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This study deals with modeling and analyzing the performance of greenhouses from the power plant
through the heating system to the greenhouse envelope using exergy analysis method, the so-called
low exergy or LowEx approach, which has been and still being successfully used in sustainable buildings
design, for the first time to the best of the author’s knowledge. For the heating applications, three options
are studied with (i) a solar assisted vertical ground-source heat pump greenhouse heating system, (ii) a
wood biomass boiler, and (iii) a natural gas boiler, which are driven by renewable and non-renewable
energy sources. In this regard, two various greenhouses, the so-called small greenhouse and large green-
house, considered have heat load rates of 4.15 kW and 7.5 MW with net floor areas of 11.5 m2 and 7.5 ha,
respectively. The overall exergy efficiency values for Cases 1–3 (solar assisted vertical ground-source heat
pump, natural gas boiler and wood biomass boiler) of the small greenhouse system decrease from 3.33%
to 0.83%, 11.5% to 2.90% and 3.15% to 0.79% at varying reference state temperatures of 0 to 15 �C while
those for Cases 1 and 2 (wood biomass and natural gas boilers) of the large greenhouse system decrease
from 2.74% to 0.11% and 4.75% to 0.18% at varying reference state temperatures of �10% to 15 �C. The
energetic renewability ratio values for Cases 1 and 3 of the small greenhouse as well as Case 1 of the large
greenhouse are obtained to be 0.28, 0.69 and 0.39, while the corresponding exergetic renewability ratio
values are found to be 0.02, 0.64 and 0.29, respectively.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Various policies have been formulated in many countries
around the world to aim at decreasing carbon dioxide emissions,
while many countries have also established policies towards
increasing the share in renewable energy utilization. Both are parts
of a global response to the climate change [1]. Especially in analyz-
ing 100% renewable energy systems, which will be technically pos-
sible in the future, and may even be economically beneficial
compared to the business-as-usual energy system, energy savings,
efficient conversion technologies and the replacement of fossil
fuels with renewable energy are essential elements to consider [2].

As a consequence of the latest reports on climate change and
the need for a reduction in CO2 emissions, huge efforts must be
made in the future to conserve high quality, or primary energy, re-
sources [3,4]. A new dimension will be added to this problem if
countries with fast growing economies continue to increase their
consumption of fossil energy sources in the same manner as they
do now. Even though there is still considerable energy saving po-
tential in building stock, the results of the finished IEA ECBCS An-
ll rights reserved.
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nex 37, Low Exergy Systems for Heating and Cooling of Buildings,
show that there is an equal or greater potential in exergy manage-
ment [4,5].

The amount of energy used in agricultural production, process-
ing and distribution is significantly high. Sufficient supply of the
right amount of energy along with its effective and efficient utiliza-
tion is necessary for an improved agricultural production. It has
also been reported that crop yields and food supplies are directly
linked to energy [6].

Various types of heating systems have been used in green-
houses for meeting the heating and cooling requirements. Steam
or hot water radiation systems, which utilize steam or hot water
supplied through pipe networks running through the greenhouse,
and hot air unit heaters, are among some applications. The heating
requirements of the greenhouse may be generally met by these
systems, but the temperature distribution patterns within the
greenhouse associated with such systems are readily influenced
by the outdoor weather conditions. In addition, such systems are
usually not able to control and maintain the required humidity lev-
els within the greenhouse, which also affect the growth of crops.
Thus, there is a great potential in employing a heat-pump system
for greenhouse air-conditioning based on its ability to perform
the multi-function of heating, cooling and dehumidification [7].
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Nomenclature

A area (m2)
c specific heat (kJ/kgK)
COP coefficient of performance (–)
_E energy rate (W)
_Ex exergy rate (W)
f approximation factor (–), factor (–)
F factor (–)
l length (m)
N percentage of equipment resistance
P power (W)
p specific power, pressure (W/m2, N/m2)
_Q heat transfer rate (kW)
R pressure drop of the pipe (Pa/m), thermal resistance

(m2 K/W), ratio (–)
SI sustainability index (–)
T temperature (K)
_v volumetric flow rate (m3/s)
V volume (m3)

Greek letters
g energy efficiency (–)
w exergy efficiency (–)
D difference

Subscripts
air indoor air
aux auxiliary energy requirement
c construction type
circ circulation
dis distribution system
En energetic
Ex exergetic
el electricity
env environment
Ge generation
gp generator position
gh greenhouse
HS heating system

h heat
heat heater
i indoor, counting variable
in input, inlet
ins insulation
l lighting
max maximum
N net
o outdoor, occupants
p primary energy, constant pressure
q quality
R renewable energy
r renewability
ref reference
ret return
S solar
s source
td temperature drop
tot total
usf useful
V ventilation
w wind
0 reference (dead) state

Superscripts
over dot rate

Abbreviations
COP coefficient of performance
ECBCS energy conservation in buildings and community sys-

tems programme
IEA international energy agency
LGH large greenhouse
LowEx low exergy
SAVHP solar assisted vertical ground-source heat pump
SGH small greenhouse
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A geothermal heat pump or ground-source heat pump (GSHP) is
a central heating and/or cooling system that pumps heat to or from
the ground to provide heating, air conditioning and, in most cases,
hot water. Studies have shown that approximately 70% of the en-
ergy used in a GSHP system is renewable energy from the ground
[8]. In this regard, GSHP systems have become increasingly popular
for both residential and commercial heating and cooling applica-
tions. These systems have been recognized to provide viable, envi-
ronmentally friendly alternatives to conventional unitary systems.
They can make significant contributions to reductions in electrical
energy utilization, and offer more effective demand-side manage-
ment [9].

There are basically six different ground-source heating systems,
which are applied to greenhouses: (a) finned pipe, (b) standard
unit heaters, (c) low-temperature unit heaters, (d) fan-coil units,
(e) soil heating, and (f) bare tube [10]. The performance of the
low temperature unit heaters falls between that of standard unit
heaters and fan-coil units. Among the above-mentioned heating
systems, the soil heating (ground heating by coils embedded to
the ground), which involves using the floor of the greenhouse as
a large radiator, requires lower heating fluid temperatures, and
especially helpful to protect the plant root zone temperature,
rather than simply heating the air. In addition, because the air is
not needed to heat too much, energy is saved, and lower heating
fluid temperature increases the COP values [10,11].

Exergy may be defined in various ways as follows [12,13]: (i)
The quality of energy , (ii) The capacity of energy to cause change,
(iii) The maximum work that can be obtained from a given form of
energy using the environmental parameters as the reference state,
and (iv) A measure of the departure of the state of the system from
the state of the environment. In this regard, it should be noticed
that exergy is always evaluated with respect to a reference envi-
ronment (i.e., dead state), while the selection of dead state condi-
tions is arbitrary, but depends on some criteria. Exergy analysis
has been viewed as a very useful tool, which can be successfully
utilized in the design, simulation and performance assessment of
energy related systems. Exergy analysis is relevant in identifying
and quantifying both the consumption of useful energy (exergy)
used to drive a process as well as the irreversibilities (exergy
destructions) and the losses of exergy. The latter are the true inef-
ficiencies and, therefore, an exergy analysis can highlight the areas
of improvement of a system. Exergy measures the material’s true
potential to cause a change [13].

Trends in energy demand for heating and cooling could be very
important for the development of the energy system. Of course, the
key issue is how to make buildings energetically sustainable?
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Exergy as a thermodynamic analysis tool can help achieve this
objective. The LowEx approach is one of these approaches, which
may be used in sustainable buildings design [14]. The main objec-
tive of this approach is to constitute a sustainable built environ-
ment, while future buildings should be planned to use
sustainable energy sources for HVAC applications [15].

In the last few years, also due to the increasing interest in
low temperature heating and high temperature cooling systems,
a research co-operation in a working group of the International
Energy Agency (IEA) has been formed within the Energy Conser-
vation in Buildings and Community Systems Programme
(ECBCSP): ‘‘Low Exergy Systems for Heating and Cooling of
Buildings’’ [16]. The number of studies on exergetic analysis of
LowEx heating and cooling systems in buildings is relatively
low [4,17–24], while there are not any studies on evaluating
the performance of greenhouses from the power plant through
the heater to the greenhouse envelope using LowEx approach
in the open literature to the best of the author’s knowledge. This
was the prima motivation in doing the present contribution. In
this regard, the LowEx approach is applied to a small greenhouse
explained in the author’s common studies [11,25,26] based on
the experimental values and a large greenhouse [27] with net
floor areas of 11.5 m2 and 7.5 ha, respectively. Three heating op-
tions, namely (i) a vertical ground-source heat pump system
[26], (ii) a wood biomass boiler [27,28], and (iii) a natural gas
boiler, are considered for performance analysis and assessment
purposes through energy and exergy efficiencies. The energetic
and exergetic renewability ratios are also utilized here along
with sustainability index.
2. System descriptions

In this study, two various greenhouses are mainly considered
as case studies. The first one (the so-called small greenhouse:
SGH) has three heating options with a heat load of 4.15 kW for
a greenhouse of 11.5 m2 [11,25,26], namely (i) a solar assisted
vertical ground-source heat pump (SAVHP) greenhouse heating
system, (ii) a wood biomass boiler, and (iii) a natural gas boiler.
The second one (the so-called large greenhouse: LGH) has an ac-
tual heat power of 7.5 MW specified for a 7.5-ha greenhouse [27],
which has two types of heating options with wood biomass and
natural gas boilers. Table 1 lists some technical specifications of
the systems studied [26–28], while Fig. 1 illustrates a schematic
of the SAVHP greenhouse heating system [11], which is an air/
refrigerant vapor compression solar assisted heat pump com-
posed mainly of a rated power of electric motor driving 1.4 kW
compressor, 6.66 kW condenser, 8.2 kW evaporator, expansion
device equipped with a series of capillary tubes with 1.5 m long
and inside diameter is 1.5 mm. Beside this, the system mainly
consists of three separate circuits: (i) the ground coupling circuit
with solar collector (brine circuit or water–antifreeze solution cir-
cuit), (ii) the refrigerant circuit (or a reversible vapor compression
cycle) and (iii) the fan coil circuit for greenhouse heating (water
circuit).

Greenhouses use water-tube boilers (natural gas-fired or bio-
mass-fired), which are connected to a close-loop water system
for providing heat in the greenhouses. Hot water is circulated for
heating purposes and returned to the boiler as cold or low-temper-
ature water. Natural gas boilers are more commonly used in the
greenhouse industry due to the relatively low capital cost and their
relatively small physical size. Moreover, burning natural gas can
generate CO2 for injection into a greenhouse. In contrast, biomass
boilers are larger in size and have high capital costs [27].

Fig. 2 shows the energy flows in forms of primary and electricity
for a greenhouse from primary energy transformation through the
heat production system and a distribution system to a heating sys-
tem, and from there, via the indoor air, across the greenhouse
envelope to the surrounding air [16,29].

For the heating applications, three options are studied with (i) a
SAVHP, (ii) a wood biomass boiler (iii) a natural gas boiler. In Case
1, a SAVHP is used for heat production. Its COP is 3.1 with a max-
imum supply temperature of 56 �C based on the experimental val-
ues [26] although in today’s technology higher COP values may be
obtained. For Case 2, a wood biomass boiler utilizing wood pellets
is used for heat production. Its efficiency is assumed to be 0.88
with a maximum supply temperature of 70 �C. In Case 3, a natural
gas boiler is used for heat production with an efficiency of 0.925.
Additionally, for all cases of heating systems, the fan-coils (or radi-
ators) have the flow and return temperatures specified as 56 �C and
46 �C with a heat loss/efficiency of 0.95, respectively. The distribu-
tion systems of all cases are considered to have a good insulation
with a heat loss of about 9% and a temperature drop of 5 �C. The
domestic heat water energy demand is not considered in this
study.

3. Analysis

In this study, the methodology and relations used are based on a
pre-design analysis tool, which has been produced during the
ongoing work for the IEA-ECBCS Annex 37 to increase the under-
standing of exergy flows in buildings and to be able to find possi-
bilities for further improvements in energy utilization in buildings
[16,30,31]. The methodology has been developed for buildings,
while the LowEx network [31], in which the author is a member,
has conducted various studies towards applying this methodology
to different low exergy heating and cooling systems. In this regard,
the present study utilizes this methodology for two various
greenhouses.

In the first section, the general project data and boundary con-
ditions are checked out. V and AN are the internal volume of the
greenhouse and the net floor area, respectively. To is the outdoor
temperature and Ti is the indoor temperature in the design condi-
tions. The outdoor temperature is taken as the reference tempera-
ture Tref for analysis purposes.

The heat demand rates of the greenhouse envelope ( _Qh) include
all heat flows, heat losses via the envelope, and internal gains
occurring inside the greenhouse and have to be summed up to cre-
ate the following energy balance, which refers to the first law of
thermodynamics:

_Qh ¼ Sum of heat losses rate� Sum of heat gains rate ð1Þ

A heat loss calculation is the first step in determining heating
system capacity before selecting the system and its various compo-
nents. The heating system should be properly sized to needs of
greenhouse under extreme weather conditions. The rate of heat
loss from the greenhouse may be shortly calculated using the fol-
lowing equation [26,32] or other approaches proposed in the
literature.

_Qgh ¼ ½ðA1=R1Þ þ ðA2=R2Þ þ � � ��ðTi � ToÞfwfcfs ð2Þ

where fc is the construction type factor, fs is the system factor and fw

is the wind factor, respectively, while (Ti � To) is the temperature
difference between greenhouse inside and outdoor temperatures.
For the SAVHP greenhouse heating system with a total glass rein-
forced plastic (GRP) surface area of 48.51 m2, the thermal resistance
(R) of GRPs is 0.16 m2K/W, while the factors of fc , fs and fw are 1.08,
1.00 and 1.13, respectively [26].

The heat demand rate is usually expressed in a specific number
in order to be able to compare different greenhouses with each
other:



Table 1
Some technical specifications of various greenhouse heating systems studied [11,27,28].

Types of heating options Main circuit Element Technical specification

SAVHP [11] Refrigerant circuit Compressor (I) Type: hermetic; reciprocating; manufacturer: Tecumseh; model: TFH 4524
F; refrigerant: R-22

Heat exchanger (II) Manufacturer: Alfa Laval; model: CB 26–24; capacity: 6.66 kW; heat
transfer surface: 0.55 m2� Condenser for heating

� Evaporator for cooling
Capillary tube (III) Copper capillary tube; 1.5 m long; inside diameter: 1.5 mm
Heat exchanger (IV) Manufacturer: Alfa Laval; model: CB 26–34; capacity: 8.2 kW; heat transfer

surface: 0.80 m2� Evaporator for heating
� Condenser for cooling

Ground coupling circuit Ground heat exchanger (V) Vertical-single U-bend type; bore diameter: 105 mm; diameter of U-bends:
32 mm; boring depth: 50 m; material: polyethylene

Brine circulating pump (VI) Manufacturer: Marina; type: KPM 50
Expansion tank (VII) Manufacturer: Zimmet; type: 541/L
Solar collector (VIII) 1.82 m2, flat-type

Fan-coil circuit Water circulating pump (IX) Manufacturer: Marina; type: KPM 50
Fan-coil unit (X) Manufacturer: Aldag; type: SAS 28; supply/return temperatures: 56/46 �C
Small greenhouse (XI) Net floor area: 11.5 m2; volume: 28.75 m3; GRP surface area: 48.51 m2;

indoor/exterior air temperatures 20/6 �C

Wood (pellets) biomass
boiler [28]

Lower heating value 17,900 kJ/kg
Boiler efficiency 88%
Fuel unit price 100 $CAD/t

Natural gas boiler [28] Lower heating value 37,000 kJ/m3

Boiler efficiency 93%
Fuel unit price 8.25 $CAD/GJ
Large greenhouse [27] Area: 7.5 ha; floor area dimensions: 274 � 274 m2; height; 4.3 m; covered

area: 80,340 m2; design inside/outside temperatures: 16/7 �C; theoretical
heat power requirement: 7.4 MW; actual heat power specified for the 7.5-
ha greenhouse: 7.5 MW

Ground heat 
exchanger 

V 

Expansion tank VII 

    Greenhouse 
         XI

X
 

  GSHP unit 

Valve 

 7 
Pump I 
  VI 
 7a 

Solar collector 
          VIII 

β

50
 m

 

Sun 

IV 

I

  4    IIII      3 

Pump II 
       IX 

 II 

Ground level 

1                2 

 5 

6a     6

8 

9 

Fig. 1. A schematic diagram of a solar assisted vertical ground source heat pump system for greenhouse heating [11].
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_Q 00h ¼ _Q h=AN ð3Þ

For the energy source in the primary energy transformation gi-
ven parameters, Fp and Fq,s are the figures of the primary energy
factor and the quality factor of the energy source, respectively. FR

is a fraction factor for the environment. In this study, Fp and Fq,s

are estimated to be 3 and 1 for the heat pump system used in Case
1, respectively. Because a ground heat pump is used for heat gen-
eration and its COP is 3.1, so FR = 2.1 is taken. The heat storage sys-
tem is not used in this study.

The thermal efficiency of the distribution system is calculated
by

gdis ¼ 0:98 � fgp � fins � fdt � ftd ð4Þ



Fig. 2. Energy flows from primary energy transformation to the environment (adopted from Refs. [29,30]).

Fig. 3. Energy flow diagram for the SGH (a) ground-source heat pump, (b) natural gas boiler and (c) wood biomass boiler.
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Fig. 4. Energy flow diagrams for the LGH (a) wood biomass boiler and (b) natural gas boiler.
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where fgp, fins, fdt and ftd are taken to be 0.9, 1, 0.95 and 0.99 for Case
1, and 1, 1, 0.9 and 1 for Case 2 from Ref. [30].

The auxiliary energy factor paux,dis can be obtained from

paux;dis ¼
Dp: _v
gcirc

ð5Þ

where gcirc is the electrical efficiency of the circulator. The following
calculation results in the pressure difference in the distribution Dp
as

Dp ¼ ð1þ NÞ � R � lmax � AN þ pex ð6Þ

where N is the percentage of equipment resistances with a typical
value of 0.3. R is the pressure drop of the pipe, which is assumed
to be 0.1 kPa/m. The maximal pipe length of the distribution is gi-
ven as an area specific value lmax with a typical value of 0.25 m/
m2, length per net floor area AN.

For the average volumetric flow under design conditions, _v is
calculated through

_v ¼ 1
ð1:163:DTdis:0:0036Þðs=m3KÞ ð7Þ

In the heat distribution system, the fan-coils are used with an
efficiency of 0.95.

The quality factor of the indoor air Fq,air is calculated by

Fq;air ¼ 1� To

Ti
ð8Þ

The exergy load rate can be given by

_Exair ¼ Fq;air : _Q h ð9Þ

The surface temperature of the heater, Theat is estimated using
the logarithmic mean temperature of the carrier medium with
the inlet, Tin and return temperature, Tret of the heating system
[33].
Theat ¼
Tin � Tret

ln Tin�Ti
Tret�Ti

� �1=2 � þTi ð10Þ

and

T 0heat ¼ Theat þ 273:15 K ð11Þ

Using this temperature, a new quality factor at the heater sur-
face can be calculated from

Fq;heat ¼ 1� Tref

T 0heat

; ð12Þ

The exergy load rate at the heater is

_Exheat ¼ Fq;heat � _Q h ð13Þ

Since the energy efficiency of the distribution system (gE) is not
100%, an energy load calculation first has to be performed and the
heat loss rates have to be calculated as:

_Qloss;HS ¼ _Qh �
1

gHS
� 1

� �
ð14Þ

Keeping the derivation of the exergy demand rate of the heating
system as calculated from

D _ExHS ¼
ð _Q h þ _Q loss;HSÞ
ðTin � TretÞ

ðTin � TretÞ � Tref : ln
Tin

Tret

� �� �
ð15Þ

The exergy load rate of the heating system is:

_ExHS ¼ _Exheat þ D _ExHS ð16Þ

The heat loss rate of the distribution system results in

_Qloss;dis ¼ ð _Q h þ _Q loss;HSÞ �
1

gdis
� 1

� �
ð17Þ

where gdis is the energy efficiency of the distribution system.



Fig. 5. Exergy flow diagram for the SGH (a) ground-source heat pump, (b) natural gas boiler and (c) wood biomass boiler.
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The demand on auxiliary energy or electricity of the distribution
system is given by

Paux;dis ¼ paux;dis:ð _Q h þ _Q loss:HSÞ ð18Þ

Exergy demand rate of the heating system becomes

D _Exdis ¼
_Qloss;dis

DTdis
Tdis � Tref : ln

Tdis

Tdis � DTdis

� �� �
ð19Þ

where the inlet temperature of the distribution system is the mean
design temperature Tdis and the return temperature is the design
temperature minus the temperature drop DTdis (not: used here as
absolute temperatures in K):

The exergy load rate of the distribution system becomes
_Exdis ¼ _ExHS þ D _Exdis ð20Þ

If a seasonal storage is integrated into the system design, some
of the required heat is covered by thermal solar power with a cer-
tain solar fraction FS. The required energy to be covered by the gen-
erator is



Fig. 6. Exergy flow diagrams for the LGH (a) Wood biomass boiler and (b) Natural gas boiler.
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_Q Ge ¼ ð _Qh þ _Qloss;HS þ _Q loss;disÞ � ð1� FSÞ �
1

gGe
ð21Þ

The demand rate on auxiliary energy of the generation system
to drive pumps and fans is:

Paux;Ge ¼ paux;Ge:ð _Q h þ _Q loss;HS þ _Q loss;disÞ ð22Þ

The exergy load rate of the generation is calculated through

_ExGe ¼ _Q Ge:Fq;dis ð23Þ

As a second step, the exergy load rate of other greenhouse ser-
vice appliances, such as lighting, ventilation, are taken into consid-
eration and, in this case, named ‘‘plant’’.

_Explant ¼ ðPl þ PV Þ:Fq;el ð24Þ

The overall energy and exergy load rates of the greenhouse are
expressed in the required primary energy and exergy input rates.
For the fossil or non-renewable part of the primary energy, the re-
sult becomes

_Ep;tot ¼ _Q Ge � FP þ ðPl þ PV þ Paux;Ge þ Paux;dis þ Paux;HSÞ � Fp;el ð25Þ

If the generation utilizes a renewable energy source or extracts
heat from the environment, as heat pumps do, the additional
renewable energy load rate is:

_ER ¼ _Q Ge � FR þ _Eenv ð26Þ

The total exergy load rate of the greenhouse becomes
_Extot ¼ _Q Ge � Fp � Fq;s þ ðPl þ PV þ Paux;Ge þ Paux;dis þ Paux;HSÞ

� Fp;el þ _ER � Fq;R ð27Þ

This is a key parameter and can be used for a ranking in a spe-
cific value, for comparing greenhouses and their efficiency and
quality of exergy utilization, and for evaluating the success of the
exergy optimization.

_Ex00tot ¼
_Extot

AN
; ð28Þ

In addition to the energy and exergy efficiencies given above,
three more parameters for comparison purposes, namely sustain-
ability index, energetic renewability ratio and exergetic renewabil-
ity ratio, are studied as follows:

3.1. Exergy efficiency and sustainability index

Sustainable development requires not only that the sustainable
supply of clean and affordable energy resources be used, but also
the resources should be used efficiently. Exergy methods are very
useful tools for improving efficiency, which maximize the benefits
and usage of resources and also minimize the undesired effects
(such as environmental damage). Exergy analysis can be used to
improve the efficiency and sustainability [34].

The relation between exergy efficiency (w) and the sustainabil-
ity index (SI) as given in [35] can be modified to this application:

w ¼ 1� 1
SI

ð29Þ
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Fig. 7. Variation of energy (a) and exergy (b) loss rates through components for the SGH (Case 1: ground-source heat pump, Case 2: natural gas boiler and Case 3: wood
biomass boiler).
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Fig. 8. Variation of energy (a) and exergy (b) loss rates through components for the LGH (Case 1: wood biomass boiler and Case 2: natural gas boiler).
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Fig. 11. Sustainability index values for (a) SGH and (b) LGH.
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which shows how sustainability is affected by changing the exergy
efficiency of a process.

3.2. Energetic renewability ratio

The energetic renewability ratio ðRREn Þ is defined as ratio of use-
ful renewable energy supplied to the greenhouse to the total en-
ergy input to the system [36]:

RR;En ¼
_Eusf

_Etot

ð30Þ
3.3. Exergetic renewability ratio

The exergetic renewability ratio ðRREx Þ is defined as ratio of
useful renewable exergy supplied to the greenhouse to the total
exergy input to the system [36]:

RR;Ex ¼
_Exusf

_Extot

ð31Þ
4. Results and discussion

The process begins with the power plant, through the produc-
tion of heat, via a distribution system, to the heating system and
from there, via the greenhouse air, across the greenhouse envelope
to the outside environment. For the small greenhouse (SGH) sys-
tem, project data and boundary conditions are as follows: volume
is 28.75 m3, net floor area is 11.5 m2, while indoor and exterior air
temperatures are 20 �C and, 6 �C, respectively. For the large green-
house (LGH) system, project data and boundary conditions are:
volume is 322,500 m3, net floor area is 75,000 m2, while indoor
and exterior air temperatures are 16 �C and, �7 �C, respectively.
The values of gHS and gdis are assumed to be 0.95 and 0.82 for bio-
mass/wood-fired, ground-source heat pump and NG-fired heating
systems, respectively, while those of gdis are 0.88, 3.10 and 0.93
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and those of Fq,el are 1.0, 0.9 and 1.0 for the same systems consid-
ered, respectively. The value of Fs is taken to be zero.

In this study, both the actual data and the data taken from the
literature are utilized to analyze and evaluate the performance of
two types of greenhouses considered. The heat losses are based
on the measured values from the author’s common studies and
the literature reported by other investigators. In this regard, deter-
mination of the heat losses, which is the first step in this analysis,
may be done in more detail using the relevant relations given in
the literature. According to the data utilized, the heat demand rates
are 4.15 kW and 7.5 MW for the SGH and LGH, while their specific
heat demand rates calculated from Eq. (3) are 360.87 W/m2 and
100 W/m2, respectively.

Figs. 3 and 4 show energy flow diagrams for the SGH and LGH,
respectively. For the considered cases, the SGH system requires
primary energy rates of 13.02 kW, 9.36 kW and 7.93 kW in order
to supply a total of 4.15 kW to the SGH. On the other hand, the pri-
mary energy rates for the LGH system of Cases 1 and 2 are calcu-
lated as 22.918 MW and 25.200 MW in order to supply a total of
7.500 MW to the LGH. For both of the SGH and LGH, the highest
amounts of heat loss rates occur in the primary energy transforma-
tion except Case 3 of the SGH. In the heat production section of the
SGH system for Cases 1 and 3 and the LGH system for Case 1, an
increase in the energy flow is due to the ground heat pump and
biomass/wood, which produce 6.73 kW and 6.67 kW for the SGH
system and 14.064 MW for the LGH system, respectively. The
explanation for this increase is the amount of renewable environ-
mental heat included in this section. The total exergy demand rate
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Fig. 12. Renewability ratio valu
is determined based on the methodology as followed in the energy
demand calculation, but using exergy analysis approach. Similarly,
the same operating conditions for each component of the SGH and
LGH systems in themselves are considered.

The largest exergy demand rates are calculated for the primary
energy transformation of Case 2 for the SGH as 8.99 kW and Case 2
for the LGH as 24.604 MW. Also, as can be seen in Figs. 5 and 6, the
smallest exergy demand rate is 6.88 kW for the SGH system for
Case 2 and 21.187 MW for the LGH system for Case 1.

The variations of energy and exergy loss rates through compo-
nents for the both systems are shown in Figs. 7 and 8. Largest
The largest energy and exergy loss rates take place in the primary
energy transformation and heat production, as expected. On the
other hand, it is clear from Figs. 5 and 6 that exergy is consumed
continually in each component for all cases. While the flow of en-
ergy leaves the building envelope, there is still a remarkable
amount of energy left, but this is not true for exergy. At the refer-
ence environment conditions, exergy has no potential of doing
work; so all exergy has been consumed. The exergy flow on the
right side of the diagram is required to be zero. It is also investi-
gated how the exergy efficiencies for the studied cases for the
SGH and LGH systems considered here vary with the reference
temperature. Apparently, Fig. 9 indicates the influence of changing
the reference temperature on exergy efficiencies. In this figure, the
highest exergy efficiency values are obtained for Cases 2 and 1 for
the SGH and LGH systems, respectively. So, the exergy efficiency of
the SGH system for Case 2 decreases from 11.55% to 2.90% with the
reference environment temperature increasing from 0 to 15 �C and
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the exergy efficiency of LGH system for Case 1 decreases from
4.75% to 0.18% with the reference environment temperature
increasing from �10 to 15 �C. Also, it is clear here that exergy effi-
ciencies decrease as the reference environment temperature in-
creases. The reference environment temperature is a state of a
system, in which it is at the equilibrium with its surroundings.
Fig. 10 illustrates the effects of the COP on the exergy efficiency
of the system. It is obviously seen that the exergy efficiency in-
creases with the COP values. By comparison, Caliskan and Hepbasli
[23] reported in a tabulated form that the whole exergy efficiency
in the heating of various buildings with floor areas ranging from 35
to 2202 m2 varied between 0.40% and 9.5%, mostly being over 3.5%.
The overall exergy efficiency values of the greenhouse systems
studied are in the range of 0.18–11.5% at dead state temperatures
varying from -10 to 15 �C.

Using Eq. (29), the sustainability index values for the SGH and
LGH systems are calculated and illustrated in Fig. 11, which in-
cludes the effects of varying reference temperatures on the sus-
tainability index values. As can be seen from this figure, these
values of the all cases decrease with the increase in the reference
environment temperature.

Furthermore, using Eqs. (30) and (31), both energetic and exer-
getic renewability ratios for all cases studied are calculated and
indicated in Fig. 12. In the SGH system, they are obtained to be
0.28, 0 and 0.69, and 0.02, 0 and 0.64 for ground-source heat pump,
natural gas boiler and wood biomass boiler, respectively. In the
LGH system, they are found to be 0.39 and 0, and 0.29 and 0 for
wood biomass and natural gas boilers, respectively. It may be con-
cluded that the most sustainable system becomes the wood bio-
mass boiler among the cases studied.
5. Conclusions

This paper has undertaken a study to conduct both energy exer-
gy analyses of three heating options for greenhouse heating,
namely (i) a solar assisted vertical ground-source heat pump, (ii)
a wood biomass boiler, and (iii) a natural gas boiler, driven by
renewable and fossil-fuel sources for a greenhouse and to compare
their performances through both energy and exergy efficiencies.

Some concluding remarks from this study are listed as follows:

� The overall exergy efficiency values for Cases 1–3 of the solar
assisted vertical ground-source heat pump heating system
decrease from 3.33% to 0.83%, 11.5% to 2.90% and 3.15% to
0.79% at varying reference state temperatures of 0–15 �C while
those for Cases 1 and 2 of the large greenhouse system decrease
from 2.74% to 0.11% and 4.75–0.18% at varying reference state
temperatures of �10 to 15 �C.
� The sustainability index values for Cases 1–3 of the small green-

house system vary between 1.034–1.008, 1.13–1.03 and 1.033–
1.008 at varying reference state temperatures of 0–15 �C, while
those for Cases 1 and 2 of the large greenhouse system range
from 1.028 to 1.006 and 1.050–1.011 at varying reference state
temperatures of �10 to 15 �C.
� The energetic renewability ratio values for Cases 1 and 3 of the

small greenhouse system are calculated to be 0.28 and 0.69
while the exergetic renewability ratio values for those 0.02
and 0.64, respectively.
� The energetic and exergetic renewability ratio values for Case 1

of the large greenhouse system are obtained to be 0.39 and 0.29,
respectively.
� For a future work, it is recommended to conduct a detailed cost

accounting and exergoeconomic analysis (which is a combina-
tion of exergy and economics) for various types of greenhouse
heating systems for comparison purposes.
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