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1. Introduction

Greenhouse cultivation is a popular intensive type of
crop production with a yield per cultivated unit area
more than 10 times larger than field crops. Heating

Abstract. This study conducts dynamic modeling and analysis of an innovative semi-
solar greenhouse structure via MATLAB software in terms of energy, exergy, and economy.
This modeling is used to predict the temperatures of four different area points inside a
semi-solar greenhouse structure for the evapotranspiration of the crop. Measured data
recorded from the constructed typical semi-solar greenhouse are used to evaluate the results
of the proposed thermodynamic analysis. Measurements during the experiment show a
considerable temperature difference of 20°C between the indoor and outdoor air. The mean
values of 5.94% and 2.06°C for MAPE (Mean Absolute Percentage Error) and RMSE (Root
Mean Squared Error) point to the accuracy of the thermal simulation. Furthermore, in
different heat and mass transfer processes, the total exergy destruction values are analyzed.
The target of this research is to provide suitable environmental conditions for the inside
of the greenhouse. In this respect, the greenhouse air unit cost for each time step of one
minute is inspected. By increasing the interest rate from 10% to 20%, the greenhouse
air unit cost raises almost twice. Decrease of about 45.36% in total exergy destruction is
obtained by the technique of applying double-layer glass as the greenhouse cover.

(© 2021 Sharif University of Technology. All rights reserved.

many side effects on the environment. In this respect,
solar energy as an abundant, clean and sound source
can be regarded as a favorable energy source rather
than a conventional one. Solar energy with more
suitable energy-saving properties can play a valuable

and cooling of greenhouse are two of the most energy-
consuming operations among the various activities
performed for protected cultivation. The growing use
of fossil fuels as an energy source has given rise to
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role in greenhouse heating. Recently, researchers have
performed many studies on the application of solar
energy to greenhouse heating.

Utilizing mathematical modeling, Kiyan et al. [1]
investigated the thermal behavior of a greenhouse
heated by a hybrid solar collector system. They
demonstrated the higher efficiency of coupling con-
ventional fossil fuel-based systems with the proposed
solar collectors despite their longer payback period.
Gorjian et al. reviewed the development of solar
greenhouses considering their coupling with solar en-
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ergy resources such as photovoltaic (PV), photovoltaic-
thermal (PVT), and solar thermal collectors [2]. They
concluded that solar thermal collectors installed in
greenhouses in temperate climates exhibited higher
efficiency. Kondili and Kaldellis [3] showcased an inte-
grated geothermal-solar greenhouse and demonstrated
that the proposed system could improve technical
and economic efficiencies upon minimizing fossil fuel
consumption. Energy, exergy, and economic analyses
of different renewable resources integrated with PV
systems were investigated recently by Li et al. and
optimum state, exergy efficiency, and total cost rate
of these systems were obtained [4-6]. Ziapour and
Hashtroudi [7] carried out a simulation for a greenhouse
with a curved glass roof equipped with a Phase Change
Material (PCM) tubular collector to save the energy.
Optimum values of 7.5 cm for the collector pipe
radius and 17 lit for the PCM volume were obtained
using an evolutionary algorithm. Sajid and DBicer
made a cost comparison between four different systems
supplied by solar energy to prepare electric energy,
water, and air conditioning for a greenhouse system [8].
The minimum costs of electricity, cooling, and water
were reported to be 0.033 $/kWh, 0.015 $/kWh, and
1.45 $/m?, respectively. Heating cost and the efficiency
of the greenhouse could be enhanced using the potential
of solar water collectors in the ground heat system
during cold seasons [9]. Length of exchanger and the
inlet flow rate were mentioned as effective elements on
the performance of the proposed system. Heat cost
reduction could go over 50% in April. Straw block
north wall performance in solar greenhouses, thermal
storage coefficient of storage layer, the total thermal
inertia index, and the total thermal resistance of the
storage wall as improved thermal characteristics were
investigated by Zhang et al. [10]. They reported that
the system had an efficient performance economically
and environmentally. A combination of two heating
systems, namely rock-bed thermal energy storage and
water filled passive solar, was investigated in a study by
Bazgaou et al. [11]. In this project, the use of the com-
bined system covered the heating requirements of the
greenhouse and the combination of two heating systems
was very profitable which could generate profits for
farmers. Joudi and Farhan [12] used a solar air heater
to heat an innovative greenhouse structure in winter
experimentally. They showed that 0.012 kg/s/m? of
air mass flow rate could support almost 84% of the
daily heat consumption. In addition, to maintain the
greenhouse at a temperature of 18°C, the air mass
flow rate through the collectors varied from 0.006 to
0.012 kg/s.m?. Furthermore, to obtain more efficient
and economical products, agricultural greenhouses are
seek to apply maximum amounts of renewable ener-
gies. However, there are some meaningful distinctions
between the ideal closed and traditional greenhouse

layouts in terms of energy consumption and payback
period [13]. Zhang et al. discussed a dynamic energy
balance model considering dynamic cover absorbance
and transmittance with an improved performance [14].
This study investigated the use of a sub-model of seven-
layer soil and the solar radiation transmitted into the
greenhouse from side walls. Moreover, the transmit-
tance of various greenhouse surfaces, solar radiation
absorbed by cover, and solar radiation transmitted into
the greenhouse were investigated. Rapid calculation
of physical dimensions of passive solar greenhouses
was derived in a study by Chen et al. [15]. They
demonstrated that this method was valid for a wide
range of geographical latitudes. Zhang et al. designed
passive heat-storage greenhouse walls for non-arable
lands and established an unsteady model of the solar
greenhouse’s thermal environment [16]. They analyzed
the thermal performances and energy efficiencies of
these walls. The results verified the larger contribu-
tions of wall to promoting the thermal environment
of solar greenhouses. A solar greenhouse integrated
with Photovoltaic/Thermal (PV/T) and Earth-Air
Heat Exchanger (EAHE) was thermally modeled by
Mahdavi et al. [17]. Heating/cooling potential of
PV/T and EAHE integration into greenhouse were
studied. They recommended PV rather than PV/T
integration while heating/cooling potential of EAHE
was noticeable.

Application of PCM as fluid flow in ventilation
proposed by Chen et al. [18] to inspect the effective
elements. They illustrated that the north wall could
save more energy and the crops could be yielded sooner
upon using this methodology. Tomato cultivation was
taken into account by Yildizhan and Taki [19] to obtain
more effective products. They used the cumulative
exergy approach in various regions of Turkey and
reported some improvements in energy and exergy
efficiencies.

Greenhouses have considerable capacities to save
and use great quantities of solar energy in fruit and
vegetable cultivation. Most greenhouses in developing
countries, especially Iran, use fossil fuels due to the
high frequency of oil and gas sources. Therefore, to
our knowledge, previous studies have disregarded the
energetic, exergetic, and economic evaluation of a semi-
solar greenhouse under Iran’s conditions up until now.
In this research, simulating the heat and mass transfer
in a semi-solar greenhouse by an innovative dynamic
model and, then, inspecting the exergy destructions
through processes were taken into account to compen-
sate the lack of information in this field. Particularly,
there are no noticeable inquiries on the experimental
inspection of solar greenhouses. The final part of this
study concentrates on the exergoeconomic assessments
and offers some economic suggestions. Modeling results
are validated based on the measured values from the
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constructed greenhouse of 15 m2. The results of this
project can be used in commercialization of semi-solar
greenhouses in the future, and they help farmers and
customers decrease crop costs. The main innovations
of this study can be stated as follows:

- Suggesting a dynamic model to predict the temper-
ature and relative humidity of a semi-solar green-
house;

- Using statistical functions to define the precision of
the modeling;

- Evaluating the dynamic model conclusions using the
data obtained from experiments;

- Exergoeconomic investigation of the semi-solar
greenhouse.

2. Materials and methods

2.1. Semzi-solar greenhouse
For experimental evaluation of the thermodynamic
simulation in this study, an innovative structure
was designed and installed in Tabriz city, Azerbai-
jan Province, Iran (Latitude 38° 100'N). Researchers
demonstrated that greenhouse heating consumed over
than 30% of its total operational energy [18]. Further-
more, to harness the highest amount of solar energy
in greenhouse structures, the shape and orientation
of a greenhouse are highly emphasized [20]. Then,
attempting to select the most suitable shape and
orientation for the constructed structure, the present
study inspects many shapes from the viewpoint of solar
energy capture in two main orientations of east-west
and north-south. In this way, the greenhouse structure
and orientation are chosen upon radiation calculation
and based on Tabriz Meteorological Information Cen-
ter [21] (Figure 1).

The selected structure is called “semi-solar” be-
cause of its well-suited structure in absorbing solar

radiation and using thermal screen and block north wall
to save solar energy and avoid energy loss.

A semi-solar greenhouse was constructed by glass
covering on a land with 5 m length and 3 m width. Data
recording was performed in this greenhouse by cabbage
as an experiment specimen to validate the results of
thermal simulation. The considered assumptions are
as follows:

- The sole ventilation is the windows leakage;
- Evapotranspiration is considered;

- All greenhouse elements have a constant tempera-
ture;

- The surface evaporation of the greenhouse land is
not considered;

- CO; variation impact is ignored.

2.2. Internal and external climate data

The experiment began since 9:00 a.m. and lasted for
& hours with cabbage cultivation on 28 November,
2017. There was not any rain or snow along the
data recording. Temperature and relative humidity
of greenhouse components were measured by a 14-bit
analog to digital sensors. By increasing the accuracy of
the recorded data, two sensors were taken into account
for every component and the mean of the two measured
data was considered in calculations. Solar radiation
absorbed by greenhouse components was assessed by
TES1333 sensors installed on the roof and surface of
plant and soil with sensibility of 5% W/m2. Outside
air velocity was gauged by ST8894 anemometer and all
obtained data were recorded by a 16-bit resolution data
recorder with 5000 measurements per second power.
Location of temperature and relative humidity sensors
installed in the greenhouse are given in Figure 2.

2.3. Performance evaluation criteria
Uncertainty analysis was employed to evaluate the
preciseness of data recording. Accordingly, the experi-

Figure 1. Selected greenhouse structure for the present
study.

Figure 2. Location of temperature and relative humidity
sensors installed at the greenhouse.
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ments were done all over again on November 29 and 30,
2017 with the same conditions of the main experiment
and the obtained data from consecutive days were
assessed with uncertainty analysis. The mean of the
gauged data is obtained as follows [22]:

— X
X:h.
n

(1)

Let n be the measurement series and X,, the gauged
value. Standard deviation is calculated as in the
following [22]:

Ll —\ 2
5 (- )
SD= | *“————
(n—1)
Then, uncertainty is obtained as follows [22]:

U=, (3)

Furthermore, two statistical functions of Mean Ab-
solute Percentage Error (MAPE) and Root Mean
Squared Error (RMSE) were employed to assess the
accuracy of the thermal modeling [23):

n

1
MAPE = - Z

d. _ .
%P3l 100, (4)

2.4. Modeling and analysis

Energy flows and exergy destruction procedure are
presented in Figure 3. Significant heat transfers by
long/short wave radiation, convection, and conduction
were assessed. In addition, some important mass
transfers by air and vapor were discussed. Then, a

ISC‘N Cover Tlcoo-sk Sky
CVe00-0 (coo,coi) (sk)
Outside o / N ILp-coi
CVa-coi TLnwi-coi ISp
(0) H20a-coi \
ILg-coi
(t Plant
H20a-0 (p)
AlRa-o
‘ H20p-a —
Inside Air / ]Lnlwi-l)
(a) CVnwi-a Inside North Wall
ILg-p (nwi)
CVa-g ~ / ILnwi-g CDlIlWi—nWl]
Deep Ground Ground Outside North Wall
(dp) CDg-dg (g)

\ (nwo)

1Sg

Figure 3. Schematic of significant heat/mass transfers by
long/short wave radiation, convection, conduction, air,
and vapor.

comprehensive evaluation of a semi-solar greenhouse
including energy, exergy, and economic analyses was
conducted by simulating the enthalpy balance equa-
tions in MATLAB software in equal time steps. The
results were validated by the measured values during
the experiment on November 28, 2017. Flowchart of
the developed dynamic model is illustrated in Figure 4.

Table 1 represents the input parameter values
used for thermodynamic simulation.

2.4.1. Energy view
Eqgs. (6)—(9) as shown in Box I are used to calculate
the temperature variations of inside air (7,), inside
ground (Ty), plant (T},), and inside cover (T.,;) in
each time step [23,26,27]. Tables 2, 3, 4, and 5
show heat transfer between greenhouse components by
convection, conduction, and long-wave and short-wave
radiations, respectively. In addition, Tables 6 and 7
list the heat transfer between greenhouse components
by mass transfer of air and H2O, respectively.

In the building industry, two-layer glass windows
are sometimes applied to reduce energy loss by con-
vection heat transfer due to temperature difference

dTa — Qa—g - Qa—p - Qa—coi - Qnuri—'nwo (6)
dt Pa X Cp—q X Vg ’

@ — Qrd—g - Qa—g - Qg—p - Qg—coi - Qg—dg (7)
dt (07X pg X ¢peyg +0.2 X pHy0 X Cpetin0 + 0.1 X pg X €pg) X V'

@ — Qrd7p+Qa7p+Qcoifp+Qg7p _QH207p_a/ (8)
dt Pp X Cpp XV,

choi — Qrdfcoi + Qafcoi + QHgOs a — coi+ ngcoi - Qcoifp - Qcoofo - Qcoofsky (9)
dt Pcoi X Cp—coi X Vcoi )

Box I
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Calculating all

heat transfers by
Eq.10 — Eq.26
using tablel

Obtaining
temperature
differentials by Eq.6
—Eq.9 at n' minute

(o)

+1

AN

2617

Calculating
temperature values for
Ta, Tg, Tp, Tcoi at
(n+1)™ minute

Figure 4. Flowchart of the developed dynamic model.

Table 1. Input parameter values [24-27].

Parameter Value Parameter Value Parameter Value
Ay 15 FEoi 0.95 ly 0.004
Ap 15 FEoo 0.95 Rmin 82.003
Ase 15 Fow 0.7 Va 24
Acoi 17 By 0.8 Vy 9.75
Acoo 17 Fy_p 0.472 Vi 0.03
Cpa 1000 Fyose 0.528 Vi, 0.06
Cp.HH0 4186 Fycos 0.8 v 0.09
Cp,sc 1500 Fyopwi 0.528  Nyhr 0.9
Cp,g 800 Fpsc 0.472  Nrd,coi 0.017
Cp,coi 840 Fyonwi 0.472  nray 0.331
Cp,coo 840 Focoi 0.528  7rap 0.258
deo 0.004  Fyenwi 0.528 o 5.67051 x 1078
dg 0.65  Ficrcoi 1 T 2.26 x 10°
dse 0.002  Frui-coi 0.528  pa 1.297¢
Anw 0.25 Froosk 0.86 Pg 1400
E, 0.7 fa 1 Peo 2500
E, 0.472  LAI 1.04 Psec 2000
E,. 0.9 Le (Lewis number) 0.89

between the glass surface and inside/outside air. These
two-layer glass windows are usually manufactured from
glass with thickness of 4 mm with a vacuumed or a gas-
filled space. In this research, a standard type of two-
layer glass (with convection heat transfer coefficient
of 0.35 mXVK) was applied as a greenhouse cover, and
its effect on the energy saving and exergy destruction
reduction was calculated [24,25].

2.4.2. Exergy view

The maximum work presented through enthalpy trans-
fer between a system and its surroundings is defined as
exergy while moving in the direction of balance with its
environment [30]. Exergy destruction through enthalpy
transfer between systems A and B by convection,
conduction, and long wave radiation heat transfers is
described as follows [31]:

1
Tg Ta)’
Let Q, T., T, and T be the heat transferred from

EX, = —-QT. ( (10)

T4 to Tg, environment temperature, and systems of A
and B temperatures, respectively.

Furthermore, exergy destruction through mass
transfer between systems A and B by air through
ventilation or leakage is calculated by Eq. (27).

Exergy destruction by enthalpy transfer through
vapor dewing below the interior side of the cover is
described as [31]:

EX, = —n;RT, In <M> . (11)

Pi,B

Let n;, p; 4, and p; p represent the quantity of species
1 as well as the partial pressure of species A and B,
respectively. In addition, exergy destruction through
transpiration of crop is calculated using Eq. (28).

In the test, it is considered that all windows
and doors are plugged and the sole ventilation is
the windows leakage. Then, the exergy destruction
through vapor transfer through leakages between inside
and outside is described as follows [31]:
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Table 2. Heat transfer between greenhouse components by convection [26].
Heat transfer between inside air and plant:
Qa—p = Aa—p X da—p(Ta —Tp) Eq. (23)
T
Ry_n20 = (le‘Tpl_l;jl\{;z%gﬂm
Aa—p =2 x LAIx Ay
LA] = gretalleaves area (T this study, LAI (Leaf Area Index) was measured 1.04)
Aa—g =15 m?
Heat transfer between inside air and ground:
Qa—g = Aa—g X ta—g(Ta —Ty) Eq. (24)
Qaeyg = 1.3 x |T, — T,|°%° To >,
Qa—g = 1.7 % |Ty — Ty|%3* T.<T,
Heat transfer between inside air and inside cover:
Qacyg = Aacoi X Vacoi(Ta — Teni) Eq. (25)
Vacoi = 3 X | Ty = Tooi 3
Aa—eoi =177 m?
Heat transfer between outside air and outside cover:
Qeoo—o = Acoo—o X Acoo—o(Teoo — To) Eq. (26)
Nepo—o = 2.8+ 1.20¢ vy < 4
Qroo—o = 2.8058 vy >4
Ao cor = 17.7m”
Table 3. Heat transfer between greenhouse components by conduction [26].
Heat transfer between inside wall and outside wall:
Qrwienwo = Anw X (Anw/dnw)(Thwi — Thwo) Eq. (27)
Anw = 0.0625
dpw = 0.25 m
Apw = 11.52 m®
Heat transfer between ground and deep grounds:
Qg—ag = Aa X (Ng/dg)(Tyg — Tag) Eq. (28)
Ag = 0.6710 %
dg = 0.4208 m
Apw =15 m?
EXy = —RT.(nis — ns.5)In (Pz/l) . (12) .In the exergy analys.is. of the green.how.use.s7 the
' ' Di,B outside air reference conditions have an insignificant

The inside air exergy is calculated by the concept
of wet air in air-conditioning systems. The air of
inside greenhouse is supposed to be a combination
of vapor and dry air so that its total exergy can be
obtained by calculating the exergy of vapor and dry
air separately. Then, the inside air exergy is achieved
by computing the thermal and diffusional exergy of the
air in one minute time steps by the equations listed in
Tables 8 and 9 [32]. Environment temperature (7)
and pressure (P.) are supposed to be the reference
conditions [31].

impact [31].

2.4.8. Economic view

An efficient procedure is employed to obtain maximum
efficiency and productivity with the lowest expense. In
this way, some common social, economic, and technical
issues should be taken into account. Economic evalua-
tion of a system from the exergy viewpoint facilitates
inspecting the cost of irreversibilities. In fact, the
assessment of the component exergy destruction values
by their expenses in a procedure can suggest a trust-
worthy method for improving its real efficiency [33].
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Table 4. Heat transfer between greenhouse components by long wave radiation [26,27].

Heat transfer between ground air and plant:
Qgop = Ay X Eg x By x Fy_py x o(Ty —T3)) Eq. (29)
Fop=1—=7p-n

Egp=1—7p_n

Tpo1l = 67N1)—I><LAI
Kpr = 0.64
B, =07

o =5.67051 x 108

Heat transfer between ground and inside cover:

Qg—coi = Ag X Eg X Eooi X Fy_coi x o(Tf —T%,) Eq. (30)
Fy—coi=1—-Fyp
E.i =0.95

Heat transfer between inside cover and plant:

Qeoimp = Acoi X Eeoi X By X Froiy x (Tt — T5) Eq. (31)
Feoiep = Frvicsky(1 — Te—11)
Feoiaky = 52
Acoi = 17.7 m?

Heat transfer between outside cover and sky:

Qeoo—sky = Acoo X Beoo X Eaiy X Froo—siy X 0(Trpp — Tiiy) Eq. (32)
Eevo = Eeoi
Foky = 0.8
Avoo = 17.7 m*

Ty = 0.0552(Tp)' 0

Table 5. Heat absorbed by greenhouse components through short wave radiation [26,27].

Heat absorbed by ground:

Qrd,g = Ag X Nrd,g X Iin Eq. (33)
Nrd,g = 0.00287,_7; 4+ 0.0045
Iin was measured by installed sensors

Heat absorbed by plant:

Qrd,p = Ap X Nrd,p X [in Eq. (34)
Nrd,p = 0.0089 — 0.02395,_15
Bg—1s =0.58

Heat absorbed by inside cover:

Qrd,coi = Acoi X Mrd,coi X Lin Eq. (35)

Nrd,coi = 0-02\/7—(-()1',—15

Teoi—Is — 0.75

Table 6. Heat transfer between greenhouse components by air transfer [27-29].

Qa—o = (1 — OPyhr X nvhr) X Pa X Cp—g X ¢leak,a70(Ta - TO) Eq (36)
Nvhr = 0.9
OPuvhr

Ploata—o = A:(8.3 x 1075 + 3.5 x 10 % X f,)

Ja

Infiltration factor (f,) for the new greenhouse is one [29].
Nohr = 0.9

opuhr (Option ventilation heat recovery) is 1 or 0.
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Table 7. Heat transfer between greenhouse components by H,O transfer [27—-29].

Heat transfer between plant and inside air:

QHQO,pfa =Ty X (LL’mHQO,pfa

Eq. (37)

PmHy0,p—a = max{ Ay X KH,0,p—a(CHy05,0 — CHy0,4),0}

1
Bout X Ry _Hy0
Ry _n,0tp—apm——2—
b=H0 T R F Ry Jm, 0

Rews = 2000

RKH,O,p—a =

Rs—11,0 = Rmin X f1 X frc X fco2 X fu,o0

fcos, f1, fre, and fu,o. represent CO2 dependency, radiation dependency,

temperature dependency, and H>O dependency, respectively. These factors

are defined in Table 8.
rw = 2.26 x 10° L
g

C _ Pry0s.pXMpy0
H;Os,p — Ry xTp

CHy0,6 = (RHq X Ca—1,05)/100

17.08085(Ty—Ty)
Py_11,05 = 610.780e 7551757 (Tp—T0)
Mu,o =18 x 107% &
Ry =8.314 X5

Ty =273.15 K

Cu,0,a Was measured by installed sensors.

Heat transfer between inside cover and inside air:

QHzo,a—c(}i = Tw X émHzO,a—cm‘,

Eq. (38)

¢mHQO,(I*CO’L = ma‘X{Acoz x K/HQO,CL*COL(CHQOS,COi - C"Hgo,a)«, O}

Qg —coi

paXecy_qXLe

1/2
Qa—coi = 3 X |To — Teoil /

KH30,a—coi = 273

C _ PHy0:.aXMHy0
'Ho Os,a — RyxTa
OHQO,G = (RHa x Caszos)/loo

P.oi—t,0s = 610.780e 234 175+(Teoi=To)

Heat transfer between inside air and outside:

QHQO,afo = Tw X (bmHQO,afo

Eq. (39)

Cost index for the year when the original cost was obtained

Original cost =

Cost index for the reference year

x Cost at reference year. (13)

Box II

For economic evaluation of the greenhouse, the
subsequent assumptions are regarded as follows:

e It is assumed that the semi-solar greenhouse is used
contiguously;

e The lifetime of greenhouse components is considered
to be ten years excluding the cover;

e The greenhouse cover lifetime is five years;
e The salvage cost of the greenhouse components is

regarded 40% of the capital investment [20].

In this research, the 2012 reference cost data were

applied to analyze the components of the semi-solar
greenhouse system economically. Table 10 shows the
details of greenhouse expenses according to the 2012
reference cost data [34].

Eq. (13) shown in Box II, converts the greenhouse
expenses in the reference year to the present time [33].

In this research, the Marshall and Swift equip-
ment cost index [35] was applied to be used in the above
formulation as cost index. Therefore, for the reference
year (2012) and the spring of 2019, the indices of 1889.4
and 2725.4 were applied, respectively.

Expense rate per time unit for each part of the
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Table 8. Formulation of dependency factors for stomata
resistance calculation.

f002 1
I
pP—4g
srart43
Ji Ip—yg
FLAT +0.54

[I,—y = (0.0089 — 0.0238¢ 1) infBy_15 = 0.58]

fre  140.005(T, — To — 33.6)2
To = 273.15

4
H2O = -
fus V14255e 00 TApp—H Om

APP*HZOW = 0~01(Pp7H205 - pafHQO)]

Table 9. Formulation of calculating the exergy of the
greenhouse inside air.

EXpn = ci(Ta — To) — To(ch log (%)) — R'log (P—)

Po

EXqy aie =10 [R* log (1113;:0) + CRawlog <i>]

“wo

Cp=Cpatwip o
R*= Ry +w.R,

YV = Mair
My, 0

w = 0.622 (7”2‘)“ )

Pa—PH5O.a

Table 10. The greenhouse expenses details according to
the 2012 reference cost data.

Parts Reference expense ($)
Building 5340
Supporting supplies

Measuring tools 1330

Heating system 420

Others 170
Workforce 1800
Experiment specimen 90
Electrical heating 0
Sum 9150

greenhouse is obtained as follows [36]:

Or

Zr = CRFx —
k * N x 3600

Zp. (14)
Let NV be the number of hours that the system is used,
Zi the expense of the greenhouse parts, ®, = 1.06
the maintenance factor, and CRF the Capital Recovery
Factor:

i1+ )"

p= 01U
CRE= =1

(15)

Let ¢ be the interest rate and n the lifetime of each
greenhouse part in years.

Cinﬁ Greenhouse
C —> System
g.in

Figure 5. The flowchart of the cost flow in the
greenhouse as a control mass for every time step.

The flowchart of the cost flow in the greenhouse as
a control mass is shown in Figure 5 for every time step.

The following equation describes the cost balance
in the greenhouse system:

Cn + C.’q,in + Zk = Cout~ (16>

In this equation, the sum of inlet cost rate (related to
wet air), capital investment rate, and non-solar energy
cost rate should be taken into account by obtaining the
outlet cost rate of wet air. During the test, no non-solar
energy source is employed and, then, non-solar energy
cost rate (C’%in) is zero.

Upon applying Eq. (33) for every time step, we
have the following;:

C'(n,in + Zk = C.(7z,out~ (17)

In addition, the outlet cost rate of the nth step could
be regarded as the inlet cost rate of the (n + 1)th step
as follows:

C'(n,in + Zk = Cn-{—l,ilr (18)

Considering that this research has the objective of
providing suitable environmental conditions for the
inside of the greenhouse, Eq. (19) is described in the
following by canceling the time parameter:

Cn,in + Zlc,n = Cn+1,i117 (19)

where C,,in and C,y1in represent the inlet cost of
inside air related to the nth and (n + 1)th time steps,
respectively, and Zj , is the capital investment of one
time step (one minute) described as follows:

Zim = 60 x Zp. (20)

Because of using the outside air as the primary inlet air
of the greenhouse, the inlet cost of inside air related to
the first time step is zero (Cy in); thus, we have:

Zk71 = 027in~ (21)

Applying the inside air exergy discussed in Subsec-
tion 2.4.2, the air unit cost of every time step is defined
as follows:

Cn.in T 60Zk

ntlin = — oo 22
Cn+1, EXp1 (22)
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3. Results and discussion

3.1. Energy and Exergy analysis results

The performance of the dynamic model and the in-
novative semi-solar greenhouse structure is studied
in energetic and exergetic terms. Figure 6 presents
variations in the experimental temperatures of the
greenhouse parts (constructed in Tabriz city) and the
outside air since 9:00 for 8 hours. The data was
recorded every one minute.

In this experimental set, the inside cover was
manufactured from a single-layer glass; then, its inside
and outside surfaces had a few temperature differences.
Therefore, the inside surface of the cover had a signifi-
cant temperature difference from the inside air, leading
a considerable amount of energy loss. Therefore,
energy efficiency was reduced because of normal heat
transfers by radiation and convection from the cold
surface of the greenhouse cover and other greenhouse
parts.

Based on Figure 6, the average temperature of
the greenhouse air during the test was 33°C, almost
20°C more than the outside air temperature; then,
the installed structure could prepare an acceptable
situation for crop cultivation in cold days, because
its performance in absorbing and keeping the solar
energy during the test was efficient and comparable
to those in other researches [37—43]. Uncertainty
assessment results are listed in Table 11. As discussed

Temperature (K)
@
S
S

1 61 121 181 241 301 361 421 481

Time (minute)

Figure 6. Changes in the experimental temperatures of
the greenhouse parts and the outside air.

Table 11. The uncertainty analysis results.

Measurement devices Uncertainty (U)

SHT11 (T5) +0.387 K
SHT11 (T.0i) +0.311 K
SHT11 (T.) +0.243 K
SHT11 (Ty) +0.425 K
SHT11 (RH,) +0.263 RO
SHT11 (RH,) +0.314 RH
ST8894 (v,) +0.098 m/s
TES1333 (Iin) +1.23 %5

before, the experiments were done all over again on
November 29 and 30, 2017 with the same conditions
as the main experiment on November 28, 2017 and the
data obtained from consecutive days were evaluated
using uncertainty analysis. The results indicated that
the experimental measurements during the tests were
reliable to evaluate the accuracy of the thermodynamic
modeling.

Thermodynamic simulation of the semi-solar
greenhouse was done using an innovative dynamic
model by MATLAB software. Figure 7 compares the
thermal modeling results with the experimental data
recorded from the constructed greenhouse.

Figure 7 shows that thermal modeling results
have an acceptable concurrence with the experimental
data recorded from constructed greenhouse. In this
respect, two statistical functions of MAPE and RMSE
were employed to assess the accuracy of the thermal
modeling, as given in Table 12.
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Figure 7. Thermal modeling results and experimental
data recorded from the constructed greenhouse.
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Table 12. Statistical evaluation results.

Temperature MAPE (%) RMSE (°C)
T, 6.76 2.41
Teoi 5.42 1.89
Ta 5.11 2.18
T 6.47 1.75

@

In a theoretical study on a solar greenhouse [44],
simulation results of inside air temperature and relative
humidity and canopy temperature were compared with
the experimental data recorded in 2007, and the range
of 1.3°C to 2.36°C was obtained for RMSE. In other
research studies [45,46], absolute errors of 10% and 20%
were calculated between the modeling results and ex-
perimental measurements of the inside air temperature
of the greenhouse.

According to the three discussed studies [44-
46] and the statistical analysis results presented in
Table 12, it can be deduced that the applied thermal
simulation is credible.

Figure 8 represents the total exergy destruction
values in different heat and mass transfer processes.
This figure shows that the total exergy destruction
associated with convection processes has the highest
level among other heat transfer methods. This hap-
pens due to the considerable difference between the
temperature of greenhouse cover and that of the inside
and outside air. Hence, decreasing this temperature
difference has a significant impact on reducing the total
exergy destruction associated with convection pro-
cesses (EXy, cv,coo—o and EXq cv,coi—a). Accordingly,
a standard type of two-layer glass (with convection heat
transfer coefficient of 0.35 W/m? K) was applied as a

5
7t
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4 &P
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% n 1 \
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Figure 8. Exergy destruction values in different heat and
mass transfer processes.

Table 13. Double layer glass impacts on the exergy
destructions associated with different processes.

Processes Exergy destruction value
EXd,coo—o 19%
EXaa-coi 48.5%
EXa,coo—sk 46.2%
EXa, nwi—coi 36.3%
EXa,g—coi 31.5%
EXdp—coi 29.4%

greenhouse cover to reduce the energy loss and exergy
destruction. Comparison of the performance of double-
layer glass separated with the air-filled space and that
of one-layer glass as greenhouse cover was made using
a dynamic model. A reduction of 49% in EXy cv,coo—o
value was detected due to diminishing the temperature
difference between the greenhouse cover and outside
air.

Furthermore, double-layer glass application re-
sults showed a considerable decrease in the exergy
destruction associated with convection heat trans-
fer between the greenhouse cover and interior air
(EX4,cV,coo—0); similarly, the exergy destruction is
related to heat transfer between cover and sky by
radiation (EXy 11 coo—sk)- Using double-layer glass as
a greenhouse cover facilitated a condition in which the
interior surface of the cover was maintained at high
temperatures while the outside surface of the cover
was exposed to low temperatures. Double-layer glass
impacts on the exergy destructions associated with
different processes are listed in Table 13.

Exergy loss due to the air flow from the inside
to the outside of the greenhouse takes place in two
forms: exergy flow by dry air and exergy flow by
vapor [22]. This air flow occurs because of the leakages
in windows and doors. Then, the exergy losses can be
reduced calking windows and doors. Eventually, the
exergy destruction associated with the condensation of
vapor on the inside surface of the greenhouse cover and
respiration of the crop were very low and insignificant.

3.2. Economic analysis results

The air unit cost of the semi-solar greenhouse is
presented in Figure 9 and is measured using Eq. (39)
for three interest rates since minute 1 to minute 480.
As it can be seen from this diagram, the trend is
rising in the predominant minutes. This is justified
because the capital investment related to the nth time
step is added to the total outlet cost of the (n — 1)th
time step; however, for some time steps, the trend is
flat or descending due to variations in the inside air
temperature and its exergy flow rate. For the time
steps of 400 up to the end, the trend is significantly
rising due to two parallel factors of capital investment
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Figure 9. Air unit cost at time steps of n =1 to n = 480
for different interest rates.

increase and the air temperature. Therefore, its exergy
flow rate is reduced.

Moreover, the air unit cost is highly influenced by
the interest rate value as it increases doubly by raising
the interest rate from 10% to 20% at the end of the
test (Figure 9).

4. Conclusion

This study conducts the energetic, exergetic, and
economic simulation of an innovative semi-solar green-
house structure using MATLAB software and analysis
of its performance. This modeling was performed to
predict the temperatures in four different area points
inside the semi-solar greenhouse based on the crop
evapotranspiration influence. In addition, the total
exergy destruction values in different heat and mass
transfer processes were inspected. In this regard, the
greenhouse air unit cost for each time step including
the one-minute step was analyzed. Furthermore, the
results of the proposed thermodynamic analysis were
evaluated using the measured data retrieved from the
constructed typical semi-solar greenhouse. The most
important conclusions induced from this research are
as follows:

- Increasing the temperature of the greenhouse air
during the test to 33°C on a cold day illustrates that
the greenhouse performance is efficient in absorbing
and keeping the solar energy;

- Uncertainty assessment results indicated that the
experimental data recorded during the tests were
reliable so as to evaluate the accuracy of the ther-
modynamic modeling;

- According to statistical analysis results, it was
proved that the thermal modeling results were con-
sistent with experimental measurements;

- Total exergy destruction associated with convection
and radiation processes between the greenhouse
cover and other components had the highest value
among the other procedures;

- The technique of using a standard type of two-layer
glass as a greenhouse cover could reduce the exergy
destructions of convection and radiation processes;

- The exergy destruction associated with the con-
densation of vapor on the inside surface of the
greenhouse cover and respiration of the crop were
very low and insignificant;

- Considering that the target of this research was to
provide suitable environmental conditions for the
inside of the greenhouse, the air unit cost was
inspected from the first step time to the end;

- Exergoeconomic evaluation illustrated that the air
unit cost trend was rising in most minutes;

- The air unit cost was highly influenced by the
interest rate value.
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Nomenclature

A Surface area (m?)

AIR Enthalpy transfer by dry air (W)

C Cost (8)

C Cost rate ($/s)

c Cost of air unit ($/7J)

CcD Enthalpy transfer by conduction (W)
CRF Capital Recovery Factor (-)

cv Enthalpy transfer by convection (W)
CH,0,a Water vapor concentration at inside

air temperature (kgH5O/s)

CH,0,0 Water vapor concentration at outside
air temperature (kgH,0O/s)

CH,0s,p Water vapor saturation concentration
at plant temperature (kgH,O/s)

CH,0s,coi Water vapor saturation concentration
at inside cover temperature (kgH,O/s)

d Thickness (m)

E Emission coefficient ()

EXo aif Diffusional exergy of inside air (W)

EX, . Thermal exergy of inside air (W)

EX, Exergy destruction (W)

F View factor (-)

f Dependency factor for Rs_m,0 (—)

fa Infiltration factor (-)

H,O Enthalpy transfer by vapor (W)

I Solar radiation (W/m?)

i Interest rate (—)
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Enthalpy transfer by long wave
radiation (W)

Enthalpy transfer by short wave
radiation (W)

Heat absorbed by canopy (W/m?)
Molar mass of dry air (kg/mol)
Molar mass of water (kg/mol)

Mass flow of species (mol)

Option ventilation heat recovery (-)
Pressure (Pa)

Saturation vapor pressure for plant
(N/m?)

Vapor pressure of indoor air (N/m?)
Partial pressure (Pa)

Heat transfer (W)

Resistance (s/m)

Gas constant of dry air (J/(K.mol))

Gas constant of HyO vapour
(J/(K.mol))

Water evaporation heat (j/kg)
Temperature (K)

Time (s)

Volume (m?)

Capital investment ($)

Capital investment rate ($/s)
Convection heat transfer coefficient
(W/(m? K))

Density (kg/m?)

Conduction heat transfer coefficient
(W/mK)

Short wave radiation absorption
coefficient (—)

Volume flow air (m3/s)
Mass flow rate (kg/s)
Wind velocity (m/s)

Shortwave reflection coefficient by
ground (-)

Saturation deficit of plant (mbar)

Efficiency of ventilation heat recovery

)

Absolute humidity (kg HoO vapor/kg

dry air)

Maintenance factor ()

Inside air

air Air

coi Inside cover

coo Outside cover

De Destruction

dg Deep ground

dif Diffusional

e Environment

g Inside ground

H>0O Water

in Inlet

leak Leakage

m Mass

nw North wall

nwi Inside north wall

nwo Outside north wall
Outdoor air
Plant

q Heat

rd Radiation

sc Screen

sk Sky

th Thermal

out Outlet

vhr Ventilation heat recovery

w Work
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