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Abstract Greenhouses play a key role in producing vari-
ous crops in Bohemian climates and during the entire year.
To provide the desired temperature within the greenhouse
during the cold months of the year, diesel air heaters are
generally employed, burning huge amount of fossil fuels.
In this work, an innovative hybrid system including solar
and geothermal heating units has been proposed to be used
to reduce the heating duty of diesel air heaters in green-
houses. Taking ambient temperature in different seasons
and the desired temperature in the greenhouse into account,
three operational strategies are planned for the proposed
system. Next, considering the defined operational strate-
gies and economic issues, the solar and geothermal parts
are accurately sized and designed. Finally, a hybrid system
including a solar system with 430 flat plate collectors and a
geothermal system consisting of 35 boreholes, with 150 m
depth each, is found to be the most thermo-economically
efficient system for the case study of this work. A com-
prehensive energy analysis on the designed configuration
shows that a total annual of almost 256,000 and 192,000 m?
fuel saving may be possible in the case study by the solar
and geothermal systems, respectively. Finally, the proposed
hybrid system performance is economically compared with
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previously proposed systems for the same objective by the
internal rate of return (IRR) method, proving its superiority
with an IRR of 0.115.

Keywords Greenhouse - Geothermal energy - Solar
energy - Multi-node storage tank - IRR

Abbreviations

Nomenclature

A Area (m?)

cpand ¢ Specific heat (kJ/kg.K)

C, Cash flow in each year ($)

D andd Diameter (m)

D' Ineffective borehole length (m)
FR Removal factor

h Enthalpy (kJ/kg)

H Effective length of borehole (m)
1 Solar irradiation (W/m?)

Internal rate of return

Thermal conductivity (W/m.K)

HV Lower heating value (kJ/kg)

Length (m)

Mass (kg)

Mass flow rate (kg/s)

Number of years

Number of air exchanger per hour

PV Net present value ($)

h Number of boreholes

Heat transfer rate per unit length (kW/m)
Heat transfer rate (kW)

Radial distance between borehole i and j (m)
Internal rate of return

Thermal resistance (m>.K/W)

Absorbed solar flux (W/m?)
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N Laplace transform variable

t Time (s)

T Temperature (°C)

U Overall heat transfer coefficient (W/m?.K)

\%4 Greenhouse volume (m3)

Greek symbols

B Collector slope angle

B Shape factor

n Efficiency

A Time step

o Thermal diffusion coefficient (m?/h)

(Ta),y Average transmission-emission factor of the
collector

Subscriptions

am Ambient

b Beam

bh Borehole

conv Convection

cond Conduction

d Diffuse

f Fluid in GHX

fuel Fuel

GR Greenhouse

er Ground

art Grout

GHX Ground heat exchanger

h Heater

i Internal

in Inlet

lost Heat lost

Is Line source

0 External

out Outlet

p Pipe

st Storage tank

u Useful heat gained through the collector

vent Ventilation

w Water

1 Introduction

Greenhouses are used to cultivate vegetables, fruits and
flowers. They are more efficient than traditional approaches
and may be used for cultivation year-round and even in
bohemian climates employing solar irradiation. The inten-
sity of energy usage in greenhouses has been studied by
many authors generally [1, 2] and even for specific crops
(tomato [3, 4], grape [5], and strawberry [6]). All the afore-
mentioned studies demonstrated the excessive amount of
energy consumption in the greenhouses. The researches
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show that in spite of the significant amount of solar energy
absorbed into the greenhouses by passive solar system, a
huge amount of fuel is still needed for reaching the desir-
able temperature of crop on many days over the year. Cur-
rently, the heating demand of greenhouses is provided by
diesel air heaters which burn natural gas as the main fuel
in Iran (and probably other countries). Many studies have
been done to find opportunities and methods to decrease
the amount of fuel consumption in greenhouses, result-
ing in numerous proposals aimed at improving the ther-
mal behavior of greenhouses such as more efficient cover
materials, better framework shapes [7, 8] and many others
focused on employing active solar or geothermal systems
for providing the greenhouses heating demand [9-15].

In terms of employing renewable energy sources,
Rafferty [16] studied the feasibility of employing geother-
mal energy in greenhouses for the first time. Bakos et al.
[17] analyzed an extended heating system which used
low-temperature water or direct geothermal fluid to heat
a greenhouse. Karytsas et al. [18] evaluated low-enthalpy
heating employing geothermal heat in greenhouses in vari-
ous parts of the world. Ghosal and Tiwari [19] also pre-
sented a mathematical modeling for geothermal-based
greenhouse heating systems. On the other hand, Willits
et al. [11] presented the first study related to employing
active solar systems in greenhouses by proposing a solar
energy storage system in them. Zabeltitz [20], later, pro-
posed employing solar energy for heating greenhouses in
different ways, namely, separate solar collectors, solar col-
lectors integrated in greenhouse and the use of greenhouse
itself as a solar collector. In another work, solar energy
rock-bed storage was proposed to provide the heating
demand of greenhouses [21]. Li et al. [22] investigated the
performance of a solar heating system with underground
seasonal energy storage for greenhouses. In one of the last
studies in this area, Farzaneh-Gord et al. [23] presented
another approach of solar energy storage in greenhouses by
evaluating the energy performance of a greenhouse in Iran
as the case study.

This work, however, presents an innovative system tak-
ing advantage of solar energy as well as low-temperature
geothermal energy to improve the greenhouse energy per-
formance. To the authors’ knowledge, this is the first time
that a combination of active solar and geothermal systems,
simultaneously, in greenhouses is proposed. By such a sys-
tem, not only the initial investment of the heating system
decreases significantly due to the considerably low capital
cost of low-temperature geothermal heating system, but
also the desired temperature could be achieved by the solar
heating system. Finally, the performance of the proposed
system is economically compared with the other previously
proposed systems, i.e., those systems that take advantage of
either solar energy or geothermal energy solely.
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Fig. 1 Iran’s solar radiation absorption potential (on a horizontal sur-
face) and the geographical location of the case study

2 The case study

The proposed twofold system was employed to evaluate
the thermal behavior of Dashte-Minoo greenhouse complex
as the case study of this work. Dashte-Minoo greenhouse
complex is located near Azadshahr City in the north-east of
Iran with a latitude of 37° and longitude of 55°. According
to Fig. 1, although Azadshahr City is in an area with the
lowest amount of solar radiation absorption all over Iran,
it is still an appropriate area to host greenhouses with an

w

average daily irradiation of 4.5 kWh/m? day on a horizontal
surface [24].

The case study includes ten similar greenhouses with
the same dimensions, cultivating cucumber as its main crop
for which the most suitable temperature is considered to
be 20 °C [23]. The greenhouse cover material is also dual-
layer polycarbonate with 8 mm thickness. Figure 2 presents
information about the dimensions of each greenhouse in
the case study.

Generally, in Iran, the heating demand of greenhouses
is provided by diesel air heaters which burn natural gas.
Figure 3 shows how the required heat of a greenhouse is
provided in such a system. As the figure shows, the system
takes advantage of an F.D. fan that intakes ambient air. This
air then passes through an air heater burning natural gas
which warms it up to the desired temperature. Afterward,
the warmed air is distributed in the greenhouse space by
secondary HVAC systems.

The energy balance on the above configuration may be
written as:

QGR = Qlost + Qvent - Qsolara (1)

where QGR, Qlost, Qvem, Qsolar are the required heat of
greenhouse to stay at the desired temperature, the overall
heat lost from the greenhouse to the environment and soil,
the heat lost from the greenhouse due to ventilations and
the absorbed solar energy into the greenhouse due to green-
house effect, respectively. The overall heat loss from the
greenhouse through the walls and field can be calculated
by:

Quost = Y UiAi(Tin — Ta), )

i=1

where U, A;, T, and T}, are, respectively, the overall heat
transfer coefﬁc1ent, the heat transfer area, the ambient tem-
perature and the internal greenhouse temperature (20 °C)
[23]. Table 1 details the values of U and A for the heat loss
paths for each individual greenhouse.

The heat loss from the greenhouse due to the ventilation
could also be obtained as:

— /
40 m 20 m Q NV;OCp (Tin — Ta) 3
vent — 3600 s (

Fig. 2 The greenhouse dimensions of the case study
Fig. 3 The schematic diagram
of heating preparation in green- F.D. Fan Auxiliary Greenhouse
houses with a conventional Ambient Air Heater/To“ il i
configuration Air ;

Ly (ﬂ eenhouse
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Table 1 The values of U and A for the heat loss routs of each green-
house

Loss path A (m?) U (W/m? K)
Ceiling 2010 0.625
Southern and northern walls 200 0.625
Eastern and western walls 200 0.625

Field 2000 0.5

Table 2 The slope angle values for different walls of the greenhouse

Solar irradiation path B

Southern 90
Ceiling 0
Eastern 90
Western 90

where c,, p, V and N represent the constant pressure ther-
mal capacity of air, the air density, the greenhouse volume
and the greenhouse air change frequency during an hour (2
times per hour for winter and 20 times per hour for sum-
mer [23]), respectively. Finally, the absorbed solar heat in
1 m? area of each greenhouse due to the greenhouse effect
is calculated as:

S =1bRb(TOl)b+1d(T06)d< >

1—cos B
2 b

1+ cos ,8>

+1 pg(ta), ( “4)
where 1, I, I, and S are the total available solar radiation,
the diffuse and beam components of solar radiation and
the absorbed solar radiation, respectively. The Greek sym-
bols S and (ta) also represent the surface tilt angle and the
average absorption—transmission coefficient of the cor-
responding surface and its cover. Considering the green-
house contents, the absorption coefficient for the internal
elements of the greenhouse subjected to normal radiations
is recommended to be 0.7 [23]. It is noteworthy here that
the parameters S, I, I, and I; have the same unit (kJ/h mz)
and all of the other components in this equation are dimen-
sionless. Detailed information about solar radiation calcu-
lation is available in [25-29]. Also, note that Eq. 4 must be
employed to calculate the amount of solar energy entered
and absorbed in the greenhouse from all sides except the
northern wall of the greenhouse, as this wall is completely
deviated from the south. Table 2 presents the values of 8
for all the walls and the ceiling of each greenhouse.

Finally, the total solar heat absorbed by the greenhouse
internal elements could be calculated by:

Qsolar = (Ssouth Asouth) + (Seast Aeast) + (Snorth Anorth)
+ (Swest Awest) + (Sceiling Aceiling>~ (5)
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Clearly, the unit of total absorbed solar heat is kJ/h. By
calculating the heating demand of the greenhouse, one
could then compute the amount of fuel consumption by the
air heater as:

Qcr
mf == 9
LHV ny

(6)

where n,, LHV and i, represent the air heater thermal
efficiency, the fuel lower heating value and the fuel mass
flow rate, respectively. In this work, the air heater thermal
efficiency and consuming natural gas LHV are considered
equal to 50 % and 48.1 MJ/kg, respectively [30, 31].

3 The proposed design

As the target temperature in the greenhouse is relatively
low (20 °C), both of the renewable energy source sys-
tems proposed for this system are designed to provide
low-temperature heat. Therefore, the employed solar col-
lectors for the solar heater system are flat plate solar col-
lectors and the boreholes in the geothermal heating sys-
tem are supposed to be in middle range depths. Figure 4
illustrates the schematic diagram of the proposed system
aimed at taking advantage of solar and geothermal ener-
gies simultaneously.

As the figure shows, the system takes advantage of
three heat exchangers, i.e., the geothermal heat exchanger
(GHE), the solar heat exchanger (SHE) and the auxiliary
air heater (AAH). In fact, three cases are possible in the
heating process. The first case is when the required heat is
at very high levels due to the very low ambient tempera-
ture. In this case, all the three heaters should be employed
to increase the air temperature up to the favorable value.
For this objective, the intaken air by the F.D. fan enters
the geothermal heat exchanger. The water within the geo-
thermal heat exchanger receives the Earth’s heat by pass-
ing through the geothermal boreholes and gives this heat
back to the air stream. This air, then, enters the solar heat
exchanger and its temperature goes up to higher values.
Finally, the preheated air passes through the air heater to be
heated up to the desired temperature.

The second possible case is when the ambient air can
reach the desired temperature after passing through the
geothermal and solar heat exchangers and, as a result, the
air heater should be in standby mode. The dashed line par-
allel to the air heater is the path that the air should pass in
this case.

Finally, the last case is when ambient temperature is
in middle range (i.e., greater than 16 °C as the maximum
possible geothermal boreholes outlet temperature and
lower than 20 °C). Evidently, in this case, the geothermal
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Fig. 4 The schematic diagram of proposed system to utilize simultaneous solar and geothermal energies in greenhouses

system could not be effective and the solar system solely
provides the greenhouse heating demand. This issue will be
explained thoroughly in the geothermal system formulation
section. For this case, the solar heat exchanger is the only
one that is used and the other two are in standby state.

3.1 The solar heater system details

There are a numbers of effective parameters on the perfor-
mance of a solar heating system such as the type of collector
employed, the tilt angle of collectors, the number of collec-
tor modules, the size of the solar storage tank and so on. As
explained before, because low-temperature heat is required
in greenhouses, flat plate collectors are employed in this
work. Also, the previous study of the authors shows that the
optimal slope angle of flat plate solar collectors for this area
of Iran is 45° [23]. Table 3 presents detailed information
about the solar heating system characteristics, resulting from
a comprehensive thermo-economic analysis. The details of
the data given by this table will be discussed in “Results”.

3.2 The geothermal system details

For geothermal boreholes in middle depth ranges (up to
150 m), the maximum achievable temperature is equal to
the annual average local ambient temperature which is
18.9 °C in the case study place [32]. Therefore, just for
ambient temperatures lower than this value, the geothermal
system could be employed for the heating task. For systems

Table 3 The proposed solar system details for the case study

The numbers of collectors 430
Collector slope angle 45°
Collector arrangement shape Parallel
Storage tank volume 43 m?
Operating fluid Water
Operating fluid mass flow rate 12.9 kg/s
Collector length 200 cm
Collector wide 95 cm
Collector thickness 9.5 cm
Cover thickness 4 mm
Absorber plate thickness 0.5 mm
Tube inner diameter 10 mm
Tube outer diameter 12 mm
Tube space 150 mm
Plate area 1.51 m?

taking advantage of geothermal energy, there are a number
of important issues to be considered in the simulation pro-
cess, such as the number, depth and diameter of boreholes,
the distance between the boreholes, operating fluid mass
flow rate flowing through each borehole and the optimal
volume of geothermal heat exchanger. Table 4 gives infor-
mation about the characteristics of the geothermal heating
unit in the proposed system resulting from the thermo-eco-
nomic analysis accomplished on the system. The details of
this analysis will also be presented in “Results”.
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Table 4 The proposed geothermal system details for the case study

The number of boreholes 35
Diameter of each borehole 0.15m
Depth of each borehole 150 m
Distance between the boreholes 15m

Borehole arrangement Rectangular (5 x 7)

Operating fluid Water
Operating fluid mass flow rate 0.14 kg/s
Operating fluid velocity 0.3 m/s

Pipe material High density polyethylene
Pipe thermal conductivity coefficient 0.42 W/K
Pipe diameter 0.026 m

Pipe thickness 0.006 m
Grout thermal conductivity coefficient 1.25 W/K
Heat exchanger type Shell and tube
Earth’s temperature 18.9 °C
Earth’s thermal conductivity coefficient 1.5 W/K
Earth’s thermal diffusion coefficient 0.0778 m*/day
Heat exchanger coil length 112 m

Heat exchanger coil diameter 0.1 m

Heat exchanger volume 12.5m3

3.3 Energy analysis of the proposed system

To analyze the thermal behavior of the system, four con-
trol volumes should be adopted and the first law of thermo-
dynamics should be written for each one. The first control
volume includes the geothermal heat exchanger and the
boreholes for which the energy balance equation could be
written as [25-29]:

dTy

mwcw? = QGHX - Qa—l, @)

where m,, c,, and T, are the mass, specific heat capacity and
temperature of the working fluid (water), respectively. Also,
Ocux and Q,_ refer to the absorbed heat from the earth
by the operating fluid and the gained heat by the air intaken
through the geothermal heat exchanger. It is noteworthy here
that the boreholes are vertical types due to their higher effi-
ciency and less requirement of space and energy for pumping
the working fluid compared to the horizontal ones. The total
heat absorbed by vertical boreholes could be given as [33]:

Ocux = qNon H, (8)

where N, and H are the number of boreholes and the effec-
tive length of each borehole, respectively. ¢ is also the
absorbable heat by one borehole individually for the unit
effective length of the tube given by:

o mg cf (Toue — Tin)

H ; ®
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in which i, ¢, T, and T}, are the mass flow rate, thermal
capacity, outlet temperature and inlet temperature of the
working fluid, respectively. The value of T, could be cal-
culated as [33-36]:

Tout = Tgr+

SEETRY AT Y PN
= dmky \ )L HS?

Ga(t)—1;_1)

+ qRph — (10

2ritph Coh
where A again counts the hourly time steps, as all the cal-
culation processes are mainly done on the basis of hourly
periods. Therefore, g, represents the absorbed g in time
step A and g, _; does that for time step A—1. Ty, kg o
also refer to the ground temperature, thermal conductiv-
ity coefficient and diffusion coefficient of the borehole,
respectively. Defining S’ as the Laplace transform variable
in short-term response, h = HS’, d = DS’ and D as the inef-
fective length of tubes in the borehole, the other factors in
Eq. 10 could be given by the following equations:

Ls (h,d) = 2ierf(h) + 2 ierf (h+ 2d)
—ierf 2h +2d) — ierf 2d), an

ierf(z) = zerf(z) — \/1; (1 _ 8_12);

Z
here : erf(z) 2 / —24
w cerf(l) =—= [ e z.
JT
0

The function I, could also be given by:

LA e
Ie(s)=ﬁZZe i (13)

i=1 j=1

12)

where r;; represents the radial distance between borehole
i and j (i = j). Also, R, in Eq. 10 is the overall thermal

resistance of the borehole and could be obtained as:

1
Roh = E(Rconv + Reond) + Rgrt, (14)

in which the indices conv, cond and grt refer to the convec-
tional heat resistance coefficient of the working fluid within
the tubes, the conduction heat resistance coefficient of the
tubes and the conduction heat resistance coefficient of the
borehole walls given by the following three equations,
respectively:

1
R, =

conv = (15)
Ry = 11 (o] )

o 2wky (16)
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Fig. 5 The schematic of a
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where d;, d, and d,, refer to the internal and external diam-
eter of the tube and borehole diameter, respectively. &, kp
and k,, also represent the convection and convective heat
transfer coefficients for the fluid, the tube and the walls of
the boreholes, respectively. g/, and ', are also form factors
reported in [33]. Finally, taking the above formulation into
account and employing computational calculation meth-
ods (here, the modified version of Guadgk in Matlab), one
could simulate the geothermal heating unit in the proposed
system.

The second control volume is the solar heating heat
exchanger. The first law of thermodynamics for this control
volume could simply be written as:

dT,,

mwcw? = Qst - Qa—Z’ (18)

where Qst and Qa,l are the heat supplied to the heat
exchanger by the solar storage tank and the heat given to
the air stream passing through the heat exchanger. The third
control volume in the system includes the collector mod-
ules as well as the solar storage tank. Evidently, the water
density decreases as its temperature increases and, con-
sequently, it comes up and lies in the upper levels of the
storage tank. Therefore, to have an accurate simulation, the
storage tank is considered as a multi-node tank instead of
simply assuming a lumped control volume. Each node may
then be considered as a lumped control volume. The num-
ber of nodes in a solar storage tank is recommended to be
equal to 3 [24]. Figure 5 illustrates the schematic of a three-
node storage tank.

The energy balance on each node of the storage tank can
be written as:

dTg; UA .
m; > = () (Ta - Ts,i) + Ficmc(Tco - Ts,i)
dr cp /;
: i i(Tsio1 — Tsi)  if #itmi > 0
+ +q .V ’ e .
Ot { Mm,i+ 1 (Ts,i - Ts,i+l) if Mmi+1 < 0
(19)
where T, ri1c, 11, T, and m; are the temperature and mass

flow rate of water entering the storage tank from the col-
lectors’ side, the temperature of water outgoing toward the
solar heat exchanger and the collectors and the mass flow
rate of water coming back from the solar heat exchanger.
The function F{ specifies which node receives the incom-
ing hot water from the collectors’ side.

1if i=1 and Ty > Ty
1if Ty g > Too > Taj

c _ s,i—1 = Lco s,i

FF=900ift i=0 orifi=N+1° (20)
0 otherwise

in which T ; is the temperature of node i. Also, the function
F. IL determines which node receives the water coming back
from the solar heat exchanger.

1if i=1 and T, > Ts;
FL_ Lif Tgio1 > T > T
1 Oif i=0orif i=N+1
0 otherwise 2D

Also, the water net mass flow rate between nodes i—1 and i
can be given by:

mm,l =0
i1 N

Mmi = e ) Fy =y > F; (22)
i=1 j=it1

MmN+1 =0
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Finally, Oy in Eq. 19 is the rate of energy flowing from
the storage tank into the heat exchanger and can be calcu-
lated by:

O = Flmy, (Tiy — Tsj). (23)

On the other hand, the obtainable energy rate from a flat
plate solar collector could be calculated by:

Ou =Ac FR[S — Ui(Ts — Ty, (24)

where Fy, T, T,, A, and U, are the collector removal fac-
tor, inlet working fluid temperature, ambient temperature,
absorption surface area and the total heat transfer coeffi-
cient for the collector, respectively. Also, S is the absorbed
solar flux by the flat plate collector per one square meter
area and can be obtained from the equation below [24-29]:

S = It (T®),y, (25)

where (ta),,, and I} are the average absorption—transmis-
sion coefficient of the collector and radiated solar flux on
a tilted collector, respectively. It is noteworthy here that
numerical methods are required for simulating the third
control volume, and the Runge—Kutta method (for the stor-
age tank) and Newton—Raphson method (for the collector
modules) were employed in this work [23]. The last control
volume in the system is the air heater and its heating duty
could be calculated as follows:

013 = O6r — Qa1 + Qa—2, (26)

where Qg is the total required heat of the greenhouse. Cal-
culating the above equation, one could finally compute the
amount of fuel consumption by the air heater as below:

Lo Qa73
"= v 27
4 Results

The only environmental parameter that affects the solar
thermal system performance considerably is ambient tem-
perature. For the geothermal system, however, besides
ambient temperature, local ground temperature at the
depth of 150 m, which is constant and equal to 18.9 °C
in the case study location, is the effective parameter.
The effects of other environmental factors, such as local
humidity and air pressure, on the performance of the
hybrid system are trifle and, as a result, their effects are
neglected in this study. Figure 6 shows the local ambi-
ent temperature variation over 2013 in a monthly—hourly
averaged format. As expected, the lowest and highest
temperatures are observed in January and August, respec-
tively. Note that, as it was explained, for temperatures
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=

S 3000

g

= 2000

<)

N

)

z 1000 I I I I
-

£

Sl 1.0 Ll T
)

=

< -1000

g E Solar Heat Absorbed Due to Greenhouse Effect
E -2000 Heat Lost Due to Ventilating

—_

8 H Heat Lost to the Ambient

S -3000

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Months
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2013

over 20 °C (from early June to late August), the proposed
system could not be effective enough, as the greenhouse
heating demand is zero.

Figure 7 shows the total monthly heating demand of the
whole greenhouse.
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Expectedly, the coldest month of the year coincides with
the highest value of heating demand of the greenhouse
and vice versa. The important note here is that although
the ambient temperature during summer falls below 20 °C
sometimes, the heating demand of the greenhouses is still
zero in this period. This is certainly due to the greenhouse
effect provided by the greenhouse covers.

Figure 8 shows the amount of various effective param-
eters contributing to the total energy demand of the green-
house. Clearly, the absorbed heat must have positive values
and heat losses should be reported as negative values.

Figure 9 shows how the solar collectors tilt affects the
amount of absorbable solar irradiations over a whole year.
Obviously, a surface sloped at 45 °C shows the best perfor-
mance among all cases with a maximum absorbable solar
radiation of 6.7 GJ/m? during the year.

Figure 10 presents information about the total monthly
absorbed solar radiation and the useful energy delivered to
the working fluid by one collector in the proposed system.
According to the figure, the values corresponding to both of
these parameters fluctuate sharply. Note that the considered
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Fig. 11 The initial investment determination for the solar heater sys-
tem
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Fig. 12 The total monthly revenue in the case study by employing
the proposed solar system only

slope angle is much more appropriate for winter rather than
the optimal value of summer. As this factor is highly effec-
tive on the amount of absorbable solar energy, the maxi-
mum solar energy is absorbed in one of the coldest months
of the year, i.e., December.

Based on the optimal initial investment determination
approach thoroughly discussed in [36-38], the optimal
solar system includes 430 flat plate collectors plus a stor-
age tank with 43 m® volume. The cost of capital for this
system is 163,000 USS$. Figure 11 shows how this system
came to be the most optimal system economically for the
first step of modification in the greenhouse configuration,
i.e., employing the solar thermal system.

It should be noted that the storage tank volume is pro-
portional to the number of collectors (100 L for each col-
lector), according to the previous study of the authors
[32]. The consuming fuel of the air heater is considered
to be natural gas of this area of Iran (Torkman gas), with
a density of 0.578 kg/m® and LHV of 48.1 MJ/kg [37, 38].
The natural gas price has also been considered based on
the current natural gas global price 0.25 US$/m°>. Also, the
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Fig. 13 The heating preparation contribution of AAH and SHE in the
greenhouses equipped with only the solar heater system

solar system cost including all its accessories is 380 US$/
collector, and the seller company undertakes the whole
installation process for free according to the purchase
condition.

Figure 12 shows the total monthly revenue resulting
from employing the proposed solar heating system in the
case study. In terms of the net obtainable benefit, accord-
ing to the figure, expectedly, during summer the obtainable
benefit is zero as the air temperature is more than 20 and
the highest amount of revenue is obtained in March. The
total annual obtained revenue from the solar system equals
31,789.1 USS.

On the other hand, in terms of percentage of the required
heat, the solar heating system shows the best and worst per-
formance in October with almost 100 % and January with
almost 8 % of the heating required, respectively. This issue
is well shown in Fig. 13. Note that in this figure, the green
area shows the contribution of solar heating system in the
required heat preparation and the black area shows the die-
sel air heater contribution.

It is noteworthy here that in contrast to the constant
water mass flow rate between the collectors and the storage
tank during the energy storage step, the water mass flow
rate between the storage tank and the solar heat exchanger
is variable. This water is supposed to carry a constant rate
of energy to the solar storage tank; therefore, as the tem-
perature of the stored water decreases over the energy
injection time, the mass flow rate should increase to the
level of the energy support rate. Figure 14 shows the water
mass flow rate between the storage tank and the solar heat
exchanger as well as the temperature of each node in the
storage tank in a monthly-hourly averaged format. In this
figure, the mass flow rates equal to zero refer to sunshine
hours in which the solar energy is supposed to be stored.

Expectedly, higher storage temperatures are reachable
during summer, so that it rises up to about 75 °C in August
and September. On the other hand, higher mass flow rates
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Fig. 15 Selecting the optimum number of boreholes in the proposed
system

are required to supply the desired energy in the cold months
of the year where water flow rate around 2.5 kg/s is some-
times required in both January and February.

The next step is presenting the details of analysis on the
geothermal heating system. About the depth and the dis-
tance of boreholes, it is recommended to select the value of
the BH factor (the ratio of the distances between the bore-
holes to the depth of each borehole) from 0.05 to 0.2 [33].
The cost of geothermal heating systems equipped to bore-
holes with depths up to 150 m is 25 US$/m in Iran, but this
cost increases with the increase of borehole depth signifi-
cantly. As low-temperature heat is required in the proposed
system, boreholes with a depth of 150 m are considered in
this work. Taking the value of BH considered and the bore-
holes’ depths, the distance between the boreholes should be
15 m.

Also, for borehole diameter, generally, the smaller the
diameter of a borehole, the higher is the heat transfer effi-
ciency expected, and on the other hand, bigger diameters
for the geothermal boreholes lead to bigger heat transfer
area. Overall, the recommended diameter for geothermal
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boreholes is in the range of 90—-190 mm [33]. The diameter
of boreholes chosen for this work was 150 mm.

For selecting the optimal number of boreholes, which
is a thermo-economical problem, a similar approach to the
solar heating system optimum initial investment determina-
tion is used. Note that, here also, the capacity of the geo-
thermal heat exchange is a functional of a number of bore-
holes (in this work, 0.5 m® for each borehole). Figure 15
shows how many boreholes should be hired in the pro-
posed system. According to the figure, a geothermal system
including 35 boreholes and a shell and tube heat exchanger
with the capacity of 17.5 m® results in the best thermo-eco-
nomical performance in the case study. It is worth mention-
ing that the recommended layout for geothermal boreholes
is an L-shaped array; that is why, a rectangular 5 x 7 array
has been considered for the boreholes in this work [33].

One should note that the expected lifetime of such geo-
thermal systems is 25 years. Over time, the geothermal
boreholes lose their efficiency little by little, so that the best
achievable performance of the system is in the first year of
its operation. Figure 16 shows the total annual obtainable
heat by the proposed geothermal system.

As the figure shows, the total annual obtainable heat
from the system in the first year is about 1144 GJ/year. As
can be seen, although the total obtainable heat from the
proposed geothermal heat decreases over time, it is still
efficient enough at the end of the 25th year by over 818 GJ/
year.

Figure 17 shows the total monthly benefit resulting from
the geothermal system in the case study, taking the air
heater efficiency, natural gas LHV and its universal price
into account.

According to the figure, as the ambient air temperature
is more than 16 °C during 5 months, the geothermal system
does not lead to any revenue over this period. On the other
hand, the best performance of the geothermal system is in
January, more than 6700 US$ revenue, and overall, the total
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Fig. 17 The total monthly achievable benefit from the geothermal
heating system through the first year
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Fig. 18 The total monthly energy providing the contribution of each
heater in the case study
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Fig. 19 Fuel consumption comparison between the proposed and
conventional systems

annual benefit resulting from employing this system in the
first year equals to almost 24,000 USS.

Figure 18 shows the contribution of all heaters in the
system (geothermal, solar and diesel heaters) in providing
the required heat in each month of the year. Regarding the
figure, in the cold months of the year, the contribution of
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the geothermal system rises, while in warmer months the
solar system contribution in providing the required heat
increases.

Figure 19 compares the total monthly fuel consump-
tion of the greenhouses in the conventional and improved
configurations.

This figure clearly shows how the proposed system is
impressive in reducing the amount of fuel consumption in
the case study. Obviously, the maximum fuel consumption
reduction takes place in January, February and December
by 42, 34 and 33 km® per month, respectively.

In the end, the IRR method is used to compare the per-
formance of the hybrid proposed system in the case study
with two more cases; (1) if the case study takes only advan-
tage of the solar heating unit and (2) if the case study hires
the geothermal system only. The IRR is the rate of return
used to measure and compare the profitability of different
projects. The IRR of a project is the rate of return by which
the net present value (NPV) of all cash flows of an invest-
ment equals zero. The NPV could be calculated as:

NoOR
NPV =S — ' |
t; (1 + i)t (28)

where /, t and R, represent the interest rate, the time of cash
flow and the net cash flow in the project, respectively [33].
Overall, the higher values of IRR in a project make it more
appropriate to be implemented [24, 33]. The critical param-
eter for calculating the IRR of a project is the number of
years during which the NPV equals zero. For such indus-
trial projects, the duration of 8 years seems to be a good
choice. Figure 20 shows the results of the IRR analysis.

As the figure proves, the best economical performance
with a significant superiority relative to the other two sys-
tems is related to the hybrid system proposed with an IRR
equal to 0.115. As the figure shows, the system equipped to
the solar heating system only shows the second best perfor-
mance with an IRR of 0.073, while the worst performance
is presented by the system equipped with the geothermal
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heating unit with an IRR of only 0.055. Note that in the fig-
ure above, the total retaining and maintenance costs of both
solar and geothermal systems have been considered equal
to 5 % of the total capital cost of each one.

5 Conclusion

There are many places in the industry which have high
potential to be equipped with renewable energy systems
to modify their fuel usage pattern. A huge amount of fos-
sil fuel is burnt in greenhouses all around the world every
year. This work shows how employing a hybrid system
taking advantage of geothermal and solar heating systems
can considerably improve the fuel consumption pattern of
a sample greenhouse in Iran. The proposed system employs
430 flat plate collectors and a solar storage tank with 43 m*
volume plus a geothermal system including 35 boreholes
and a shell and tube heat exchanger with 17.5 m* volume.
The total cost of the proposed system is 294,000 US$ and
with an IRR of 0.115. Also, the economic performance
of the proposed hybrid system was compared with two
other systems, i.e. a greenhouse taking advantage of solar
energy only and another greenhouse that utilizes geother-
mal energy only, and it was shown that the proposed sys-
tem was considerably more efficient than the other two
systems. Also, considering that the typical greenhouse of
this work is located in the north of Iran with a moderate
climate, the proposed system can even be more efficient
for the central area of Iran with a much warmer weather.
Therefore, taking the results of this study into account,
employing the proposed hybrid system in greenhouses is
highly recommended.
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