
limitations in terms of system capacity, size, and period. Most of these solutions also require very
high thermal insulation to avoid heat leak which becomes significant at high-temperature storage.
By using the chemisorption behavior of the MgO/H,O system, a sustainable and long term TES
solution can be obtained which not only requires any thermal insulation but it can also significantly
reduce the size of the TES system with its high material conversion efficiency and longer period
[44-48]. The adsorption of water vapors to the MgO salt provides an exothermic reaction with -
81.02 kJ/mol energy being released during reaction [49,50]. However, such MgO salt can be
regenerated using high-temperature heat from solar where desorbed water vapors act as a heat
source for the system needs.

In this paper, a novel configuration of CPV/T is presented which has the capability of not only
generating efficient electricity but also the high-grade thermal energy using a system design with
single solar concentrator. In this manuscript, firstly, the design configuration and working principle
of proposed novel CPV/T will be presented and discussed, followed by the testing methodology
adopted to test the performance of the proposed system. Secondly, the performance data and the
detailed discussion will be presented CPV/T in terms of electricity and heat production/storage, in
the results and discussion section. Lastly, the manuscript will be concluded by highlighting the
key benefits and performance potential of the Proposed CPV/T system configuration.

2. System Description and Methodology

A simple illustration of the proposed CPV/T system for hydrogen and high-temperature heat
production is shown in Fig. 2. The shown system has three major components: 1) CPV/T system
with novel concentrating assembly to split and convert solar energy into electrical and thermal
energy 2) hydrogen production and storage system and 3) MgO based TES system.

The CPV/T system considered here is based upon the novel design of the multi-leg homogenizer
configuration of the concentrating assembly. The main advantage of such concentrating assembly
is to have high concentrated solar radiation at its four individual outlets which can be used for
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individual needs. The highlight of such design is that only a single pair of the reflector is utilized
to achieve high concentration at four individual points. That is why, such a system is the only
known concentrating assembly design which can provide both electricity and high-temperature
heat simultaneously due to availability of concentrated rays at multiple outlet apertures. Out of
four, three outlet apertures are connected to the multi-junction solar cells (MJCs) and the fourth
outlet is attached to a thermal absorber that absorbs and transfers concentrated thermal energy to
the working fluid circulating through the system.

The multi-leg homogenizer assembly design considered here is based upon geometric
concentration factor x500. The concentrating pair of the reflector is based upon two parabolic
reflectors. By using two parabolic reflectors, collimated or ray parallel to the axis of reflector,
when reflected by primary and secondary reflectors, become parallel again. As a result area
reflection is obtained instead of point reflection which can be seen in the top right corner of Fig. 2
where a square bright area in the middle of the primary reflector can be observed. The advantage
of such are reflection is such it can be easily divided and further concentrated by the multi-leg
homogenizer. Concentrated collimated rays after secondary reflector, are split into four equal parts,
which are then directed to four outlet apertures of the homogenizer. A detailed description of multi-
leg homogenizer and concentrating assembly design is discussed in our previous publication [51].
The whole CPV/T assembly is mounted onto a two-axis solar tracker to track solar beam radiations
with a tracking accuracy of 0.1°.

Solar Radiations (W/m?)

Hydrogen System ‘

N

Electrolyser

Oxygen Tank -

Hydrogen Tank

! R i
[ |

i L | | ; (K E 5
= B : :

| N Thermal Energy
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Figure 2: Illustration of Proposed CPV/T system for Hydrogen and High-Temperature Heat
Production

Supplied |
Electricity |

lectric System

To produce hydrogen from developed CPV/T system, the electricity output from its 3 outlet ports,
having MJC solar cells, is supplied to the alkaline electrolyser through maximum power point
tracker (MPPT). The purpose of MPPT module is to ensure that the solar cell is operating at its
maximum power point of IV curve. The electrolyser used here is alkaline-based unit, having
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Nafion membrane to keep produced hydrogen and oxygen gases separated in their compartments
to ensure their maximum purity. The purity of these gases is very important as required by the fuel
which is needed to convert these gases back into electricity. A flow chart for the operation of
proposed CPV/T system is shown in Fig. 3.
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|
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| | | l
MIC MIC MIC Water Cc?oled Heat
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[ 4‘, [ ' L
Maximum Power Point Tracker (MPPT) Module Cooling Water Flow
Control
Electrolyser Stack MgO based TES
|
- - I ciL H
ntermediate Heat
Hydrogen Storage Oxygen Storage Exchanger
| |
Fuel Cell Electrical Load Thermal Load

Figure 3: Flow Chart for the Operating Principle of Proposed CPV/T system

On the other hand, the high grade and concentrated thermal energy is extracted from the fourth
outlet aperture of the homogenizer where heat-absorbing exchanger transfers extracted solar heat

an intermediate heat exchanger needed in-between the main thermal system and the MgO heat
exchanger, which can continuously supply heat to the main thermal system during the charging
and discharging process. As mentioned before, the MgO TES system is working on the
chemisorption exothermic reaction of water vapors. During regeneration or charging (energy
storage) process, high temperature solar thermal energy is used to dehydrate the Mg(OH): into
MgO by releasing water vapors. The heat of condensation from regenerated vapors, at the
temperature same as the regeneration temperature, is used to fulfill the thermal energy needs of
the load system. During discharging or adsorption (energy supply) process, which can be normally
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at night time, the water vapors are adsorbed by the MgO pellets and as a result of such exothermic
reaction, the heat is released which is then supplied to the connected thermal load. A simple
illustration of the energy storage and supply processes of MgO is shown in Fig. 4.

T
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2%
g,"l

P
¢

Energy Storage H,0(v)

=)
i

Sample Tube
,," ___" ¥ .‘-yil"" p
&

pef=
4

r
e
s

Electric H 20
Heater
Dehydration Condensation
Evaporato
H,0

| Pt | Hydration Evaporation

Figure 4: MgO Performance Testing Apparatus (left) and MgO based TES Operation (right)

2.1 MgO material testing methodology

Unlike the hydrogen production system, it is not simple to manufacture a working prototype of the
MgO TES system. Therefore, to test and analyze the characteristics of MgO for the TES

application, a simple testing apparatus was utilized as shown on the left side of Fig. 4. The MgO
testing apparatus is consisting of a glass sample tube in which a certain amount of MgO is filled.
The lower side of this MgO filled sample tube is resting on the top of the load cell which can
measure the change in the sample weight with the change in its voltage output. The upper side of
the sample tube is housed in an electric heater chamber which can be used to heat the sample for
regeneration. On the other hand, for energy supply mode, a small electrically operated water
evaporator is used to supply water vapors from the lower end of the sample tube. During both
energy supply and storage mode, the weight of the sample tube is measured which will indicate
the percentage of material used to store the thermal energy. A discussion on the performance of
MgO material is provided in the next section.
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3. Results and Discussion

To analyze the performance of the proposed sustainable energy system, first, the performance of
the CPV/T system is presented and analyzed. Fig. 5 shows the electrical and thermal efficiency of
the CPV/T system against received DNI during full-day operation. Both CPV efficiency and
thermal efficiency are obtained using equation (1) and (2).

n — PCPV — Imppt X Vmppt (1)
o Psolar DN[X Areﬂ

n = Pth _ ’?’leAT (2)
' Psalar DNIX Areﬂ

Where the numerator in both of the above equations produced energy of the system either electrical
or thermal, respectively. The DNI (Direct Normal Irradiance) gives solar energy in W/m?, which
was recorded using Epply Pyrheliometer as concentrator can only accept beam radiations. The
subscript mppt indicate that the current and voltage recorded were from the output of MPPT
module which was attached at the output of the MJC solar cells. On the other hand, the temperature
of produced thermal energy was controlled by changing flow rate of cooling water.
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Figure 5: Flectrical and Thermal Efficiency of the CPV/T System

It can be seen that the CPV system showed maximum electrical efficiency of around 30% which
is about 3-4 times higher than the conventional PV systems which has maximum ranging 7-12%
[52]. Even, such normal PV panels has marginal efficiency increase to 16% when operated under
CPV configuration [52]. Even, CPV electrical efficiency alone is higher than the combined
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changing throughout the day as many parameters, such as temperature, solar intensity, etc. affect
the performance of the system. Therefore, the important parameter to present the real electrical
potential of the CPV system is its average daily efficiency which can be obtained through the ratio
of total energy produced to the total solar energy received i.e. equation (3), instead of instantaneous
efficiency value presented in Fig. 5.

24hqur
E__(kWh/day) I (Vo et
UCPV,avg = ECPV (kWh / day) = St (3)

solar

[ (DNIx4,, )de

o

However, the average performance parameters will be discussed altogether later in table 1 of this
section. On the other hand, the maximum thermal efficiency of CPV/T system is around 70%, as
shown in Fig. 5. It is important to note here that although this maximum efficiency is almost the
same as conventional solar collectors, the quality and exergy of thermal energy obtained from such
a system is much higher than the conventional collectors. On the other hand, for conventional
PV/T system, not only low grade heat energy is extracted but the thermal efficiency reduces further
1.e. 33.8% [54]. To further analyze the performance and potential of CPV/T thermal energy, the
density of extracted thermal energy against incident solar radiations, is shown in Fig. 6. The
maximum density and concentration of thermal energy obtained by the CPV/T system is 240 suns
(1 sun = 1000 W/m?) which is having a concentration factor of x340 as compared to incident solar
energy. This depicts that the current CPV/T system with a geometric concentration of x500
achieved an actual thermal concentration factor of x350 which remains almost constant throughout
the whole day operation. However, actual concentrated thermal energy is obtained with a
maximum intensity of 240 Suns which is changing throughout the day, depending upon the
received solar intensity. Therefore, such high quality of both produced energies i.e. electricity and
heat, which are from solar system, makes the proposed design configuration a competitive
renewable energy system. These presented parameters are explained mathematically with

following equations (4) and (5).
mC,AT
A (P { % J
CF =GC x(nop xmoss) =GC X(Uth ) _  refl ><| th | — (4)

A, \DNIxA,, DNI

o

MCpAT(W 1 Sun
—— (5)

TC = —
4, \m) 1000(%2)
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Figure 6: Density of Extracted Thermal Energy against Incident Solar Radiations

After analyzing the performance potential of the proposed CPV/T system, the storage of these
derived energies in the form of hydrogen and adsorbed heat is very important, which will be further
discussed in this section. Fig. 7 shows the performance and characteristic curves of alkaline
electrolyser which is used in this study. Therefore, it is very important to analyze the performance
of electrolyser separately before analyzing it as a combined system with CPV/T. From the IV
curve, it can be seen that the electrolysis process is starting at voltage as low as 1.4 volts, and then
the current and voltage are almost proportional to each other. Electrolyser efficiency is inversely
proportional to the operating voltage, which is decreasing with the increase in electrolyser voltage,
as given by equation (6).

p o= D0 meax237200 _ 7,123 ©)

op I xU U
CPV E E E

The thermoneutral voltage for the electrolysis of water is 1.23V. However, the actual minimum
voltage in current experiment is measured as 1.4V, slightly higher than the theoretical voltage as
it includes practical losses which are neglected in the ideal case of thermoneutral voltage. Any
voltage value lower than minimum voltage will result in no electrolysis reaction and Hydrogen
production. However, the electrolyser efficiency is maximum at this point due to lowest operating
voltage. But there is almost negligible production at this point. The Faraday efficiency on average
is 98.5% which is almost constant throughout the operating voltage range. As the hydrogen
production of electrolyser is directly proportional to its operating current, therefore, a straight line
trend is also obtained for the H» flow rate against operating voltage. To get the best performance,
the electrolyser should have high current density with minimum operating voltage.
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241  To analyze the true potential of electrolytic hydrogen production using CPV/T system, a summary
242 of the performance data of the CPV-Hydrogen is presented in Table 1. It can be seen that although
243 the maximum electrical efficiency of the CPV system is around 29-30%, however, the daily
244  average efficiency is around 23%. On the other hand, maximum sunlight to hydrogen (STH)
245  efficiency of 19.8% is recorded with the proposed CPV-Hydrogen system which is around 2 times
246 higher than the other PV-Hydrogen and CPV-Hydrogen systems which reported maximum value
247  of 12% [55]. As electrolyser efficiency depends upon its operating voltage which changes
248  throughout the day with change in CPV power output, therefore, the sunlight to hydrogen (STH)
249  efficiency is also changing throughout the day. To represent the meaningful performance of the
250 CPV-Hydrogen system, daily average STH efficiency is also presented for each day, as defined by
251  equation (7).

p .
252§ n = h :nE,H2x237200 (7)

STH P

solar

DNIx A4,

253 It must be noted that maximum CPV and hydrogen efficiency are not obtained at the same point
254  of operation. However, they are just presenting the maximum value of these parameters which was
255  recorded during the operation. Therefore, the true performance parameter to consider is the average
256  STH efficiency with value around 16% for the proposed system.
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Table 1: Daily Performance Data of CPV-Hydrogen System

Electrolyser Solar CPV CPV STH
Electrolyser average STH average
Sr. Energy Energy average | maximum Maximum
Performance Performance
No | Consumed Received | efficiency | efficiency Efficiency
kWh/day kWh/day %/day % %/day kWh/kg % %/day kWh/kg
1 0.0466 0.209 229 292 69.5 48.97 19.4 15.9 219.61
2 0.0462 0.201 23.5 30.1 70.2 48.72 19.6 16.5 211.97
3 0.0401 0.187 22.7 28.6 67.9 48.33 18.2 15.4 225.37
4 0.0467 0.203 233 29.9 71.5 48.81 19.8 16.7 212.18
5 0.0490 0.214 23.1 29.5 70.4 49.73 19.1 16.3 217.44
6 0.0412 0.186 23.0 29.1 69.2 48.45 18.9 15.9 218.72
7 0.0419 0.189 229 28.9 68.4 48.05 18.4 15.7 216.76
8 0.0471 0.211 23.4 29.8 71.4 48.89 19.7 16.7 219.02

After analyzing the potential of CPV for hydrogen production, the performance of MgO material
is analyzed here for a high temperature TES system. As mentioned before, the characteristics of
the MgO material is analyzed through a small testing apparatus as shown in Fig. 4. During testing,
the material was undergoing processes of adsorption and regeneration. Fig. 8 shows the real-time
performance curves of MgO material at a regeneration temperature of 350°C. One cycle is
designed to last for four hours with enough time for each process. Adsorption is lasting for almost
2.5 hours while regeneration process lasts for remaining 1.5 hours. The higher time period for
adsorption does not define the difference in the kinetics of adsorption and regeneration reactions.
However, the higher time period is only dedicated to compensate any delay due to resistance in
the mass transport of the water vapors. However, with proper system design, such losses can be
minimized.

The evaporator temperature was set at 120°C throughout the test. However, the rest of the
parameters changed accordingly throughout the test. It can be seen in Fig. 8 that the test starts with
the adsorption cycle when water vapors are adsorbed by the MgO sample material. In the
meantime, the electrical heater temperature was kept at 140°C just to avoid condensation as the
testing apparatus was placed inside the lab with an air-conditioned environment. The weight of the
sample starts increasing gradually, which indicates the adsorption of water vapors by the MgO
material. The percentage change in the sample mass can be traced by the weight change curve in
Fig. 8. After the end of the adsorption cycle, the regeneration starts, and the electrical heater
temperature, in which the sample tube is enclosed, is changed to 350°C. At the start of regeneration,
the previously happening adsorption process continues till it reaches the maximum capacity of the
system as the sample takes time to reach to regeneration temperature and the vapor supply is kept
on. After reaching its maximum capacity, the sample weight starts to drop and reaches to its initial
value. It can be seen that the MgO system achieved maximum weight change of 60% throughout
the process with a regeneration temperature of 350°C.
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Figure 8: Real Time Performance Curves of MgO material at Regeneration Temp. of 350°C

To compare the performance of MgO material at higher regeneration temperature, the same test
was repeated but this time with the regeneration of electric heater temperature of 400°C and the
results are shown in Fig. 9. It can be seen that the material followed a similar trend which is
explained in the above paragraph of Fig. 8. However, at higher regeneration, the material achieved
a higher conversion ratio of 80% which can be observed by the peak of the percentage weight
change curve. This shows that the higher regeneration is very important to achieve higher
conversion ratio of the MgO material which will not only result in more energy storage but it will
also ensure smaller storage footprint and such high temperature can be easily achieved through the
concentrated solar thermal energy system, as proposed in this paper. To ensure the repeatability of
the results, the same MgO material was tested for repeated cycles of adsorption and regeneration
at both temperatures of 350°C and 400°C and the summary of the Cycle Performance Data of the
MgO material is shown in Table 2. It can be seen that the performance of the MgO material is
consistent for both regeneration temperatures i.e. 59% and 79% for 350°C and 400°C regeneration
temperatures respectively.
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Table 2: Conversion ratio of MgO as TES System against different Regeneration Temperatures.

Regeneration / Conversion Ratio
Cycles
Regeneration Temp. 350°C | Regeneration Temp. 400°C
1 0.614 0.812
2 0.576 0.781
3 0.590 0.775
4 0.581 0.802
Average Conversion Ratio 0.59 0.793

4. Conclusion

In this paper, a novel CPV/T system is proposed and presented which is capable of providing both
electricity and high grade simultaneously, from single unit. The unique optical design of the
concentrating assembly can provide concentrated radiations at its multiple outlet, but received by
single reflective concentrator. With concentration factor of x340, the system was able to provide
thermal energy with intensity of 240 Suns and 70% efficiency. On the other hand, the system
showed electricity efficiency of 30%. The produced electrical and thermal energies were then

* This paper is an extended and revised article presented at the International Conference on
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313  stored into hydrogen and MgO material, respectively for uninterrupted energy supply from the
314  solar energy system. The sunlight to hydrogen efficiency of 19% was achieved with the CPV-
315  hydrogen system, which is 3-4 times higher than conventional. While for the high grade thermal
316  energy storage, MgO material with chemi-sorption reaction was used, which significantly showed
317  80% conversion ratio at 400°C regeneration temperature. The proposed solar energy system has
318 eliminated the conventional categorization of solar thermal or electrical system as single system is
319  now capable of producing high efficiency and steady electrical and thermal energies as required
320 by most of the systems and industries.
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DNI Direct Normal Irradiance, (W/m?)  Areft Area of Primary Solar
Concentrator/Reflector (m?)
Ao Area of one of the outlet aperture ~ Mop Optical Efficiency of
of Homogeniser (m?) Concentrating Assembly (%)
Imppt CPV Current after MPPT Module Vcev CPV Voltage after MPPT Module
(A) V)
Psolar Received Solar Power (W) Pcpv CPV Electrical Power output (W)
necev CPV Electrical Efficiency (%) nop CPV Thermal Efficiency (%)
P CPV Thermal Power output (W)  NMcpv,ave CPV Electrical Daily Average
Efficiency (%/day)
Psolar Total Daily Received Solar Pcpv Total Daily CPV Electrical Energy
Energy (kWh/day) output (kWh/day)
CF Concentration Factor GC Geometric Concentration
Cp Specific heat of Cooling media MNioss Unaccounted radiative loss (%)
(J/kg.K)
TC Thermal Concentration (Suns) AT Temperature Difference of
Cooling media (K)
Ie Electrolyser Current (Af MEL Electrolyser Efficienc g%)
. Hydrogen Production Flow Rate ~ nr Faraday Efficiency of Electrolyser
e from Electrolyser (mol/s) (%)
327327
328328
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M Electrolyser Cell Voltage (V) Pcpv Hydrogen Power output (W)
F
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