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Abstract

Greece has a significant geothermal potential with high enthalpy fields in the Aegean Sea region and low enthalpy fields scattered
in specific locations of the country that has not been sufficiently exploited yet. One promising application would be the use of geo-
thermal energy for greenhouse heating. The present work proposes an integrated and analytical methodology for the design of a
geothermal–solar greenhouse that minimises the fossil fuels consumption and replaces it with geothermal energy. To that effect,
the system modules are modelled analytically and the energy balances of all the system components are formulated. The resulting
model is solved and the main design parameters are determined, in order to minimise the entire installation heat losses and the elec-
tric energy consumption. A case study is presented where the proposed methodology has been applied with interesting results con-
cerning the technical and financial efficiency of the system.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Greece has a remarkable geothermal potential [1,2],
taking into account that the Aegean microplate is
strongly influenced by the collision between the Euro-
pean and African tectonic plates. As a result of this evo-
lution, some high enthalpy geothermal fields exist in the
central Aegean Sea (Milos, Kimolos, Santorini). At the
same time, several low enthalpy fields are located
throughout central and northern Greece. All these geo-
thermal fields have a significant energy potential [3], not
sufficiently exploited yet.

More specifically, despite the remarkable geothermal
potential, only few applications are reported over the
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last years concerning the exploitation of the energy con-
tent of the local geothermal reservoirs, while the most
promoted direct geothermal use is the balneology [4].
One of the basic obstacles concerning the geothermal
energy applications in Greece is the absence of the
appropriate legislation. However, it is expected that with
the recently voted geothermal law 3175/2003, the main
problems related with the geothermal applications will
be resolved and geothermal energy development will
speed up in the country.

One of the main disadvantages of the low enthalpy
geothermal fields is the relatively low temperature of
the corresponding fluid. However, even these relatively
low temperatures are quite appropriate to satisfy—in
combination with the available solar radiation—the
energy requirements of typical greenhouses, thus display-
ing the imported fossil fuels. On top of this, geothermal
energy is a clean energy source, i.e., it does not have a
negative impact on the environment when used correctly.
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In this context, the proposed work presents an inte-
grated methodology for the optimal design of a geother-
mal solar greenhouse. For this purpose the necessary
analytical model is presented, while special emphasis is
laid on estimating the appropriate dimensions of the
geothermal fluid transportation network, in order to
minimize the entire installation heat loss and the corre-
sponding electrical energy consumption. Finally, the
developed methodology is applied to a representative
low enthalpy geothermal field with interesting results.
2. Geothermal greenhouse system components

In an attempt to satisfy the energy demand require-
ments of the operating greenhouses, taking into account
the advantage of the existence of low enthalpy geother-
mal fields [5,6], the following hybrid geothermal–solar
configuration is proposed, see also Fig. 1. In particular
the proposed system comprises of the following
components:

(i) A typical solar greenhouse: The proposed green-
house consists [7,8] of a metal frame, the cover
material, an irrigation network, an artificial light
installation, a heating system and an air circula-
tion and ventilation mechanism.

(ii) A low enthalpy geothermal well or spring: The geo-
thermal fluid is available from the existing scat-
tered throughout Greece geothermal springs and
productive boreholes.

(iii) The geothermal fluid transportation network: This
network, based usually on polyethylene tubes
properly insulated to reduce heat loss, transfers
the geothermal fluid from the geothermal well to
the greenhouse heat exchanger.

(iv) The geothermal fluid transportation pump and the

corresponding electrical motor: This heavy duty
water transportation pump [9] is used to pump the
geothermal fluid to the geothermal wellhead, and
Fig. 1. Proposed geothermal–solar based solution.
accordingly to feed the greenhouse heat exchanger
with the appropriate hot geothermal fluid quantity
to meet the consumption thermal needs.

(v) The main heat exchanger: Usually a steel plate heat
exchanger is used between the geothermal water
and the greenhouse heating system.

(vi) An auxiliary oil-burning installation (optional):
This oil-burning heat production system is used
to satisfy the greenhouse heating requirements only
during some very cold periods or to operate as a
back up system in case of maintenance or malfunc-
tion of the main geothermal based heating system.

During the long-lasting service period of the installa-
tion (10–15 years is assumed to be a realistic value), the
following operational modes may appear:

(a) The thermal demand of the greenhouse ‘‘ _Qd’’ is
less or equal than the solar energy ‘‘ _Qs’’ available,
i.e.,

D _Q ¼ _Qs � _Qd P 0 ð1Þ
In this case, the energy surplus ‘‘D _Q’’ should either
be stored in order to be used during low (zero) so-
lar radiation periods or to be transferred away by
the air-conditioning system in order to avoid very
high temperatures inside the greenhouse [7,8].

(b) The thermal energy demand of the greenhouse
‘‘ _Qd’’ is greater than the solar energy ‘‘ _Qs’’ and
the greenhouse temperature is near the low tem-
perature limit ‘‘hmin’’, dictated by the type of the
cultivation. In these situations the energy deficit
‘‘D _Q’’ is covered by the geothermal fluid with the
use of a transportation pump and the correspond-
ing heat exchanger.

(c) The thermal energy needs of the greenhouse ‘‘ _Qd’’
cannot be satisfied by the solar and the geothermal
potential of the installation (e.g., unusual cold
weather, cloudy days, system malfunction etc.).
In this occasion, if the greenhouse temperature
approaches the low temperature limit ‘‘hmin’’, all
the energy deficit should be covered by the oil-
based back up heating system; otherwise the green-
house production is in danger.
3. Solar greenhouse energy analysis

In order to formulate the energy balance of a typical
solar greenhouse, the following heat losses sources
should be taken into account [10]:

(a) The heat loss ‘‘ _Ql’’, resulting from the thermal con-
ductivity of the cover material and the soil as well
as the cover material heat loss through radiation
‘‘ _Qr’’, expressed as
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_Ql ¼
Ximax

1

Ai � ki � ½hðtÞ � haðtÞ�

þ Asoil � ks � ½hðtÞ � hsðtÞ� þ _Qr ð2Þ

where ‘‘Ai’’ the surface areas of the cover material,
including sides and roof and ‘‘Asoil’’ the greenhouse
covered area. Accordingly, ‘‘ki’’ and ‘‘ks’’ are the
thermal conductivity coefficients of the greenhouse
surface areas (i = 1, imax) and of the soil, respec-
tively. Finally, ‘‘ha(t)’’ and ‘‘hs(t)’’ are the ambient
and soil temperatures in course of time ‘‘t’’, while
‘‘h(t)’’ is the greenhouse interior temperature pro-
file, which should follow the requirements of the se-
lected cultivation. Finally, the cover material heat
loss through radiation depends on various param-
eters, like surface area and inclination angle, mate-
rial type, indoor and ambient temperature etc. Due
to the complexity of the involved calculations,
approximations are normally applied, suggesting
that the maximum contribution of ‘‘ _Qr’’ in ‘‘ _Ql’’
is less than 20% [11].

(b) Subsequently, one should take into consideration
the heat loss ‘‘ _Qv’’ caused by the inflow of cold
(clean) air into the greenhouse and replacing the
existing air quantity, in order to maintain the basic
development processes of the plants. In this con-
text, the following equation may be used:

_Qv ¼ zðtÞ � qaðtÞ � V � � Cp � ½hðtÞ � haðtÞ� ð3Þ

where ‘‘z(t)’’ expresses the air circulations per time
unit (usually per hour), depending on the crop cul-
tivated, the day period and the year season, ‘‘qa’’
and ‘‘Cp’’ are the air density and specific heat coef-
ficient and ‘‘V*’’ is the greenhouse volume.

(c) Accordingly, one should take also into account the
latent heat ‘‘ _Qh’’ depending on the biological oper-
ations of the plants and the humidity variation of
the greenhouse air due to the water absorption or
evaporation by the plants. Using the above pre-
sented analysis, one has the ability to estimate
the total greenhouse energy demand ‘‘ _Qd’’ as
follows:

_QdðtÞ ¼ _QlðtÞ þ _QvðtÞ þ _QhðtÞ þ d _QðtÞ ð4Þ

Note that the term ‘‘d _Q’’ in Eq. (4) is used to sim-
ulate the existence of any passive solar energy stor-
age systems (water bags, black painted material
etc.). In the absence of any additional information,
‘‘d _Q’’ is taken equal to zero.

On the other hand, the main heat input of the green-
house is due to the solar energy gains ‘‘ _Qs’’, resulting by
the solar radiation [12,13] entering the greenhouse area
and absorbed/captured by the system. In this context
one may use the following simplified relationship:
_Qs ¼
Ximax

i¼1

Ai � ðF Di � IDi þ F di � IdiÞ � ð1� CÞ ð5Þ

where ‘‘ID’’ and ‘‘Id’’ are the direct and diffused solar
radiation in each greenhouse surface location
(i = 1, imax; mainly at horizontal or normal plane), while
‘‘FD’’, ‘‘Fd’’ describe the corresponding cover material
transmissivity. Lastly, ‘‘C’’ is the coefficient of reflectiv-
ity of the greenhouse ground.

By comparing the greenhouse thermal demand ‘‘ _Qd’’
(Eq. (4)) and the corresponding solar gains (Eq. (5)), we
get the already introduced Eq. (1), which along with the
entire installation thermal inertia defines the greenhouse
temperature profile ‘‘h(t)’’. Depending on the proposed
cultivation type and the crop development phase, atten-
tion should be paid in order to ensure that the effective
conditions follow the specifications, i.e.:

(i) The greenhouse interior temperature should not
violate the minimum and maximum plant survival
temperatures (hmin,hmax), i.e.,

hmin 6 hðtÞ 6 hmax ð6Þ
This is for the protection of the investment.

(ii) The greenhouse interior temperature profile fol-
lows the optimum (desired-maximum production
criterion) production temperature (and humidity)
distribution ‘‘hd’’, i.e.,

hðtÞ ! hdðtÞ ð7Þ
4. Low enthalpy geothermal system sizing

Utilizing the desired capacity of the low enthalpy geo-
thermal field ‘‘ _V w’’ (with _V w 6 _V g, where ‘‘ _V g’’ is maxi-
mum flow rate of the geothermal field), the following
heat load ‘‘QG’’ for a specific time interval ‘‘Dt’’ may
be covered, i.e.:

QG ¼
Z Dt

0

gex � qw � _V w � Cw � ðh0 � Dh� h2Þ � dt ð8Þ

where ‘‘qw’’ and ‘‘Cw’’ are the geothermal fluid density
and specific heat coefficient, ‘‘ _V w’’ is the utilized geother-
mal fluid flow rate ð _V w 6 _V gÞ, ‘‘h2’’ the heat exchanger
outlet (discharge) temperature, ‘‘gex’’ the heat exchanger
efficiency and ‘‘Dh’’ the temperature drop during the
geothermal fluid transportation process.

At this point it is important to mention that the tem-
perature drop of the geothermal fluid is a very important
parameter of the problem and it depends on the heat
loss caused during the fluid�s transportation. More spe-
cifically, the temperature drop is a function of

• the geothermal fluid temperature at the wellhead ‘‘ho’’.
• the ambient temperature ‘‘ha’’.
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• the transportation network length ‘‘L’’.
• the network pipes� diameter, material and thickness.
• the geothermal fluid mass flow rate (or velocity) and
thermodynamic characteristics.

• the system insulation type selected.

For the heat transfer analysis, see also Fig. 2, the
transportation network heat loss ‘‘D _QG’’ can be esti-
mated as [14]:

D _QG ¼ p � ðd þ 2dþ 2tÞ � L � U � Dh

ln 1þ Dh
h1�ha�Dh

� � ð9Þ

where ‘‘U’’ is the overall heat transfer coefficient, ex-
pressed as
U ¼ 1

1þ 2d
d
þ 2t

d

� �
� 1
hi
þ d

2
þ dþ t

� �
�

ln 1þ 2d
d

� �
kp

þ
ln 1þ
�

ki

0
@

Fig. 2. Temperature distribution in
with ‘‘d ’’ the polyethylene pipes diameter; ‘‘L’’ the poly-
ethylene pipes length; ‘‘d’’ the polyethylene pipes wall
thickness; ‘‘kp’’ the corresponding thermal conductivity
coefficient of polyethylene pipes; ‘‘t’’ the external insula-
tion thickness; ‘‘kin’’ the external insulation thermal con-
ductivity coefficient; ‘‘hi, ho’’ the thermal conductance
(or convection heat transfer coefficients) of the geother-
mal fluid flow throughout the transportation network
and that of the atmospheric air outside the network,
respectively.

At the same time, the network heat loss is associated
with the temperature drop and the geothermal fluid
mass flow rate via the following relationship:
2t
dþ2d

�
n

1
Aþ 1

ho

ð10Þ

the transportation network.
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D _QG ¼ qw � _V w � Cw � Dh ð11Þ
Hence, comparing Eqs. (9) and (11), ‘‘Dh’’ and ’’D _QG’’
can be calculated.

In this context, one may also estimate the fossil fuel
(oil or natural gas) consumption ‘‘mf’’, used by the
backup heating system of the installation during the
time period ‘‘Dt’’, i.e.,

mf ¼
Z Dt

0

D _Qo

�� ��
g � Hu

� dt only if DQo � 0 ð12Þ

where ‘‘g’’ is the efficiency of the backup heating system
and ‘‘Hu’’ the specific calorific heat of the fuel used.
Also, ‘‘D _Qo’’ is the total energy deficit defined as

D _Qo ¼ D _Qþ _QG ð13Þ
At the same time one should calculate the main charac-
teristics of the geothermal pump of the installation
along with the corresponding electricity consumption.
More precisely, the power ‘‘N’’ of the geothermal pump
is given [9] as

N ¼ qw � _V w � g dhþ dzþ dH fð Þ
gp � gel

ð14Þ

with g: the acceleration gravity; dh: the well depth; dz:
the hydrostatic head, i.e., the elevation difference be-
tween the top of the geothermal borehole (wellhead)
and the greenhouse level; gp: the efficiency of the water
pump; gel: the efficiency of the electrical motor driven
the pump; and dHf: the total hydraulic losses of the geo-
thermal fluid transportation network, both lengthwise
and locally.

The following relationship applies for the estimation
of the hydraulic losses [15]:

dH f ¼ k � L
d
� ð1þ nÞ � 8 _V

2

w

g � p2 � d4
ð15Þ

where ‘‘k’’ is the friction coefficient of the network pipes,
‘‘d ’’ is the corresponding internal diameter and ‘‘n’’ is the
local pressure loss coefficient of the entire transportation
network. The electrical energy ‘‘E ’’ consumed by the
geothermal pump during a time period ‘‘Dt’’ is given as

E ¼
Z Dt

0

N � dt ð16Þ
5. Main advantages and critical issues of the proposed

solution

The proposed integrated system has numerous
advantages, such as

• The system uses existing local renewable energy
sources, minimizing the oil (or natural gas)
consumption.
• The operational cost of the installation is rather low,
thus an improved financial efficiency of the installa-
tion is expected.

• The environmental benefits of the proposed hybrid
greenhouse are obvious, since clean energy resources
replace heavy pollutant oil.

• There is increased energy system reliability, due to the
presence of three different energy sources (solar, geo-
thermal, oil based boiler).

At the same time some critical factors related to the
proposed solution should not be ignored, such as

• The initial investment cost is increased, in compari-
son with a simple solar greenhouse, using an oil-heat-
ing system.

• The proposed solution is rather complex, due to the
utilization of water pumps, the existence of the geo-
thermal fluid transportation network, etc.

• There is a possibility that legal issues will be raised,
related to the geothermal field ownership. Fortu-
nately, the basic legal issues are resolved by the
recently voted law (3175/2003) concerning the exploi-
tation of the existing geothermal fields in Greece.
6. Application results

For the implementation of the proposed methodol-
ogy, the interesting geothermal field of Polichnitos
in Lesvos area is chosen. Lesvos island is one of the
largest Greek islands (area 1600 km2, population
98,000), located in the northeastern part of the Aegean
Sea. Due to the intense geological history [16] of the
island, several geothermal reservoirs are spread through-
out it. The major Polichnitos area is located at the
east side of the gulf of Kalloni and includes several ther-
mal springs with gas (dh = 0). One of the most interest-
ing geothermal fields has geothermal surface water
temperatures around 82 �C and yields a flowrate over
30 m3/h.

The complete area around the geothermal field is
almost flat, used mainly for agricultural purposes and
stock raising. Taking also into consideration that the
area climate is mild (minimum temperature of the area
2–3 �C) and the corresponding solar radiation is ade-
quately high (approximately 1680 kW h/m2/year), it is
evident that the region under discussion may provide
an excellent opportunity for development of geother-
mal–solar greenhouses.

In this context, the present work is concentrated on
the analysis of a 10,000 m2 polyethylene even-span solar
greenhouse, used to cultivate tomatoes for the local
island community. The additional energy requirements
of the greenhouse under consideration are fulfilled by
the exploitation of the nearby (L � 1000 m) geothermal



910 E. Kondili, J.K. Kaldellis / Applied Thermal Engineering 26 (2006) 905–915
field. Applying the analysis of Section 3 concerning the
greenhouse energy balance, the energy deficit of the
installation for the entire year is estimated, see for exam-
ple Fig. 3. According to the results obtained the mean
daily energy deficit during winter approaches the
5 MW h/day. Equivalently, 600 kg of oil (0.6 toe) per
day are needed to cover the heat demand on the basis
of an oil-burning heating system, with a total efficiency
of 80%. It is noted that normally there is no tomato cul-
tivation in the greenhouses during the hot months of the
year, i.e., from May to September.

The maximum energy deficit during the winter nights
is 300 kW h/h, hence the corresponding oil-burning
heating system rated power should be 350,000 kcal/h.
For comparison purposes one should mention that the
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low cost plastic covering used) and far lower than the
temperature required by the crop cultivated. For this
purpose one should cover the energy deficit of approxi-
mate 220 kW h/h by transferring 5.2 m3/h of the geo-
thermal fluid. Bear in mind that the quantity needed is
less than 20% of the available capacity of the geothermal
field.

Similarly, in Fig. 5 one may find the geothermal fluid
volume needed to cover the energy deficit of the specific
greenhouse for the entire year. In this context, almost
25,000 m3 of geothermal fluid are needed per year. In
the same figure the geothermal fluid exploitation effi-
ciency (defined as the energy transferred to the green-
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pump (3 kW or 4 HP) is given in Fig. 6. According to the
calculation results the annual electricity consumption is
less than 5800 kW h, representing an average cost of
300€ or 0.5% of the corresponding oil purchase value.

6.1. Optimal selection of the network diameter

Subsequently, the network diameter should be chosen
in order to minimize the geothermal fluid transportation
heat and pressure loss. For this purpose four typical
polyethylene pipe diameters are tested with values rang-
ing between 30 and 100 mm. The simulation results are
summarized in Figs. 7–9. As it can be observed in Fig. 7,
the geothermal fluid quantity needed is reduced (lower
heat loss) as the network diameter is decreased. On the
other hand, by reducing the network diameter the corre-
sponding electricity consumption (absorbed by the sys-
tem pump) is substantially amplified, especially for
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sponding pressure loss increase, Fig. 8. In order to get
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Fig. 12. The impact of transportation network length on the annual electrical energy required and geothermal fluid quantity used.
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of the transportation network is remarkably increased
with the distance ‘‘L’’, hence additional geothermal fluid
is needed, Fig. 10. Similarly, the electricity consumption
of the installation pump is also increasing, especially
from L = 2–3 km, Fig. 11. This fact may be explained
not only by the increased length-depended friction loss
but also due to the increased transportation velocity
(higher volume rate, constant diameter). Finally, in
Fig. 12 one may observe the annual electrical energy
required and the corresponding geothermal fluid quan-
tity needed as a function of the distance between the
geothermal wellhead and the application location.

In conclusion, one may definitely support that for
‘‘L’’ values up to 3 km the usage of the geothermal fluid
is a much more cost effective solution (annual electricity
cost less than 700€) than the utilization of an oil-burn-
ing heating system (annual oil cost � 70000€).

Additionally, the entire geothermal fluid transporta-
tion network cost (including the water pump and the
geothermal heat exchanger) varies between 60,000 and
100,000€ (1 km 6 L 6 3 km). Disregarding any State
subsidization the entire geothermal installation cost
has a Payback Period (PBP) between 1 and 1.5 opera-
tional years, while the service period of the proposed
solution is five (5) years minimum. At this point, it is
assumed that the income of the investment practically
reflects the money saved from not using the diesel oil.
7. Conclusions

The low enthalpy geothermal energy exploitation
prospects for the greenhouse energy needs satisfaction
are analyzed in the present work. To that effect, an inte-
grated solution for the energy system configuration and
design has been proposed.
The main idea is to display as much as possible the
fossil fuels with low enthalpy geothermal energy and
to optimally design the system so that the conventional
energy needs are minimized. The design parameters that
are determined with the proposed methodology are the
location of the greenhouse (as far as the maximum
acceptable distance from the geothermal field is con-
cerned) and the geothermal fluid transportation network
dimensions. In parallel, the main parameters of other
system components (pumps and heat exchanger) are
also suggested.

The methodology has been implemented in a selected
agricultural area with remarkable geothermal potential.
The results of the application have indicated that the
financial efficiency of the proposed system configuration
is also attractive. In conclusion, the proposed analytical
solution exploits local clean energy sources, and more
specifically geothermal and solar energy, achieving
promising technical and financial efficiency in the energy
use of a greenhouse.
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