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ABSTRACT

The purpose of this research is to investigate the impact, both financially and in terms of
energy consumption, of installing a solar-powered photovoltaic thermal concentration
(CPVT) system in a residence in Tehran, Iran, so that the homeowner may have access to
hot water and air conditioning. Triple-junction solar cells and linear Fresnel concentrators
(also known as LFCs) are used in the CPVT system. A water ammonium absorption chiller
with a capacity of 5 kilowatts is used so that sun thermal energy may be used to generate
cooling electricity. The EES is used to combine the simulation models for both the
absorption chiller and the LFC. In the event that solar energy is not adequate, other heaters
are now being investigation. In the case that there is an oversupply of solar electricity, the
solution that has been proposed makes use of thermal energy storage (TES) tanks. In this
configuration, we investigate the possibility of using both conventional photovoltaic cells
and concentrated thermal collectors. Furthermore, we investigate the possibility of
employing photovoltaic tandem technology (PVT) with both triple-junction and
conventional solar cells. Transient simulations of these kinds of systems may be carried out
with the help of TRNSYSY. The system that is being suggested produces 5.58 MWh of
power, which is enough to satisfy 48% of the building's requirements for energy
consumption. The design that has been presented is the one that will save the most money
out of the three possible solar systems. The levelized cost of energy is $0.018 USD per
kilowatt-hour (kWh), and the benefit-to-cost ratio is 159%. These numbers may be found in
the table below. Even though the initial expenditure for a parallel arrangement of two CPVT
is only 42% more, the return on investment (ROI) is just 1% worse than it would be
otherwise. The very low cost of energy provided by the system is the primary contributor to
the payback period's length of 7.8 years.

Keywords: Renewable energy, Trigeneration, Concentrating photovoltaic thermal,

Economic evaluation, Single-effect absorption chiller.
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1. INTRODUCTION

Shortly after the industrial revolution, the world's energy consumption pattern changed
dramatically [1]. Before the industrial revolution, there was a balance between energy
production on the earth and energy consumption; the produced plant photosynthesis energy
was utilized or stored as coal directly or as oil indirectly. After industrialization, humanity
changed the balance by using the past stored energy more than it could be replaced.
Although not too long after this, scientists called coal and oil sources of energy non-
renewable energy sources. However, waterwheels and windmills were the first types of
renewable energy that provided mechanical energy. Still, William Grylls Adams presented
the selenium cells' ability to generate electricity as the first modern world method of
renewable energy production in 1876 [2]. Soon after, other renewable energy sources are
utilized for energy production. But the initial cost of these systems cast them aside until the
evidence supporting the Svante Arrhenius's hypothesis that "human activity, carbon dioxide
imitations will cause global warming." Surfaced [3]. In contrast to other alternative energy
sources, solar energy is available in the majority of locations.

Two primary methods for energy generation from solar energy are solar thermal and solar
electrical (PV) collectors. Due to its low cust equipment and high performance solar thermal
collectors compared to PV collectors, solar thermal energy production is more compelling
[4]. To further improve the cost-efficiency of this system, concentrating units are added. The
concentrating solar thermal collectors provide higher temperatures and cost less than the
conventional system. Quaschning investigated economic and technical effects of
concentrating solar thermal electricity generation compared to the PV system; the results
indicate 17% higher power production of the concentrating solar thermal system [5]. The
other proposed method to improve solar system efficiency is to combine PV and thermal
collectors (PVT). The available energy in this system is a mixture of electrical and thermal
energy [6]. Photovoltaic cell efficiency is the function of solar radiation and cell temperature;
as a result, reducing cell temperature by extracting the thermal energy of the PVT system
results in an improvement in electrical efficiency [7]. To take advantage of both
concentrating and PVT systems adopted to a singular structure, CPVT, which in addition to
providing electrical and high-quality electrical energy, has a lower cost due to the reduction
of the absorber plate of the collector [8]. The high quality of thermal energy in a CPVT
system translates to higher cell temperature and lower electrical efficiency. Triple-junction
solar cell with a low-efficiency dependence on temperature is a suitable choice for CPVT
systems [9].

Owing to the high quality of thermal energy produced by CPVT structures, this structure
may be used to power a broad variety of applications. The fundamental idea behind the
CPVT is that it can produce both thermal and electrical energy, but it can produce hydrogen,
cooling, drying, etc. Mittelman et al. studied single effect absorption combined with a CPVT
for cooling. According to the findings of this investigation, the electricity provided by CPVT
for the cooling system operates similarly on certain occasions and is even superior to the
traditional approach from an economic perspective. [10]. In yet another investigation that
was conducted by Mittelman et al. a water desalination system powered by CPVT is
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evaluated. The outlines of this research present that the CPVT system has absolute
superiority over other types of solar systems for this distillation system and can be, in some
cases, more cost-efficient than conventional systems [11]. Buonomano et al. simulate a
building's integrated ventilation, heating, and air-conditioning technology for use near Italy.
The proposed design for this simulation is a series of PVT and concentrating solar thermal
powering single-stage LiBr—H2O absorption chillers. This study finding presents the
proposed structure provides more than sufficient energy to meet the building energy
demands [12]. Horvat et al. studied working conditions for a solar-powered trigeneration
system adopted to provide residential buildings. The results of this study pointed out that
utilization of this system could reduce grad dependency of the building located in
European[13]. Deymi-Dashtebayaz et al. performed research into the solar photovoltaic
thermal mechanism modeling that included a concentrator in addition to a heat pump. The
site of the experiment is Mashhad, Iran, and laboratory data are used to confirm the modeling
findings. According to this research, when the nanofluid flow rate rises, the solar panel's
temperature and the output fluid fall, boosting the thermal and electrical productivity and
decreasing the system's exergy efficiency. [14]. Another examination of the thermo-
economic improvement of the trigeneration system has been done by Calise et al. In their
proposed system, solar, biomass, and geothermal energy are used to supply energy to the
system. The products of this structure are heating, cooling, and electricity. This analysis also
uses an organic Rankine cycle to generate electricity. This research has been done using
TRNSYS software. The location of the study is Naples in southern Italy. The authors state
that such a system would result in 139% energy savings, which would result in more energy
being produced than needed and a payback period of 19 years [15]. A novel layout for the
framework of a heat pump that is driven by a solar photovoltaic thermal collector has been
investigated as part of research that has been presented by Leonforte et al.. This
infrastructure has been utilized to provide a residential building with cooling, heating, and
hot water. According to the findings of this research, the collector both thermal and electrical
efficiencies, as well as the performance of the heat pump throughout the seasons have both
improved. Also, the amount of electricity exchanged with the grid is reduced in these
conditions. The authors claim that this system is suitable for carbon zeroing residential
buildings [16]. Chen et al. demonstrated the environmental, energy, and economic multi-
objective optimization of a CPVT cogeneration setup that provides energy for an office
building. The highlight of this study's results shows 41.4% and 41.7% better energy
performance and adverse ecological effects. The proposed system provides 62% heating,
54% cooling, and only 30% electrical energy demands of the building [17].

Solar energy has been subjected to countless numbers of studies. The majority of these
studies focus on the collecting methods of solar energy, such as thermal, PV, concentrating
thermal, CPV, and CPVT collectors configuration. Adaptation of the solar system, which
provides thermal energy, generated a new field of study in which this thermal energy is
incorporated into intertwined systems to provide desirable outputs Based on the number
output. These systems are classified into three major segments: cogeneration, trigeneration,
and poly generation. In recent years, poly generation has attracted considerable attention
due to its ability to improve the overall efficiency of systems. As a result, these systems are
started gaining ground in the solar systems. The most efficient solar collector is the CPVT
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collector, based on researches results. Limited numbers of studies are conducted on a
combination of solar CPVT collectors with poly generation systems; the most crucial factor
in this phenomenon is the fact that the CPVT becomes less efficient as the temperature of
the medium rises. This issue was rectified by the triple-junction solar cell, which had better
electrical efficiency and reduced the CPVT systems' dependence on temperature for this
particular parameter. This system can provide a residential building energy demands; in this
case, the poly generation system must consist of hot water, air heating, and air cooling,
surplus to electrical generation. Different cooling structures can be adopted; among them, a
single effect water ammonium absorption chiller due to its required working temperature
seems promising. To the best of the authors, there is no previse attempt at economic and
energy investigation of a CPVT-powered poly generation system underload of a residential
building simultaneously.

The present study analyzes a poly generation solar system for a residential building located
west of Tehran, Iran. In this study, a linear Fresnel reflector (LFC) is modeled as the
concentration unit of a concentration photovoltaic thermal (CPVT) structure. Additionally,
a NH3-H2O single effect absorption refrigeration chiller is modeled in essence to assess the
amount of cooling energy that is generated by the system. Utilizing the engineering equation
solver (EES) to generate the provided models' code, TRNSYS is coupled to EES so that
transient simulation may occur. The residential building is simulated dynamically in the
TRN-build subprogram of TRNSYS. The first thing that has to be done with this inquiry is
to determine whether or not the solar system has the capability to fulfill the building's energy
requirements so that it can be considered sustainable. The second objective is to analyze the
system from an economic standpoint. Over the course of 22 years, an inspection of the
structure's financial viability has been undertaken. Several distinct kinds of solar collectors
are included into the framework that is being offered, and comparative studies of the design
that is being presented are carried out.

2. METHODOLOGY

An overview of the proposed concept

The objective of the suggested structure is to provide air conditioning and hot water power
requirements using solar energy for a residential building as well as power for the grid. The
suggested system comprises of focusing solar reflectors that concentrate sunbeams to the
absorber plate of collectors. The absorber plates comprised photovoltaic panels mounted on
a thermal absorber plate. Ten tubes are integrated underneath a plate used to transport
thermal energy to a solar working fluid in a thermal absorber plate configuration. The
electrical output of the mechanism is offered to the grid, while the thermal power production
of the solar arrangement is converted to heating or cooling cycles dependent on the
building's energy requirement. The proposed heating cycle is adopted to provide air
conditioning heating energy and the building hot water. Two auxiliary gas-fired heaters are
incorporated in outlet hot water and outlet working fluid to the air-conditioning to provide
the required energy when the solar system energy is insufficient. A water ammonium single
effect absorption is assumed to satisfy the building's cooling energy needs. The solar cycle's
thermal power is routed to the absorption chiller generator to fulfill the building's cooling
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complex's needs. In the event that the energy provided by the sun is insufficient, a gas-
powered auxiliary heater will be put into operation. Fig. 1 depicts this system's structural

schematic.
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Fig. 1. Proposed system configuration schematic

The Linear Fresnel concentrator (LFC) is considered the system's concentrating unit.
Specification of adopted LFC is presented in Table 1. There is two LFC utilized for this
system. Due to mirror length, two series of the LFC's absorbers are considered for each LFC
unit. The absorbers of the LFC are made up of a thermal absorber plate in addition to a
photovoltaic panel that contains multiple junction solar cells. Table 2 Presents the multi-
junction solar cell parameters. Aluminum Nitride with heat transfer conductivity of 1116
[kJ/hr m K] 1s considered for thermal absorber plate. Characteristics of the working fluid of
the solar cycle are shown in Table 3. The heat exchangers adopted in this system have 700
[W/K] total heat transfer conditions.

Table 1. LFC module properties [18]

Parameter Length Width Height Standard Mirror Mirror Concentration
(m) (m) receiver optical width length (sun)
(m) efficiency (m) (m)
Value 3.6 5.0 2.72 0.95 0.25 1.4 16

Table 2. solar photovoltaic module properties [19]
Parame Type Efficie Temperat Radiati Absorpt Conducti
ter ncy (%) ure on ion vity
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efficienc efficie coeffici coefficien
y ncy ent (%) t (W/m
modifier modifi K)
(1/°C) er
(1/kW)
Value triple 15.8 0.002 0.0074 92 167
juncti
on

Table 3. The solar working fluid properties.

Paramete Type Operating Thermal Densit Heat
r temperatur conductivit y capacit
e range (K) y (kg/m3 y
(kj/m.K) ) (W/kg-
K)
Value DURATHER 248 to 505 0.5076 844 0.6111
M 450

Four storage tanks are employed in the proposed structure. Storage tanks number 1, 2, and
3 in the system's schematic Fig. 1 are constant volume thermal energy storage with a 5 cm
polyurethane foam insulator. This insulator layer generates thermal resistance of 1.92
m2K/W for the storage tanks [20]. Storage tank number 4 is underground variable volume
storage used to supply the building water.

Three auxiliary heaters are used to provide energy when solar energy is insufficient. These
auxiliaries are gas-fired heaters with water as working fluid.

A water ammonium single-effect absorption chiller that has a coefficient of performance
(COP) 0f 0.62 and a cooling capacity of 5 kW is employed to provide cooling. Boudéhenn,
et al. developed this chiller model [21]. The specifications of this chiller are presented in
Table 4 and Table 5. Chiller's evaporator and absorber operate at 6.2 bar, and condenser and
disrober work at 12.4 bar. The chiller's pump operates at 32°C with an energy consumption
of 550 W to increase the solution pressure from 6.2 to 12.4 bar. The rich solution flow rate
is 89 kg/h.

3 Ton cooling tower with characteristics described in Table 6 is utilized to provide cooling
fluid for the absorption chiller.

Table 4. Inlet parameters of absorption chiller [22]

Heating fluid Cooling fluid Refrigerating fluid
Paramet Temperatu Flow Temperatu Flow Temperatu Flow
er re (°C) rate re (°C) rate re (°C) rate
(kg/ (kg/ (kg/
h) h) h)
Value 95 144 30 158 14 136
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Table 5. Chiller component properties [21]

Evaporator Condenser Absorber Disrober
Para Po Tempe Po Tempe Po Tempe Po Tempe
mete we rature we rature we rature we rature
r r °C) °C) r °O) r °C)
(k
(k W (k (k
W ) W W
) ) )
Valu 5 4 5 30 7.5 30 8 90
e
Table 6. cooling tower properties
Parameter Cooling Air Operating Dry Power
capacity volume weight weight (HP)
(kW) (CFM) (kg) (kg)
Value 13 870 73 28 0.17

The building investigated in this study is a 110 m2 single-story residential building with a
height of 3 m. A family of four live in this flat roof building. Two family members work
outside 6 to 14 five days a week. Characteristics of the construction material of the building
are presented in Table 7. It is estimated that this building has a ventilation rate of 0.4 each
hour., and comfortable temperatures for winter and summer are 24 and 26°C, respectively.

Table 7. Parameters of the building components [23]

External wall

Roof

Floor

Materials

1. Plaster 1.27 cm
2. Brick 10.16 cm

1. Asphalt 0.25
cm

1. Plaster 1.27 cm
2. Cement block

3. Plaster 1.27 cm 2. Concrete 7.62 20.32cm
cm 3. Concrete 10.16
3. Cement block cm
20.32cm 4. Tile 2.54 cm
4. Plaster 1.27 cm
U-value (W/m2K) 3.8 1.9 0.34
Weight (kg/m2) 385 337 340

Energy evaluation of concentrating unit and absorption chiller
Using the following equation, one is able to determine the amount of incident energy from
the sun that the linear Fresnel reflector is generated on a receiver.

Gpyt = Nopt- Ip- [AMppc. CLrc
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Where GPVT, nOpt, Ib, IAMLFC, and CLFC, are incident solar radiative, optical efficiency,
beam radiation, LFC incidence angle modifier, and concentration ratio of LFC, respectively.
Bellos and Tzivanidis developed the following equations to calculate the LFC incidence
angle modifier [24].

IAMppc = Kr(087). K, (8) 2)

Where 0T, 0L, KT, and KL are transversal solar incident angle, longitude solar incident angle,
transversal incident angle modifier, and longitudinal incident angle modifier, respectively.
The proposed longitudinal incident angle modifier of LFC is:

)

F A
K () =~ [1+ (E) .sin(8,) +cos(6y)
Where F, L, and W are focal length, LFC length, and the center and the last mirror of LFC
distance, respectively.

The proposed Transversal solar incident angle modifier of LFC is:

—
)
g
8
®U)
~
D
—
p—
~

Where Dw, and WO are LFC reflectors distance, and LFC each mirror width.
¢m position angle of the LFC mirrors is:

W

4
)
Pt /Fz+(¥)2 (5)

OT,crit critical transversal solar angle, after which shading effects starts is:

Py = 2arctan(

) 1.77¢; (©6)
Br.crie = 9446 — 2.519.1 —~ 55.71.0* — 0.48.¢; + 50~ + 1.15.1.¢;

Where A is the width to the distance ratio of the LFC mirror.
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It is possible to express transversal and longitudinal incidence angles as a function of solar
zenith and azimuth angles using the following formula:

O = arctan(]|sin(y;)|.tan(6,)) (7)
0, = arctan(cos(y).tan(0,)) ®)

Where vs, and 0z are the solar azimuth and zenith angles, respectively.

The absorption chiller is made up of a generator, absorber, condenser, evaporator, expansion
valves, pump, rectifier, and heat exchangers. Fig. 2. illustrates the suggested single-effect
absorption chiller concept.

SAbsorber
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Fig. 2. single-effect absorption chiller schematic

The models developed by Sirwan et al. and Kizilkan et al. to evaluate absorption chillers are
implemented in order to generate utilized single-effect water ammonium absorption chiller.
The proposed absorption chiller's energy and mass balance with consideration of a binary
mixture of NH3-H2O are presented in fallow.

Energy and mass balance for generator:

rh21 + rh3 = rh4 + rhg (9)
le.X21 + Ii”l3.X3 == I’h4.X4 + mg. Yg (10)
QG = rhl.hl + rhz.hz == rh4.h4_ + mg. hg - I’h21.h21 - rh3.h3 (11)

Where h, X, Y, m, and QG are specific enthalpy, liquid solution concentration, vapor
solution concentration, mass flow rate, and generator heat transfer rate, respectively.
Energy and mass balance for solution heat exchanger:

m, = m;s Xy =Xs Mg (12)

= m;3 X3 = X
QHEX = rhg.h3 - rh6.h6 = rh4_.h4_ - rhs.hs (13)
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The rate of heat transfer happening inside the heat exchanger is denoted by Q HEX.
Balance of energy and mass for solution pump:

rhg = rh6 X8 = X6 (14)
Wp = Ii’lﬁ.h6 - ms.hg = rhs.VS. (PH - PL) (15)

Where wp, PH, PL, and v are pump work, generator pressure, absorber pressure, and
solution specific volume, respectively.

Energy and mass balance for expansion valves:

ms = My X5 = X7 hs =h; (16)
My, = Mys X14 = X5 hy, =hys (17)

Energy and mass balance for absorption:

g = m, + Mg (18)
mg.Xg = Ih7.X7 + mlg.xlg (19)
Qap = my. h; +myg.hyjg — mg.hg = my,.hy; —myy.hyy (20)

Where Q’Ab is absorber heat transfer rate.
Energy and mass balance for sub-cooler:

my; = Mg X17 = X3 mys (21)
= My, X15 = X16

qubc = mys. hys — myg.hyg = myg.hyg — my;.hyy (22)

The heat transfer rate via the sub-cooler is denoted with Q subC.
The evaporator's energy and mass balances are as follows:

my; = My, X17 = X6 My = Mygq (23)
Qgy = my;. h17 — My h16 = rh20(h19 - hzo) (24)

The rate of heat transfer in the evaporator is denoted by Q EV.
The condenser's energy and mass balances are as follows:

My = My, X10 = X14 (25)
Qco = Myg.hyg —myy.hyy = rh10(h13 - h12) (26)

The rate of heat transfer in the evaporator is indicated by Q Co.

Adopting concepts of LMTD (logarithmic mean temperature difference) and UA (overall
heat transfer coefficient), each component of the absorption chiller heat transfer rate can be
expressed as follow:
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T, — T, (27)
EF; =
7T, - To
LMTD.. — (T, — T4) - (Tz —To)
Q¢ = LMTDG.UAG (29)
(Ty —T3) = (Te — Ts)
LM Dhex == T=T (30)
QHEX = LMTDygx- UAHEX 1)
Tiz — Tia (32)
EFp, = ———
AT Ty — Ty,
(Tg — Typ) — (T; — Tyq)
R (e v (33)
T7 - T11
Qup = LMTD,,. UA,, (34)
(T17 - T16) - (T15 - T18)
LMTDg,pc =
subc Ln((T17 —_ T16)) (35)
- T18
Qsubc = LMTDgypc- UAsupce (36)
Ti9 — Ty (37)
EFgy = ———
( 19 — T17) (TZO - T17)
LMTDgy =
BV Ln((Tw — T17)) (38)
TZO - T17
Qgy = LMTDgy. UAgy, (39)
Br,, = 1z~ i (40)
® Ty —Tis
LMTD.. = (Trg — Tyz) — (Tia — Ty3)
e L (e =Tz (41)
T14- - T13
Qco = LMTD,,.UA, (42)

COP, coefticient of performance of this absorption chiller is:

M9 (hyg — hyo) (43)
rhl(hl - hZ)

COP =

Economical assessment
A detailed components costs of the concentrated solar room heating and cooling with
supplying hot water and power are presented in Table 8.

Table 8. Proposed system equipment costs
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component Specific cost ($) Utilized cost Total Reference
units (%) Share
(%)
PVT 350/m2 1.8 m2 630 2.99% [25]
LFC field 200/m2 36 m2 7200 40% [26]
TES 1250/ m3 1.5 m3 1875 9.99% [26]
Thermal oil 2/ kg 30 kg 60 0.01 [26]
Piping 30/ m2 (collector 1.8 m2 54 0.01 [26]
area)
Heat 100 2 200 1 [27]
exchanger
Auxiliary 107 2 214 1 [27]
heater
Auxiliary 5 1 5 0.01 [27]
heater
water
Pump Wi, 025 20 kW 521 3% [28]
1026 (—)
300
Absorption | 14740.2 QEV‘°-6849 5kW 4899 27% [28]
Cooling 2000 1 2000 11% -
tower
Controlling 500 1 500 2.99% -
system
Total - - 18158 100 -

When calculating the entire amount of profit that may be made from a system, net present
value, also known as NPV, is utilized since it takes into account the temporal worth of the
investment. Two of the essential factors which affect the NPV are the discount rate and
projected returns. These parameters' predictive nature is the primary cause of uncertainty in
the results. NPV can be presented as:

s (44)
NPV = —Cp+ )
VAR

Where CO, Rt, t, and i are the initial costs, period t net cash flow, number of periods, and
interest rate, respectively. The rate of interest at which an investment's net present value is
equivalent to zero is known as the internal rate of return (IRR). Net present costs (NPC) and
net present benefit (NPB) are two crucial parameters for the financial evaluation of the
scheme.

The benefit-to-cost ratio, often known as the BCR, is an excellent indicator of the system's
current financial state. It may be expressed as follows:
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NPB (45)
BCR = NPB

The Levelized Cost of Energy (LCOE) parameter evaluates alternative energy production
methods. The LCOE determines if the system will break even or not. This parameter
represents the total operating costs for the entire energy production of the system as follow:

p=m-1 Ct
o TEDP 46)

p=m-1 Et
2o TT+DP

LOEC =

Where ct, and Et are system cost and energy production in the period.

3. SIMULATION
The TRNSYS is a well-known renewable energy softer assessment for the transient
condition utilized for academic and commercial applications [29]. This software can use
other applications such as engineering equation solver (EES). EES is one of the best
thermodynamic and mathematical evaluations program [30]. Adaptation of the SketchUp
design building in the TRNSYS provides the meaning for energy evaluation of the building.
The system's modeling inquorate Typel5-2 provides the weather data as the system's initial
conditions. The specification data input of Typel5-2 is the whether conditions of Tehran.
For modeling LFC with the solar beam radiation, incident angle, solar zenith, and azimuth
angles transfer to EES by Type66a and an EES code based on Eq. 1 to 8 return concentrated
solar radiation on the unit of area. Required parameters of the utilized equation are presented
in the LFC specifications. Type 563 is chosen to model the PVT unit of the system.
Characteristics for this component are the combination of the PV module, synthetic oil, and
thermal absorber. Type 563 generates the CPVT system's electrical power and temperature
outputs when input temperature and radiation are provided. Type3b is adapted to model the
system pumps. On account of the ephemeral nature of solar cycles, the system has three
TES. These storage tanks have 0.5 m3 and are modeled by Typel58. Auxiliary heaters are
another safety mechanism to counteract the temporary nature of solar energy and generate
the required energy for the building. Type700 provides the model for this element. The
closed loped system has a better life span than open lope ones. Based on this fact, heat
exchangers are adapted to separate different systems parts. The counter flow heat
exchangers of the proposed system are modeled inquiring TypeSb. A 1 m3 underground
storage tank model by Type39 is selected to provide domestic water.
An EES code based on Eq. 9 to 43 is generated to simulate the absorption chiller. The inlet
parameter for this model transfers to EES with Type66a, and outlet conditions are returned.
Typel28 is proposed for the cooling tower. The building energy model is assisted using
Type56 —TRNBuild. Type682 is used to link the building energy result to the system. Fig. 1
demonstrates the proposed system schematic in the TRNSYS. The economic assessment of
the system is carried out by first extracting the electrical productivity of the PVT units, then
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adopting the costs of the system, and finally taking into account the thermal energy that is
produced by the solar cycle for both heating and cooling. This parameter transfers to an EES
code base of Eq. 44 to 46.

Fig. 3. The proposed system schematic in the TRNSY'S

4. RESULTS AND DISCUSSIONS

validation

Models utilized to describe system conditions require validation to ensure the model's
reliability. Considering the understudy system has three main segments for which valid
study results are available, the model validation breaks down into the building, the LFC,
and Concentrated solar tri-generation models. The Dependableness of the adopted model
for building evaluation using Baneshi and Maruyama's study[25], the comparison of the
present modeling data and those of the Baneshi and Maruyama are presented in Table 9. The
analogy of this table data, based on the fact that most of the divergences arise from the
difference in the adopted whether data, the conclusion of validity of the present model for
the building's energy demand can be drawn.

Table 9. The present model of building energy demand compared to Baneshi and
Maruyama's research [25]

Peak cooling Peak heating Total cooling Total heating
load (kW) load (kW) load (kWh) load (kWh)
Reference 23 3.0 3080 6120
value [25]
Study value 24 3.1 3387.4 6362.3
Divergence 4% 3% 9% 4%
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The LFC's model heavily relies on longitudinal and transversal incidence angle modifiers to
generate incidence angle modifier. Most LFC manufacturers provide longitudinal and
transversal incidence angle modifiers for their products. Fig. 4 shows the presented model
for LFC and manufacturer data presented in the research of Famiglietti and Lecuona [18].
This chart indicates that the current model and the reference data agree with one another
astonishingly.

100% —
80% —
i W
60% ¢
B,
40% "8,
20% -
0% g
0 10 20 30 40 50 60 70 80 90
eLle_ (3)
@+ KL — ® —KLR KT KTR

Fig. 4. The transversal and longitudinal incidence angle modifiers of this investigation were
compared with the values that Famiglietti and Lecuona had obtained [18]

For the final stage of validation, with the separation of the CPVT from heating and cooling
air conditioning simultaneously utilizing standard PV cells instead of triple-junction solar
cells, the system transforms into the proposed design of Moaleman et al. [22]. Changing the
other parameters of the system to those incorporated in Moaleman et al., a comparison of
the present simulation and Moaleman et al. are illustrated in Table 10. The presented result
of this table indicates the proposed model for the absorption chiller and LFC have a good
agreement with the one adopted in the earlier mentioned research.

Table 10. comparison of overall energy generation of the proposed model for Moaleman et
al. system with their data [22]

Electrical energy Thermal  energy Cooling  energy
production production production
Reference value 2290 (kWh) 6528 (kWh) 3944 (kWh)
[22]
Study value 2423.5 (kWh) 6835.6(kWh) 4018.8 (kWh)
Divergence 6% 4% 2%

The proposed system's energy performance

In the first place, to eliminate the effects of initial conditions on the simulation, the
simulation is conducted for 13 months, and the first month's data are neglected.

Fig. 5. A, B, C, and D, demonstrate the annual consumption of cooling and heating power
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for the building, as well as the consumption of supplementary heating for either climate.,
respectively. The building's utmost heating and cooling demand occur at 7 AM on January
13th and 9 AM on August 19th, with 3.13 and 2.44 kW, respectively. The highest energy
requirements of 3.68 kW for the heating system auxiliary and 3.94 kW for the cooling
system auxiliary are needed at 7 AM on January 13th and 17:30 on July 22th, respectively.
The efficiency of both the boiler and the combustion contributes to the greater energy
expenditure of the auxiliary as compared to the energy usage of the building loads.
Furthermore, the lower than one COP of the chiller increases contributes to this higher

energy consumption in the cooling cycle.
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Fig. 5. The building's air-conditioning energy demands and required auxiliary heaters.

Fig. 6 A and B depict the CPVT's electrical and thermal power generation year-round. The
energy creation of the CPVT unit is dependent upon the temperature of the PVT absorber
plate and beam radiation. The temperature of the absorber plates of the CPVT is indirectly
dependent on solar radiation. As expected, the system's maximum electrical and thermal
energy productions are generated in summer with 5.48 and 11.34 kW, respectively. The
proposed design can provide 98% of the energy required to generate municipal hot water
for the building. The incoming municipal water is assumed to have the same temperature as
the earth two miters underground. Fig. 7 A depicts the output temperature of the CPVT
system over the course of a year. The control system of the proposed structure is coded to
generate cooling if the outlet temperature of the CPVT reaches 160°C and dissipates
excessive energy; consequently, the maximum outlet temperature of the CPVT cycle is
restricted to 160°C. Although the present proposed design does not take advantage of CPVT
passive cooling, the temperature results indicate the capability for such a system. Fig. 7 B,
and C represent CPVT thermal and electrical efficiency. With increasing solar radiation, the
thermal and electrical efficiency of the structure must grow. Still, an increase in temperature
has an inverse effect on these parameters and cancels out the impact of solar radiation
growth. Utilizing multijunction cells is directly responsible for the CPVT's high electrical
efficiency (up to 28 percent), which converts solar energy to electrical energy more
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efficiently. The control system maintains the building's temperature at 24°C in cold and
26°C in hot seasons. Air change infiltration of the building is assumed to be 0.4 in an hour.

(A

Electrical energy production of

720 2176 3632 5088 6544 8000 9456
Time (h)

(8

Thermal energy production of
CPVT (kw)
o

720 2176 3632 5088 6544 8000 9456
Time (h)

Fig. 6. Year-round electrical and thermal energy production via the CPVT system
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Fig. 7. Outlet temperature, thermal, and electrical efficiency of the CPVT during a year

A comparative assessment of different methods to provide the energy to satisfy the building
energy demand is presented in Table 11. In this table, All systems, with the exception of two
parallel CPVT with triple-junction solar cells, have the same collector area, whereas the
final design has double the size of the others. PVT with standard solar cell structure is used
as the reference for other structure energy evaluation. Utilizing this structure reduces the
energy required for water heating by 71%. PVT with triple-junction solar cells requires 1%
more energy for water heating and produces 12% more electrical energy than the standard
solar system. However, a concentrated thermal collector has no electrical energy production
but generates 418% more thermal energy. CPVT with normal solar cells provides 384%
more thermal energy due to the adaptation of concentrating unit and 32% less electrical
energy than the standard system. This reduction in electrical production is mainly due to the
cell temperature increase in this system. CPVT with triple-junction solar cells avoids this
negative effect by implementing cells with lower dependency on temperature. This structure
has 25% and 366% higher electrical and thermal energy production. Combining two CPVT
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with triple-junction solar cells in a parallel system, 114%, and 555% more electrical and

thermal energy than the standard case can be obtained.

Table 11. Different types of the solar unit performance adopted in the proposed system

Required Required Required Solar Solar
auxiliary auxiliary auxiliary electrical thermal
heater heater heater energy energy
for the for water for the production production
heating heating cooling (kWh) (kWh)
cycle (kWh) cycle
(kWh) (kWh)

No solar 7484.96 3235.66 7277.32 0 0

cycle

PVT  with 7484.96 950.10 7269.52 4476.71 3100.81

standard

solar cells

PVT  with 7484.96 955.58 7269.53 5036.08 3065.68

triple-

junction

solar cells

Concentrated 5627.07 2866.26 8.86 0 16054.39

thermal

collector

CPVT with 6006.78 3121.03 13.65 3052.21 15011.35

standard

solar cells

CPVT with 6018.80 3377.65 13.37 5585.84 14437.60

triple-

junction

solar cells

Two parallel 4391.06 199.09 4.01 9578.08 20318.16

CPVT with

triple-

junction

solar cells

The proposed system's economic performance

The main assumptions are a 5% interest rate, a life span of 22 years for collectors, 0.216
$/kWh feed-in tariff, 0.033 $/m3 CNG price, and 0% tax [14]; economic factors for different
solar collector configurations are presented in Table 12. With current government
regulations regarding energy, CPVT with triple-junction solar cells has the best economical
performance. All of the collectors, to some extent, have economic justification except for
concentrated thermal collectors. The low-cost CNG is the most crucial factor that
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significantly impacts this system's economic justification. Most of the solar cycle's revenue
stems from electrical production.

Table 12. Economical parameters for different solar collectors utilized in the system.

NP Operating NPV PBT BC IR LCOE
C and $) (yea R R ($/kW
&) maintena r) (% h)
nce costs )
$)
PVT with 106 106.26 8953.5 11.0 84 7% 0.025
standard 26 4 3 %
solar cells
PVT with 169 84.68 5509.1 15.3 33 3% 0.028
triple- 36 3 3 %
junction
solar cells
Concentra 104 208.2 - - - - 0.018
ted 10 3873.4 37 3%
thermal 0 %
collector
CPVT 106 318.78 6363.5 12.7 60 5% 0.022
with 26 7 1 %
standard
solar cells
CPVT 110 276 17557. 7.84 159 12 0.018
with 40 71 % %
triple-
junction
solar cells
Two 190 476 26964. 8.41 142 11 0.021
parallel 40 17 % %
CPVT
with
triple-
junction
solar cells
5. CONCLUSION

A solar poly generation system is subjected to investigation in the present study. The
proposed system consists of concentrating photovoltaic thermal collectors, which in
addition to electrical energy production to sell to the grid, partially provide thermal energy
for air-conditioning unit and hot water. The proposed concentration system for collectors is
a linear Fresnel reflector incorporating triple-junction solar cells. The system has gas-fired
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backup heaters. The system directly utilizes the thermal energy to meet the building heating
requirement, and in order to provide the building with the necessary cooling energy, a single
effect ammonium water absorption chiller has been installed. Mathematical models for the
LFC and absorption chiller are cared out and coded in EES. The system simulated
incorporating a residential building located in the west of Tehran, Iran, in TRNSYS.
Validation of the system's model is carried out compared to previse studies. Finally, system
economics and energy performance are investigated. The most important results of this
study can be highlighted as follow:

The suggested CPVT made with triple-junction solar cells has a thermal efficiency mean
value of 48 percent and an electrical efficiency mean value of 23 percent.

The total energy production of the proposed concept of CPVT is 10%, 20%, 60%, and 62%
higher than CPVT with standard solar cells, concentrated thermal collector, PVT with
highly-efficient cells, and PVT with traditional solar cells, respectively.

The proposed CPVT for the system reduces building energy requirements by 48%. In
contrast, CPVT with standard solar cells, concentrated thermal collectors, PVT highly-
efficient cells, and PVT with traditional solar cells reduce these requirements by 49%, 53%,
13%, and 13%, respectively. These are regardless of the electrical production of each system.
Adopting two of the proposed CPVT connected parallelly to the system accounted for 74%
of the system's energy demands.

The proposed CPVT has NPC, NPV, PBT, BCR, IRR, and LCOE of 11040, 17557, 7.84,
159%, 12%, and 0.018, respectively. This economic data indicates the system's low to
medium economic attraction.

The most negative impact on the system's economic efficiency is the low-cost CNG, as a
concentrated thermal collector has a -3% IRR and -3873.40 NPV, which are the indicators
of investment Loss.

Nomenclature

BCR Benefit-to-cost ratio T Temperature (°C)

Co Initial costs ($) t Number of periods

CLFC Concentration ratio of LFC TES Thermal energy storage

COP Coefficient of performance of UA Overall  heat  transfer

Dw absorption chiller \% coefficient (kW/°C)

EF LFC reflectors distance (m) W Specific volume of solution

F efficiency WO (m3/kg)

GPVT Focal length (m) wD The center and the last

h Incident radiative flow (W) X mirror of LFC distance (m)

1 Specific enthalpy (kJ/kg) Y LFC each mirror width (m)

IAMLFC Interest rate Pump work (kW)

Ib Incidence angle modifier of Ys Liquid solution

IRR LFC nOpt concentration

LCOE Beam radiation (W/m2) oL Vapor solution

LMTD Internal rate of return (%) 0T concentration

IRR Levelized Cost of Energy 0z Greek symbols
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KL Logarithmic mean A Solar azimuth angle (°)
KT temperature difference (°C) om Optical efficiency
L Internal rate of return Longitudinal incident angle
LCOE Longitudinal incident angle Ab °)
m’ modifier of LFC Co Transversal incident angle
NPB Transversal solar incident EV °)
NPC angle modifier of LFC G Solar zenith angle (°)
NPV LFC length (m) H The width to the distance
P Levelized cost of energy HEX ratio of the LFC mirror
PBT ($/kWh) L Position angle of the LFC
Q Mass flow rate (kg/h) subC mirrors (°)
Rt Net present benefit ($) subtitles

Net present costs ($) Absorber

Net present value ($) Condenser

Pressure (kPa) Evaporator

Payback time (year) Generator

Heat transfer rate (kW) high

Period t net cash flow ($) Heat exchanger

Low
Sub cooler
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