
energies

Article

Cogeneration Economics for Greenhouses in Europe

Kalliopi Tataraki *, Eugenia Giannini, Konstantinos Kavvadias and Zacharias Maroulis
Laboratory of Process Analysis and Design, National Technical University of Athens, 15780 Athens, Greece;
evgenia@gianninilaw.eu (E.G.); kavadias@mail.ntua.gr or konstantinos.kavvadias@ec.europa.eu (K.K.);
maroulis@mail.ntua.gr (Z.M.)
* Correspondence: kellytat@central.ntua.gr; Tel.: +30-697-444-7918

Received: 2 May 2020; Accepted: 17 June 2020; Published: 1 July 2020
����������
�������

Abstract: Cogeneration is a cost-effective technology, and modern greenhouses are considered one
of the best applications for it due to their energy intensity. Taking into account that in such cases
the production cost is significantly affected by the cost of energy, the potential of combined heat and
power (CHP) has already been examined and proved in practice in some European countries, with the
Netherlands being the most representative example. In this study, a comparative investigation of the
greenhouse energy cost in all European countries is presented through the use of a combined cooling
heat and power (CCHP) system. Using actual historical data spanning a decade, a total overview of
the European level is given regarding greenhouse thermal requirements and CCHP energy costs for
the cultivation of products with an accepted temperature cultivation range 20 ± 5 ◦C. By consulting
(a) the available daily historical meteorological data for the 2008–2018 period, (b) the recorded actual
electricity and natural gas prices for the 2008–2018 period, and (c) the technical characteristics of the
CCHP system, the annual heating and cooling requirements of greenhouses are determined for all
EU countries. Assuming a cogeneration unit with an internal combustion engine (ICE) as a prime
mover, as well as a single-effect absorption chiller for the production of useful cooling, the unitary
cost of energy is estimated along with the annual cost for heating and cooling per unit cultivation
area. Using this methodology, the economic efficiency of cogeneration in greenhouses is assessed for
the selected 10-year period, allowing the identification of the countries that benefit the most from this
technology. The results indicate that the spark ratio (e.g., the electricity to natural gas price ratio)
is the most crucial parameter for greenhouse costs. For countries where the ratio is larger than 3,
greenhouses can even result in an extra cashflow instead of energy expenditures. The most favorable
conditions for cogeneration use were found in Italy and the United Kingdom with an average spark
ratio more than 4, resulting in an annual total cost of heating energy close to −7 €/m2 per year. On the
other hand, cogeneration proved not to be a cost-efficient system in Sweden and Finland as a result of
significantly high greenhouse energy requirements.
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1. Introduction

Protected cultivation is steadily expanding in European counties, and the greenhouse sector is
considered to be one of the most energy-intensive areas in the agri-foods industry [1]. According to a
recent report [2], the estimated area of protected cultivation in Europe was around 175,000 ha in 2015,
with a growth rate of 4.5% between 2005 and 2013. The Netherlands and Spain lead in greenhouse
applications, followed by other Mediterranean counties (Italy, France, Greece). In Europe, cultivation
is mainly based on vegetables that belong to either the Solanacea (tomato, pepper, eggplant) or to the
Cucurbitacea plant family (melon, summer squash, watermelon and cucumber) [3].

The greenhouses structures and energy equipment utilized vary. According to the literature [2],
low-cost greenhouse structures are more common in Mediterranean—with an average cost between
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0.2 to 0.6 million Euros/ha—than in Central and North Europe, where state-of-the-art technologies are
more often utilized. In the latter case, costs vary between 0.9 and 1.2 million Euros/ha. Each greenhouse
type has its pros and cons. The advantage of low-tech facilities is that they are not directly affected
by the volatility of energy prices and are less exposed to similar risks. On the other hand, modern
facilities have the comparative benefit of being independent from external climatic conditions that
can affect their productivity, although operating costs in such cases are susceptible to fluctuations.
Thus, minimization of energy costs, which account for up to 40% of final production costs [4–6],
is primary objective of modern and high-yield greenhouses.

In general, the amount of thermal energy required in a greenhouse depends on the product
cultivation requirements and the climatic conditions of the region, while the cost of energy is directly
connected to energy prices and the technology used to fulfil the facility’s energy needs. Regarding
climatic factors, it is widely accepted that the most significant factors for crop cultivation are ambient
temperature and solar irradiation. The former is critical in order to meet cultivation requirements,
while the latter is a basic factor behind photosynthesis and, consequently, the crop growth [1]. As far
as technologies are concerned, among the various available energy systems used in greenhouse
applications for heating, air-unit heaters are a less-efficient solution (usually adopted in small-scale
applications), while gas boilers are more popular. Sustainable energy sources have also been introduced
in the sector over the last decades in an effort to mitigate climate change, starting with energy-intensive
facilities. Cases of solar energy [7,8], geothermal energy [9], and biomass [10] have already been
discussed. Combined heat and power (CHP) systems have also been examined and implemented in
different countries [11,12]. CHP when combined with an absorption chiller can efficiently provide
useful cooling. Such systems can further reduce the productivity problems of facilities affected by hot
summer climates by extending their overall operating periods [12].

Greenhouses have been widely researched in terms of energy use [13–19], and multiple studies
have performed economic analyses of agricultural production [12,20,21]. The key issue in the relevant
research is the determination of the required energy input per area (MWh per ha), and the area
production cost (cost per ha). Some indicative outputs have been determined from country-specific
studies, such as in Turkey, where much research has been done on this field. Çetin et al. [17] performed
an economic analysis and compared input energy (per ha) for industrial tomato production with
production costs. They concluded that fuel (diesel) energy was the biggest energy input, accounting
almost for 35% of the total energy consumed (12.6 MWh/ha), and that there was an insufficient energy
output–input ratio, due to low tomato prices. An examination of energy inputs and a cost analysis of
intermediate-type tomatoes staked and grown in an open field in Tokat province (Turkey) was the
subject of research done by Esengun et al. [14], who proved that the energy intensiveness required for
the production of this product was 26.9 MWh/ha. Similar to Çetin et al. [17], a significant amount of
that energy (42%) was generated by diesel oil in this case. On the same level, a more extensive study
including tomato, cucumber, eggplant, and pepper was carried out by Ozkan et al. [19], who examined
the energy equivalents of inputs and the outputs of a greenhouse in Antalya. They concluded in their
study that among the four examined crops, cucumber had the most energy requirements (37.4 MWh/ha)
followed by the other products (35.4 MWh/ha for tomato, 27.4 MWh/ha for eggplant, and 22.3 MWh/ha
for pepper).

The same author in another study compared the energy use and production cost of greenhouse
versus open-field grape production [21]. They revealed that although production costs were higher
in the greenhouse compared with the open-field conditions, the grapes were more profitable in the
first case due to premium prices, leading to higher net returns. An economic analysis of a greenhouse
cucumber cultivation in Iran was conducted by Mohammadi et al. [20]. In their study, they collected
and analyzed data from 43 cucumber production greenhouses and calculated the energy consumption
at 41.4 MWh/ha, with diesel fuel being the highest energy input (42%). The economic analysis revealed
a total production cost of 33,426 $/ha, with a mean net return of 52,803 $/ha. Among the studies dealing
with high-efficiency technologies, Compernolle et al. [11] investigated the economic viability of a
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cogeneration system for two different products cultivated in Belgian greenhouses, tomato and lettuce,
with different annual heat demands of 6388 and 1452 MWhth, respectively. The results indicate that,
in both cases, investing in cogeneration for greenhouse applications has positive Net Present Values
(NPVs), but to a different extent between the two products. Similarly, Tataraki et al. [12] proved that
cogeneration is a cost-effective technology for greenhouses, and concluded that for the case of Greece,
the simultaneous use of a heat-driven absorption chiller (combined cooling heat and power (CCHP))
during the summer season increases the operating period of the greenhouse, and enhances both annual
productivity and profits. Of the two examined products (tomato and cucumber), it was pointed out
that cucumber has a smaller accepted cultivation range than tomato, resulting in a significantly higher
thermal demand and, consequently, production cost.

Since cogeneration is technically feasible and has proven to be economically efficient in greenhouse
applications in some countries, this paper extends a previous study [12] with the aim of contributing
to the current literature and investigating cogeneration’s potential in all European countries. Although
greenhouse energy input studies have already been conducted for some countries individually,
greenhouse thermal requirements have not previously been analyzed on a European level using
actual historical data. Thus, considering the significant differentiations in climatic conditions and
energy prices among the EU regions, a comparative analysis of greenhouse energy costs with this
technology is of great interest. As an extra contribution to the existing literature of countries other than
Greece [12], this paper considers the potential of trigeneration (CCHP) via a heat-driven absorption
chiller for cooling.

Given products with an accepted temperature cultivation range of 15–25 ◦C (20 ± 5 ◦C), and taking
into account actual historical meteorological data (ambient temperature and solar irradiation) and
the evolutions of energy prices (electricity and natural gas price) among all European countries for
the 2008–2018 time period, this paper includes specific calculations and comparative illustrations of:
(a) the annual greenhouse heating and cooling demands per unit area (kWh/m2); (b) the required
numbers of heating days, cooling days, and days without energy requirements; (c) the heating and
cooling costs per MWh produced with the use of a CCHP system (€/MWh); (d) the heating and cooling
costs per greenhouse unit area (€/m2) with the use of a CCHP system.

The paper is structured as follows: Section 2 gives an overview of the basic climatic characteristics
and average electricity and natural gas prices of specific European countries during the 2008–2018
time period. In Section 3, the proposed thermal and economic models for calculating the energy
requirements and costs of operating a greenhouse are given. Section 4 contains the results of the
analysis, while Section 5 summarizes the main conclusions of the research study.

2. European Countries: Basic Climatic and Energy Cost Characteristics

This section presents the meteorological characteristics of European countries along with the
evolution of energy prices (electricity and natural gas) during the 2008–2018 time period. Figure 1
depicts the correlation of ambient temperature and solar irradiation for each country. For both
meteorological characteristics, average annual values for the years 2008–2018 were calculated from
the daily records of climate reanalysis data (derived from Copernicus Climate Change Service ERA5
reanalysis) aggregated for each country [22], with the overall averages shown in Figure 1.

As expected, the left low area of the points refers to North European countries, with Finland
and Sweden having the lowest values of ambient temperature and solar irradiation at about 3.5 ◦C
and 2.4 kWh/m2/day, respectively. On the other hand, the climatic conditions in South Europe are
significantly hotter, which led to higher values of their relative meteorological characteristics; Cyprus
is the warmest region in Europe by far, with a mean ambient temperature of 20 ◦C and solar irradiation
of 5.4 kWh/m2/day.
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Figure 1. Basic climatic characteristics of European countries (average values for the 2008–2018
time period).

In the following graphs (Figure 2), the average electricity and natural gas prices, as well as
the maximum and minimum obtained values during the same period, are illustrated (all retrieved
from Eurostat [23,24]). Additionally, the well-known “spark ratio” is presented, a very crucial
decision-making indicator for cogeneration investment and operation. This is defined as the
electricity-to-natural gas price ratio, the threshold above which cogeneration is considered feasible
according to a rule of thumb. The value of this ratio is 3 [25].

As can be seen from the graphs, there are 10 EU countries that surpass the “threshold” of 3,
with the highest being Italy (IT) and the United Kingdom (UK), where the spark ratio exceeds a
value of 4. Italy (IT) is the European country with the largest average electricity price (155 €/MWh).
On the other hand, Sweden (SE) and Finland (FI) have very low ratios, close to 1.5, causing them to be
classified as “less attractive” cases for cogeneration. These are followed by France (FR), Slovenia (SI),
and Luxembourg (LU), which fluctuate between 2 and 2.5.
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3. Greenhouse Model

In this section, the mathematical model is presented for the determination of: (a) the required
thermal energy required per unit cultivation area (m2) for the operation of any given greenhouse;
and (b) its energy costs using a CCHP system.

An information flow diagram of the proposed mathematical model is presented in Figure 3,
which considers the cultivation of products with similar cultivation specifications. The greenhouse
thermal model estimates the annual heating and cooling requirements (Qh,Qc) of the facility per unit area
(kWh/m2) based on the meteorological data of each country (ambient temperature, solar irradiation),
the greenhouse heat transfer characteristics, and the product cultivation requirements. The unit cost of
thermal energy (Ch,Cc) is estimated given the CCHP technical efficiencies and energy prices of each
country. Finally, the total annual cost of energy per unit area (CT,h,CT,c) with the use of cogeneration
(€/m2/y) is determined from the energy requirements (Qh,Qc) and energy unit cost (Ch,Cc).
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As far as the operation of the CCHP system is concerned, it is assumed that it follows the thermal
requirements and partially covers the heating and cooling loads. Considering the small electricity
consumption of greenhouses compared to other applications, it is assumed that the electricity generated
is sold to the grid at the corresponding retail prices of each European country without any additional
subsidy. In general, the range of electricity selling prices from cogeneration varies. According to the
target model, one can sell: (a) either at the wholesale price (system marginal price), (b) close to the
retail price (in the case of bilateral contracts), or (c) at the feed-in premium (FIP) (subsidy). In this
paper, the intermediate case is selected, to make a fairer comparison among European countries.
The produced heat was used either for the greenhouse’s heating requirements or cooling (when needed)
through a heat-driven absorption chiller. An internal combustion engine (ICE) was selected as the
prime mover, which is typical for such applications and has a small efficiency drop for load factors
above 35%.

3.1. Greenhouse Thermal Load Model

In contrast with other applications (e.g., buildings or industries), analysis of the greenhouse
thermal demand requires the simultaneous consideration of three different sets of parameters:
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(1) meteorological conditions (ambient air temperature, solar irradiation);
(2) product cultivation species; and
(3) greenhouse design parameters (structure, size, etc.).

Tataraki et al. [12] proposed the following equations to describe the greenhouse thermal load
based on similar studies [26–28].

Qh, j = max
[
UL

((
Tsp − ∆Tc

)
− Ta, j

)
− τ1αS j, 0

]
(1)

Qc, j = max
[
UL

(
Ta, j − (Tsp + ∆Tc)

)
+ τ2τ1αS j, 0

]
(2)

where,

• Qh, j (kWh/m2/d) is the greenhouse daily heating load during day j;

• Qc, j (kWh/m2/d) is the greenhouse daily cooling load during day j;
• j (-) is the number of the day of the year ( j = 1, 2, . . . 365);
• UL (kW/m2K) is the greenhouse effective overall heat loss coefficient;
• Tsp (◦C) is the set point greenhouse temperature (the required product cultivation temperature);
• ∆Tc (◦C) is the accepted temperature difference from set point temperature (cultivation range);
• Ta, j (◦C) is the daily ambient temperature during day j;
• S j (kWh/m2/d) is the daily average solar irradiation on a horizontal surface during day j;
• τ1 (-) is the transmittance of the greenhouse cover;
• τ2 (-) is the transmittance of the additional shadowing cover during hot days; and
• α (-) is the absorbance of the greenhouse.

It must be noted that a greenhouse’s effective overall heat loss coefficient (UL) is defined per m2

of the cultivation area, and thus the daily heating and cooling load refer to this area, too.
According to the above, the annual heating (Qh) and cooling (Qc) demands of a greenhouse per

unit area are given using Equations (3) and (4), respectively.

Qh =
∑

j

Qh, j (3)

Qc =
∑

j

Qc, j (4)

3.2. Cost of Thermal Energy with Cogeneration

The cost of thermal energy and cogenerated electricity is usually derived by a cost allocation of the
fuel combusted. In order to estimate the unitary cost of heating and cooling, the proportional (calorific)
method is applied, through which the total cost is allocated proportionally to the production of the
individual energy products. This method is suitable for internal combustion engines where the quality
of heat recovered is low and uniform (i.e., there are no other heat products such as medium-pressure
steam). Since gas and electricity have an operating market in place that defines their prices, these prices
are eventually used to define the price of cogenerated heating and cooling. Maintenance costs,
usually estimated as a function of generated electricity, are also subtracted. This method is formulated
in Equation (5) for the heating season and Equation (6) for the cooling season. When a cogeneration
system is used to cover the greenhouse heating requirements, it consumes natural gas (Gh) and
produces useful heat (Qh) and electricity (Eh), taking into account the maintenance cost (Cm) per
MWh of electricity production (Equation (5)). Similarly, during the cooling season, the CCHP system
consumes natural gas (Gc), and produces useful cooling through a heat-driven absorption chiller (Qc)
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and electricity (Ec) (Equation (6)). Generated electricity is sold to the grid at retail prices without any
additional subsidy.

GhCg = QhCh + Eh(Ce −Cm) (5)

GcCg = QcCc + Ec(Ce −Cm) (6)

where,

• Gh (MWh(gas)) is the annual natural gas consumption by the cogeneration system to cover the
required greenhouse heating load (Qh);

• Gc (MWh(gas)) is the annual natural gas consumption by the cogeneration system to cover the
required greenhouse cooling load (Qc);

• Eh (MWh(el)) is the electricity produced by the cogeneration during heating season;
• Ec (MWh(el)) is the electricity produced by the cogeneration during cooling season;
• Cg (€/MWh(gas)) is the natural gas retail price;
• Ch (€/MWh(th)) is the cost of the useful heating produced by the CCHP system (unit cost

for heating);
• Ce (€/MWh(el)) is the electricity retail price;
• Cm (€/MWh(el)) is the cogeneration maintenance cost relative to the electricity produced; and
• Cc (€/MWh(co)) is the cost of the useful cooling produced by the CCHP system (unit cost

for cooling).

The produced thermal energy and electricity can be expressed according to the following efficiency
definitions (Equations (7)–(10)).

Qh = Gh ηth (7)

Eh = Gh ηe (8)

Qc = Gh ηthCOPa (9)

Ec = Gc ηe (10)

where,

• ηth (-) is the CCHP thermal efficiency;
• ηe (-) is the CCHP electrical efficiency; and
• COPa (-) is the coefficient of performance of the heat driven absorption chiller.

By substituting the relevant terms of Equations (7)–(10) into Equations (5) and (6), the unit cost for
heating and cooling (Ch, Cc) can be calculated based only on technical efficiencies and energy prices
by means of Equations (11) and (12).

Ch =
Cg − ηe(Ce −Cm)

ηth
(11)

Cc =
Cg − ηe(Ce −Cm)

ηthCOPa
(12)

More specifically, Ch and Cc are defined as the unitary costs of useful heating and cooling energy
produced by the CCHP system, respectively. These costs depend on the natural gas retail price

(
Cg

)
,

which is an expense (cost of fuel), and the electricity retail price (Ce), which is income. The CCHP
maintenance cost (Cm) is also considered. These costs, along with the annual thermal requirements of
the facility (Qh, Qc), are defined by Equations (3) and (4), and determine the overall annual greenhouse
energy costs

(
CT,h, CT,c

)
(Equations (13) and (14)).

CT,h = QhCh (13)
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CT,c = QcCc (14)

The presented model requires 13 parameters for the estimation of the greenhouse energy
cost with the use of a CCHP system: two meteorological characteristics (Ta, j, S j), four greenhouse
characteristics (UL, τ1, τ2, α), two product cultivation characteristics (Tsp, ∆Tc), three equipment
technical characteristics (ηe, ηth, COPa), and two energy cost parameters (Ce, Cg).

The meteorological data are defined according to the climatic conditions of the examined use-cases,
and the energy costs are country-specific. For the rest of the parameters, typical values were used
according to Table 1. The overall heat loss coefficient (UL) value was based on Food and Agriculture
Organization (FAO) suggestions [29], while the transmittance coefficient (τ1) and the absorbance
(α) were retrieved from studies of Kittas et al. [28] and Marsh et al. [5]. τ2 expresses the additional
shadowing during hot days, and is based on [12], which assumes that this value is equal to 1/5 of τ1.
In this paper, a required product cultivation temperature of 20 ◦C was selected, with an accepted range
of±5 ◦C. Indicative products that belong to this range are tomato, pea, brussels sprout, and broccoli [30].
Finally, representative nominal efficiencies of a CCHP system for internal combustion engines [31]
and gas-driven absorption chillers [32] were used, while the value of the CCHP maintenance cost
was based on reports from the US Energy Information Administration [33] and Austrian Institute of
Technology (AIT) GmbH with ILF Consulting Engineers Austria GmbH [34].

Table 1. Summary of technical data used in the mathematical model.

Technical Data

Greenhouse Characteristics

Overall heat loss coefficient UL 9.0 W/m2K
Transmittance of the greenhouse cover τ1 0.50 -

Transmittance of greenhouse additional shadowing cover during hot days τ2 0.10 -
Absorbance of the greenhouse α 0.40 -

Product Characteristics

Required product cultivation temperature Tsp 20.0 ◦C
Accepted cultivation range ∆Tc ±5.0 ◦C

Equipment Characteristics

Cogeneration electrical efficiency ηe 0.35 -
Cogeneration thermal efficiency ηth 0.50 -

Coefficient of performance of the heat driven absorption chiller COPa 0.70 -

Economic Characteristics

Cogeneration maintenance cost Cm 10 €/MWh(el)

4. Results and Discussion

4.1. Greenhouse Energy Requirements

According to the weather timeseries analysis and using the daily values of the climatic data
(ambient temperature and solar radiation) for the 2008–2018 period from the dataset [22], the average
annual greenhouse heating and cooling needs for various European countries are summarized in
Figure 4, along with the numbers of days where heating, cooling, or no energy were required for
the cultivation of products in the accepted temperature range of 15–25 ◦C. The results are depicted
with the countries sorted from smallest to largest latitude. As an experimental comparison, Table 2
compares the present study with the results of García et al. [35], who performed a similar analysis
estimating the thermal needs of seven European locations based on monthly climatic data, assuming
a greenhouse heat-transfer coefficient of 8 W/K m2; daily and nightly temperature setpoints of 22
and 16 ◦C, respectively; a percentage of solar radiation contributing to sensible heating of 40%; and a
transmissivity of greenhouse cover of 0.75.
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Table 2. Comparative representation of the annual energy greenhouse needs in the present study vs
García et al. [35].

Country Heating Needs in This Work
(kWh/m2/y)

Heating Needs in García et al.
(kWh/m2/y)

United Kingdom 335 444 (Bedford)
Netherlands 325 424 (De Bilt)

Germany 402 453 (Braunschweig)
Italy 203 406 (Milano)

France 268 239 (Montpellier)
Spain 158 88 (Almeria)

Greece 134 198 (Aliartos)

With respect to Figure 4 it is obvious that northern countries have greater heating needs than
southern countries, with three of them (Finland, Sweden, and Estonia) exceeding the annual value of
600 kWh/m2, four with a heating demand less than 200 kWh/m2 (Cyprus, Greece, Portugal, and Spain),
and the rest fluctuating between these two values. Cooling requirements were only met in a very few
cases (mainly in Cyprus, Greece, Portugal, and Spain). This is especially true for Cyprus, where cooling
requirements exceeded even the heating requirements due to the hot climate conditions. Cyprus also
had the largest number of days in which greenhouses did not have any energy needs in order to
maintain the proper conditions for the growth of the selected temperature-range products. In addition
to this, 16 European countries needed more than 200 days of heating annually, while only four European
countries needed less than 150 days. The remaining countries days did not need additional energy to
reach the desired setpoint.
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4.2. Cost of Greenhouse Energy

Two different costs for the greenhouses were calculated: (a) the unit cost of energy (heating and
cooling) produced by the CCHP system (€/MWh) (Equations (11) and (12)); and (b) the annual total
cost for heating and cooling per greenhouse unit area (€/m2/y) (Equations (13) and (14)). The former
depended only on the technical efficiencies of the technology and the energy prices of each country
(Figure 5), while the latter depended on the former, as well as on the annual heating and cooling
requirements of each facility (Figure 6), which were directly related to the climatic conditions. In Figure 6,
the heating cost is depicted using grey bars, while the cooling cost is represented using black bars.
As can be seen, cooling cost is always a bit higher than heating in relative values, due to the relatively
low coefficient of performance of the heat-driven absorption chiller. In countries where no cooling costs
are depicted, no needs for cooling were found during the examined time period (2008–2018). Cooling
needs in absolute terms were disproportionally lower than heating, which dominated the total energy
costs. Figure 7 maps this parameter space in two dimensions: countries with low energy requirements
and energy costs (bottom left corner) had favorable conditions for cultivation, while countries in the
top right corner had high costs associated with cultivation as a result of market and weather conditions.
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Based on the results of Figures 5–7, it can be concluded that for 10 countries the use of a CCHP
system was very profitable, leading to negative energy production costs. Negative energy costs indicate
income rather than of expenditures, when satisfying a greenhouse’s energy needs. Considering that
the technical efficiencies of the system were stable and the same throughout all the cases, it can be
determined that the parameters which most affected this outcome were the energy prices, with energy
requirements having a smaller impact on annual energy costs. In fact, as previously illustrated
(in Section 2 and Figure 2), the spark ratio was higher than 3 for 9 of those 10 countries.

More specifically, Italy seems to have been the most suitable country for cogeneration in the
greenhouse sector, as the average energy unit cost and annual cost for heating was negative and came
out at −37 €/MWh and −7.5 €/m2/y, respectively, followed by other Mediterranean countries (Spain,
Greece, and Portugal). On the other hand, in countries like Sweden and Finland, where the spark ratio
was close to 1.5, the heating unit cost was more than 40 €/MWh. In combination with the significant
heating demand, this means that the annual area heating cost was higher than 35 €/m2/y for these
countries. In Sweden in particular, the unit area cost was almost 40 €/m2/y. Interestingly, in some
countries (the United Kingdom, Ireland, Germany, and Latvia), despite their increased heating needs,
the annual heating cost per area came out negative and close to that of Italy (between −2 and −6 €/m2/y).
This can be attributed to the very favorable energy prices for cogeneration, which resulted in negative
energy unit costs (since the average spark ratio in all these cases was more than 3). Thus, as a general
conclusion it can be observed that energy requirements are very important for the determination of
annual cost; however, energy unit cost is the most important factor.
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4.3. Seasonal Representation of the Effects of Energy Prices on Energy Greenhouse Costs: Estonia,
The Netherlands, and Italy

The significant effect of energy prices on greenhouse costs is presented in this section and
in Figures 8–10 using the examples of Estonia, the Netherlands, and Italy. Estonia is located
in Northern Europe and has an average ambient temperature of 6.6 ◦C and solar irradiation of
2.7 kWh/m2/day (Figure 8a). Estonia’s electricity prices have shown an increasing trend since 2008,
with the minimum value obtained in 2008 at 58.4 €/MWh and the maximum value being 97.2 €/MWh
in 2013. Regarding natural gas prices, there were some fluctuations during the examined period.
Accordingly, the minimum and maximum values was obtained in 2016 (at 23.6 €/MWh) and 2013
(at 36.5 €/MWh), respectively (Figure 8b).

Considering the cultivation of products with accepted temperature range between 15 and 25 ◦C
(two red solid lines), Estonian greenhouses required only heating, since the ambient temperature never
exceeded the upper accepted cultivation limit of 25 ◦C, and there were months during the summer
during which the facility did not require any kind of energy system to fulfil the cultivation requirements
(Figure 8a). This can be seen in the daily heating requirements diagram (Figure 8c).

As can be seen from Figure 8d, cogeneration could not be considered an attractive solution during
the 2008–2015 period, since the correlation of energy prices caused a spark ratio less than 3, and the
heating cost of the greenhouse was positive. However, in 2015—when a decrease in natural gas prices
combined with a simultaneous increase in the price of electricity—the spark ratio exceeded the value
of 3, and the cost of heating turned from positive into negative for most of that period, thus benefiting
the use of CHP.
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Figure 10. Evolution of seasonal greenhouse energy cost in Italy during the 2008–2018 period.
Summarized results of (a) climatic conditions, (b) evolution of energy prices, (c) energy requirements,
and (d) evolution of energy cost.

The Netherlands had an average ambient temperature and solar irradiation of 10.6 ◦C and
3 kWh/m2/day, respectively, during the decade 2008–2018 (Figure 9a). The annual heating requirements
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were on average 325 kWh/m2, while in the summer months the greenhouse could maintain the proper
cultivation conditions without any additional energy input (Figure 9c). The electricity prices had
a downward trend, with an average value at 93.6 €/MWh. On the other hand, natural gas prices
did not fluctuate much. In fact, the maximum price was obtained in 2013 at 38.2 €/MWh, while the
minimum was 31.7 €/MWh in 2017 (Figure 9b). The combined behavior of energy prices after 2010
led to a decrease in the spark ratio, which fell below the threshold of 3, and since then heating cost
with cogeneration has increased significantly (Figure 9d). However, this was proven to be lower than
in Estonia.

Finally, Italy had the most favorable conditions for cogeneration use. The spark ratio in the country
was always more than 3, resulting in a negative daily greenhouse heating cost that in winter months
was even less than −0.10 €/m2 (Figure 10d). In fact, the electricity price obtained its maximum value
during the examined period in 2014 (172.8 €/MWh), which—in combination with a natural gas price
of 36.2 €/MWh—produced a spark ratio close to 5 (Figure 10b). Climatic conditions were obviously
warmer, as Italy is a Mediterranean country, leading to relatively low heating requirements and long
periods without the need for the cogeneration system to cover the greenhouse needs (Figure 10a,c).

A graphic representation of the seasonal heating requirements and energy costs of other European
countries are presented in Appendix A Figures A1 and A2.

5. Conclusions

A comparative analysis was conducted among European countries in order to investigate the
trigeneration potential and cost-effectiveness in the greenhouse sector from 2008 until 2018. Based on
the actual historical climatic characteristics and energy prices of all countries, a simple mathematical
model was proposed to estimate greenhouse thermal requirements and energy unit costs in terms
of €/MWh with the use of a CCHP system; the annual costs of heating and cooling per unit area
were then presented in terms of €/m2/y. The cultivation of products with the accepted temperature
range 15–25 ◦C was selected, and typical values for the technical efficiencies were used, assuming an
internal combustion engine as the prime mover for cogeneration and a heat-driven absorption chiller
for cooling.

From the thermal load model, it was concluded that as we move to a higher latitude, heating
requirements increase. Greenhouses in three countries had annual heating requirements of more than
600 kWh/m2/y (i.e., Finland, Sweden, and Estonia), while Cyprus was the only country in Europe
where the cooling needs exceeded the heating needs. In general, cooling was mainly needed in the
three southernmost countries, (i.e., Greece, Portugal, and Spain), while the heating fluctuated between
200 and 600 kWh/m2/y across the rest of Europe.

The results of the cost analysis indicate that the ratio of electricity and natural gas prices affected
the annual energy cost the most. Market conditions were unfavorable in most cases before 2014. Italy
(with an average spark ratio of 4.6) had the most favorable conditions for cogeneration during the
2008–2018 period, achieving a negative energy unit cost of −37 €/MWh and an annual total heating
cost of −7.5 €/m2/y. The least attractive country was found to be Sweden, with a heating unit cost
of 51 €/MWh that—in combination with demanding heating requirements—resulted in a significant
annual heating cost of 40 €/m2/y. In general, Mediterranean countries achieved negative energy costs,
offering extra cashflow and proving that cogeneration is a cost-effective technology in these latitudes.
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have read and agreed to the published version of the manuscript.
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Abbreviations

Ch the cost of the produced useful heating by the CCHP system (unit cost for heating) (€/MWh(th))
COPa the coefficient of performance of the heat driven absorption chiller (-)
Cc the cost of the produced useful cooling by the CCHP system (unit cost for cooling) (€/MWh(co))
Ce the electricity retail price (€/MWh(el))
Cg the natural gas retail price (€/MWh(gas))
Cm the CCHP maintenance cost (€/MWh(el))
CT,h the annual total heating cost (€/m2/y)
CT,c the annual total cooling cost (€/m2/y)
Eh the electricity produced by the cogeneration during heating periods (kWh(el))
Ec the electricity produced by the cogeneration during cooling periods (kWh(el))
j the number of the day of the year ( j = 1, 2, . . . 365) (-)

Gh
the annual natural gas consumption by the cogeneration system to cover the required greenhouse
heating load (kWh(th))

Gc
the annual natural gas consumption by the cogeneration system to cover the required greenhouse
cooling load (kWh(co))

Qh, j the greenhouse daily heating load (kWh(th)/m2/d)
Qh the annual heating requirements of the greenhouse (kWh(th)/m2)
Qc, j the greenhouse daily cooling load (kWh(co)/m2/d)
Qc the annual cooling requirements of the greenhouse (kWh(co)/m2)
S j the daily average solar irradiation on a horizontal surface (kW/m2)
Ta, j the daily ambient air temperature (◦C)
Tsp the set point greenhouse temperature (the required product cultivation temperature) (◦C)
UL the greenhouse effective overall heat loss coefficient (kW/m2K)
∆Tc the accepted temperature difference from set point temperature (cultivation range) (◦C)
ηe the CCHP electrical efficiency (-)
ηth the CCHP thermal efficiency (-)
τ1 the transmittance of the greenhouse cover (-)
τ2 the transmittance of the additional shadowing cover during hot days (-)
α the absorbance of the greenhouse (-)
AT Austria
BE Belgium
BG Bulgaria
CCHP Combined cooling heat and power
CHP Combined heat and power
CY Cyprus
CZ Czech Republic
DE Germany
DK Denmark
EE Estonia
ES Spain
FI Finland
FIP Feed-in premium
FR France
GR Greece
HR Croatia
HU Hungary
ICE Internal combustion engine
IE Ireland
IT Italy
LT Lithuania
LU Luxembourg
LV Latvia
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NL Netherlands
PO Poland
PT Portugal
RO Romania
SE Sweden
SI Slovenia
SK Slovakia
UK United Kingdom

Appendix A
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