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H I G H L I G H T S

� Geothermal applications are still marginal in South America.
� Tropic's temperature changes make the system shift from heating to cooling constantly.
� Geothermal conditioning of a greenhouse in the Andean region of Ecuador is feasible.
� 65% of the electricity required is used for cooling due to the COPs.
� Fuel subsidies in Ecuador make LCOH less competitive.
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A B S T R A C T

Globally, the greenhouses' farming area comprises 500 000 ha, and they efficiently produce more than half of the
vegetables consumed around the world. Nevertheless, high-yield crops tend to be incredibly energy-intensive.
This study proposes designing and building a coupled geothermal heat pump for a 470 m2 greenhouse in the
Andean zone conditions addressing a requirement of 15 �C at night and 30 �C during the day. Firstly, the study
determined the energy potential of the solar and geothermal sources employing actual measurements and con-
trasting the results with theoretical models. Then, it developed an energy balance in the greenhouse to size the
geothermal heat pump using the vapor compression cycle. Finally, the comprehensive system was built and
evaluated through the Leveled Cost of Heat (LCOH). The operation requires a potential of 29.56 and 65.76 kW for
heating and cooling; this is technically feasible when running the system with a heating flow driven by an
optimized temperature ramp of 1.64 �C h�1. Also, the capacity factor (CF) shows that a lifespan between 12 to 14
years is required to reach acceptable LCOH when CF is as low as 0.45. Financially, it is necessary to foster customs
exemptions to make it competitive versus more traditional sources such as electricity and LPG since the main
components of the heat pump and the geothermal exchanger are not produced locally and represent nearly 70 %
of the upfront costs.

1. Introduction

Population grows just as people living in cities; the task of feeding
these urban dwellers becomes impossible without industrialized agri-
culture (Lambert et al., 2014). Unfortunately, that increase in produc-
tivity demands an increase in the crop's energy intensity. This research
particularly aligns with the Sustainable Development Goals (SDG) 2 and
7 (United Nations, 2015) that foster equitable food production and

affordable and non-polluting energy supply to drive socioeconomic de-
sires and aspirations (Dube et al., 2019). In this sense, one in four people
globally – 1.9 billion – are moderately or severely food insecure (Roxer
and Ritchie, 2019), and 28 of the 30 countries with the highest per-
centage of malnutrition coincidentally have the lowest access to the
electricity index. Those data highlight a traditional synergy between
energy and traditional agriculture, either indirectly (pesticides and fer-
tilizers) or directly (machinery and irrigation systems) (Pervanchon
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et al., 2002). Modern agriculture demands even higher quality energy
inputs like electricity to heat pumping, LED light supply (Hafeez et al.,
2020), and automatic control (Barkunan et al., 2019).

In the pre-industrial era, agriculture could provide around 100 % of
society's energy; however, now it is a high energy demander (Krausmann
et al., 2008), which in turn has reduced (Gliessman, 2000) the use of
other resources like soil, water, and crop cycle times increasing the sec-
tor's revenue (Chowdhury et al., 2020). Roughly 80 % of artificial energy
consumed in agriculture derives from oil and natural gas used in tractors
operation, harvest transport, conditioning, and drying. The remaining 20
% is electricity mainly employed in pumping and irrigation (Stout and
Fluck, 1992). By 2019, the agricultural sector in Ecuador represented 8%
of the total Gross Domestic Product (GDP) and generated 2million jobs in
rural areas (Ministry of Agriculture, 2019). Its energy consumption cor-
responded to 1 094 kBOE, of which 18 % represents liquefied petroleum

gas (LPG), whose final uses are mainly: temperature control for green-
houses and warehouses, hot water and sanitation, localized generation,
drying, and carbon dioxide enrichment (Marchi et al., 2019). In the
country, thermal appliances are still very fossil fuel dependent in the
farming sector, although alternative technologies have been successfully
employed in other countries (Hermatian et al., 2019) since those appli-
cations do not require a power source of large thermal availability or high
quality (Ammar et al., 2012).

A greenhouse efficiently handles scarce resources such as carbon di-
oxide and sunlight. It can improve ventilation (Bartzanas et al., 2004),
heating (Attar et al., 2014) or cooling (Bouadila et al., 2014), and light
intensity (He et al., 2019) to accelerate the plant growth (Yang, 2021).
The world greenhouse farming area is about 500 000 ha (van Rijswick,
2018), and more than half of vegetables grow in greenhouses. The top
two reasons for farming undercover are extending the growing season

Figure 1. Relations diagram – Method depiction.

Figure 2. Project global methodology adjusted to CSA.
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and transplant operation practices (Miller, 2019). In the tropics at high
altitudes, greenhouses usually require heating and cooling coupled sys-
tems since temperatures variations could be significant in short periods.
Those variations interfere with the reproductivity in numerous species of
flowers and vegetables (Willits and Peet, 1998). As a rule of thumb,
plants grown in greenhouses have adapted to average temperatures
ranging from 17 to 27 �C in the daytime and 15–20 �C at night (von
Zabeltitz, 2011). Unfortunately, the greenhouse selected is over-
whelming out of these limits. It reaches 50 �C at noon and closes to 0 �C at
night. So, farmers usually burn the gas at night to increase the temper-
ature, making the system fossil-fuel dependent, or ventilate the green-
house during the day to decrease the temperature, forgoing the carbon
enrichment (Yasutake et al., 2017).

Few studies have pointed out the difficulties associated with the
conditioning of a greenhouse in the Andean zone with high levels of solar
radiation, non-seasonal extreme conditions, and low thermal mass of the
air, which in turn causes high-temperature variability throughout the
day. This climatic peculiarity provokes the system to alternate from heat
pump to refrigerator over and over in short time cycles. This document
explores the technical feasibility of, on the one hand, a system whose
geothermal sink reduces the influence of climatic conditions; and on the
other hand, the optimization of the heating and cooling cycles, using
temperature gradients that continuously ensure the required energy
availability.

The Ecuadorian energy market has stood out for subsidizing the price
of fossil fuels, which has weakened the development of alternative

Figure 3. Heat pump and refrigeration functioning.

Figure 4. Project georeferencing imagery.
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energy sources and jeopardized the national budget every year. There-
fore, since 2020 the partial withdrawal of the subsidy seeks to bring the
derivative prices to international levels. This fact generates a research
gap in all sectors of the economy in pursuit of energy matrix diversifi-
cation. This project aims to design and install the first greenhouse
assisted by a geothermal heat pump in Ecuador. This facility was
conceived and built by the Chemical Engineering Faculty of the Central
University of Ecuador. Once in operation, it will be available for the
Agricultural Sciences Faculty to develop comprehensive research that
contributes to sustainable agriculture.

The project follows four phases:

1. Energy potential estimation from the two primary sources: solar ra-
diation and the geothermal sink

2. Energy demand calculation based on an energy balance in the
greenhouse and the horizontal geothermal heat pump (HGHP)
determination.

3. Energy system designing endorsed by a comprehensive simulation of
the entire process according to the specifications, and the construc-
tion of the system, including the geothermal reservoir

4. Economics appraising the system performance through a technical
and financial analysis based on the Leveled Cost of Heat (LCOH)

The document begins by describing a methodological adaptation
adjusted to Ecuadorian highlands conditions following the sustainable
agriculture guidelines. The next chapter contains the technical and
financial analysis results, which represent the feasibility of using the low
enthalpy geotherm in those agricultural greenhouses. Finally, in the last
chapters, the document carried out a critical assessment of the results
comparing the employment of geothermal before subsidized alternatives
such as electric and fossil.

2. Methods

The following diagram describes the methodology applied to the case
study. Each box represents a process with the main inputs and results.
The analysis covers 4 main processes: supply and energy demand, design,
and economic evaluation. The detail of the methods and materials is
indicated in a timely manner in each subsection Figure 1.

Climate-smart agriculture (CSA) is an approach to reorient agricul-
tural systems to support the development and ensure food security
effectively. This study proposes a heat pump that controls the thermal
conditions only; however, it is worth mentioning that the relative hu-
midity and artificial light are drivers that will remain for our pending
studies.

2.1. Case study description

Following the CSA method (Figure 2), the greenhouse's users will
meet the temperature requirements employing an adapting technology.

Figure 5. Soil sampling points inside the greenhouse.

Figure 6. Thermal conductivity determination.

Figure 7. Differential scanning calorimetry of soil samples.

Table 1. Greenhouse and material properties.

Parameter Value Unit

Material Polyvinyl chloride

Wall thickness 7.00 μm
Conductivity 0.16 W m�1 K�1

Transmittance 0.91

Absorbance 0.02

Length 23.50 m

Width 20.00 m

Height 3.50 m
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(1) The coefficient of performance (COP) will quantify the replacement
of fossil fuels or electricity for geothermal, (2) any sustainable energy
system must prioritize sources close to the point of use to increase sus-
tainable production. The result will be a process adapted to a type of
energy that suffers very little influence from the effects associated with
climate change (3). The main shortcoming of these systems is the initial
investment; thus, economic indicators will evaluate performance and
applicability to Ecuadorian reality.

Design features. The desired temperature and local conditions need the
operation of one refrigerator during high-temperature hours that
removes heat from the greenhouse and one heat pump at night when the
temperature decreases. Therefore, a unique systemwith a reversing valve
represents an attractive alternative, which will shift the system between
heating and cooling mode (Figure 3). The set-point temperature is 30 �C
at day and 15 �C at night.

Site description. The greenhouse area is 470 m2; it lies in Tumbaco - La
Morita, the coordinates are 0�13'41.800S 78� 22'18.500W, 25 km away from
Quito at 2 357 m above sea level (masl) inside the Central University
Campus. The climate is classified as Cfb by the K€oppen-Geiger system.
The average annual temperature is 14.3 � 5 �C, and rainfall is 2 877 �
315 mm y�1.

2.2. Energy potential

Solar. The project is in the Andean Mountains (Figure 4), where solar
radiation reaches the earth perpendicularly; on average, 12 h of sunlight
are typical and independent of season. A theoretical solar radiation
model was generated from January 1, 2012, to October 6, 2018,
following the methodology described by (Duffie and Beckman, 2013)
that considers the light hours, slope, and sky type according to the
geographic point. For contrasting the model, measurements of effective
solar radiation were taken directly with the LSI-LASTEM DPA053 Sensor
Class 2 OM thermopile type 0 to 2000 � 10 W m�2. In addition, a
meteorological station collected data on global solar radiation, temper-
ature -20 to 80 � 0.1 �C, wind speed 0 to 60 � 0.07 m s�1, and relative
humidity 0 to 100 � 0.1% during August and September 2018. The data
were acquired in the LSI-LASTEM ELO 105 Data Logger using 3DOM®
software.

Geothermal potential. The heat flow depends on the thermal properties
of soil, water content (Garat et al., 2015), soil temperature, and the ex-
change area. The project proposes a horizontal linear loop exchanger to
harness land availability (Cui et al., 2019). The sampling followed the
Unified Text of Environmental Legislation of Ecuador (TULSMA) method
shown in Figure 5; the soil temperature was measured for 4 h during day2

and night. The depths were 0.5; 1.0; 1.5; and 2.0 m in six points simul-
taneously. Finally, 500 g of soil at each depth was taken to posterior
analysis in the laboratory.

Once in the lab, the sub-samples will be mixed and homogenized to
obtain representativeness. The gravimetric analysis determines the
actual density value as well as humidity. Differential Scanning Calorim-
etry (DSC) METTLER TOLEDO Calorimeter Robust MultiSTAR 0.02–300
K/min �1 % can estimate the thermal conductivity through the melting
principle (Hakvoort et al., 1985) Figures 6 and 7.

Again, DSC calculated the specific heat. The total heat corresponding
to the transformation produced in a sample from the thermograph
(Plante et al., 2009) shows the specific heat trend.

2.3. Energy demand

The demand relies on an energy balance that considers the actual
temperatures inside the greenhouse (Anifantis et al., 2016) and the
thermal requirements specified for each crop (Obara et al., 2011).

Rn þQhp ¼ Qh þ Qa þ Qs Eq. 1

The transmitted radiation (Rn) and the heat energy produced by the
heat pump system (1Qhp) correspond to energy inputs and the heat lost by
conduction and convection through the material (Qh), the sensible heat
required to reach the set-point (Qa), and the heat flux lost by conduction
through the ground (Qs) depend on the continuous shift of energy po-
tential driven by local conditions. The heat fluxes related to the biological
respiration of plants and evapotranspiration are minimal compared to
solar radiation, so the balance excluded them from the analysis. It does
not consider either ventilation for avoiding the reduction of carbon di-
oxide enrichment.

Additional information from the meteorologic station, materials
specifications, and photosynthesis requirements listed in Table 1 were
introduced in the Engineering Equation Solver (EES) to solve the energy
balance. The Air-ha thermodynamic package (Lemmon et al., 2000) and
the Heat Transfer Library (Nellis and Klein, 2009) were selected.

2.4. System design

Real operating conditions defined the thermodynamic cycle, i.e.,
evaporator overheating by 6 �C (Pu et al., 2018), a compressor efficiency
of 90 %, and a subcooling of 5 �C in the condenser. Then EES's max/min
function identified the maximal COP corresponding to the minor work
required for the heating or cooling. The software evaluated five re-
frigerants available in the local market: R134A, R404A, R410A, R600A,
and R290; a pipe of high-density polyethylene was selected according to
(IGSHPA, 2016); the selection of central units is based on fluid infor-
mation and the thermodynamic properties (ASHRAE, 2018). LOGOSoft
Comfort® was used to program the logic controller. Finally, Aspen
Hysys® simulated the entire coupled system. Since this software has no
four-way valve for cycle inversion, heating and cooling simulations are
carried out separately.

Table 2. Soil results in function of depth.

Depth [m] Conductiviy [W m�1 K�1] Porosity Density [kg m�3] Specific Heat [J kg�1 �C�1] Difusivity [cm2 s�1] Avg Temp [oC]

1.0 0.3146 0.39 1 950 576 0.00281 17.30

1.5 0.3140 0.26 1 730 478 0.00380 17.69

2.0 0.2907 0.34 1 870 518 0.00299 19.40

Table 3. Fundamental energy and heat transfer equations.

Description2 Equation

Effective solar radiation αþ τþ δ ¼ 1

Heat transfer coefficient kh ¼ 1
1
hi

þ ec
λc

þ 1
he

Heat flow greenhouse - environment Qh ¼ kh � ðte � tiÞ
Heat flow greenhouse - soil

Qs ¼ ks � ðts � tiÞ
h

Heat flow required Qa ¼ Cpa � ðtsp � tiÞ

1 Qhp or Qr are used when the system works as a heat pump or refrigerator,
respectively.
2 The data are collected and loaded to the software.
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2.5. Economic assessment

Geothermal typically has high upfront investments for the heat pump
system and the excavation; nevertheless, the operation is relatively low.
Therefore, this study considered a lifespan assessment method. It starts
from a cash flow, including the equipment's costs, civil works, excavation
and heat exchanger, water supply and treatment, electricity, labor, and
reconditioning of the greenhouse. The Central Bank of Ecuador estab-
lished the effective rate for the productive business as a reference
(Goldstein and Hiriart, 2012a) with a linear depreciation of 10 years. The
analysis used the current tax table in Ecuador for services contracting and
maintenance; the electricity and LPG costs are public information from
the Electricity Regulation and Control Agency and the Petroecuador
Public Company. Cash flows follow the methodology of fundamental
capital budgeting (Berk and DeMarzo, 2017). First, the calculation
determined the IRR and NPV of the project and varied the interest rates to
evaluate incentives for capital use. Second, it estimated the leveled cost
of heat (LCOH) with a capacity factor of 1. For temperate latitudes, this
value ranges from 0.20 to 0.35 (Goldstein and Hiriart, 2012b). None-
theless, the temperature variability in the tropics would increase the
capacity factor because of the simultaneous heating and cooling demand,
although there is very little published information in this regard. Here,
the research rehearsed the LCOHs as a function of capacity factor,
ranging from 0.20 to 0.60.

3. Results

Initially, Table 2 reports the laboratory results of the geothermal sink;
meanwhile, Tables 3 and 4 indicate the fundamental heat transfer
equations and the solar energy parameters, respectively. All these inputs
permit determining the energy potential and the heat losses.

The sink temperature increases with depth; however, properties such
as conductivity decrease and porosity increase. These facts influence the
heat transfer in different ways, so a response surface optimization
determined a depth of 2.4 m to favor heat exchange in the geothermal
sink. Next, the analysis compares the average temperatures measured
inside the greenhouse (from August to September 2018) with those at
different soil depths (1.0, 1.5, and 2.0 m). it also includes the temperature
desired by the farmer according to the specific crop requirement. It is
worth mentioning that this temperature could change in case of
migrating to another type of crop. In this case, the system requires a
maximum temperature of 30 �C, at day and 15 �C at night �2 �C. A
temperature ramp of 5/3 �C h�1 to determine the electricity consump-
tion, this assumption will allow reaching a steady-state operation
progressively.

Figure 8 indicates the most critical intervals for heating from 24:00 to
08:00 and for cooling from 10:00 to 15:00. (a) Shows the heating mode
mainly during the night, (b) represents the cooling mode at midday, (c)
shows the global system in an entire day. The conditioning system seeks
to even the blue bars with the dots. The system will turn off at 9 am and 3
pm because solar radiation and heat losses would only reach the set-
point. Note how the ramp is applied to harness the thermal mass and
reduce the energy consumption. However, the system does not depend
solely on the input or output energy but also on the transfer capacity,
driven by the temperature differential.

In tropical countries, the presumption that the ground-source heat
pump may not provide good thermal arises because the difference be-
tween ground and atmospheric temperatures is essentially low (Widiat-
mojo et al., 2019) does not come into play for Andeans. The system has a
peculiarity inherent to the area's climatic conditions, and the tempera-
ture depends strongly on the presence of solar radiation, so it continu-
ously works like a refrigerator, heat pump, or turns off to meet the
thermal objective. Under these conditions, a gradual temperature change
is proposed with an optimized ramp whose objective function is to
minimize the events in which the temperature difference between source
and sink compromises the achievement of the thermal objective Figure 9.

This figure compares the main temperature differentials and shows
the hour when each event occurs. Points under line 1:1 mean the dif-
ferential between the actual and desired temperatures in the greenhouse
are higher than the differential in the reservoirs. Next, the function Max/
Min in EES finds an optimized ramp of 1.64 �C h�1 to procure higher
availability and harness the heat stored in air mass. Finally, the primary
energy flows that drive the energy balance inside the greenhouse are
obtained.

Effective solar radiation consists of absorbance (α), transmittance (τ),
and reflectance (δ). The convection coefficient of the greenhouse outdoor
and indoor are given by (he) and (hi) respectively (ti) represents the in-
ternal temperature of the greenhouse (λc) the thermal conductivity of the
covering material, and (ec) the thickness of the material. Finally, the
specific heat of the air (Cpa) and the set-point temperature (tsp) will
determine the heat flow required to size the energy system. The outcome
for heating and cooling requirements to meet the set-point are 29.56 and
65.76 kW, respectively.

Hereafter, EES determined the state variables for the refrigerant R290
in the following order: 1) inlet to the evaporator, 2) inlet to the
compressor, 3) inlet to the condenser, and 4) inlet to the expansion valve.
It also calculates the specific energy requirements and COP for refriger-
ation (r) and heating (hp) modes.

Refrigerant R290 is non-toxic but extremely flammable substance,
GWP ¼ 3, and ODP ¼ 0. Tables 5 and 6 show the thermodynamic results,
especially the COP, whichmeans that 3.2 energy units of cooling power is
achieved for each energy unit of power consumed by the pump's
compressor. Table 7 indicates the results obtained for the geothermal
heat exchanger and the compressor in cooling and heating modes. The
overall results for the pumping system specification are sized based on
the cooling mode due to the higher demand. Tables 8 and 9 depict the
outcomes of the thermodynamic balance applied to the pressure devices.

Table 10 shows the results obtained for the refrigerant/water and
refrigerant/air heat exchangers. The UA factor represents the global heat
transfer coefficient U times the transfer area A.

To analyze the costs associated with the project, the next figure
breaks down the main components purchased locally in 2020 dollars
Figure 10.

The investment of $ 39 100.00 falls into year zero. Operation and
maintenance costs come into force from year 1. This component covers
administrative, logistics, and maintenance, which equals $ 882.00 for
year one and an increase of $ 100 for subsequent years. Taxes amount to
$ 471.00 per year, and they represent 12 % of contracting services and
the correction for the decrease of depreciated investment. The electricity
cost charged for this project fits in the medium-voltage-industrial zone
with a value of 0.095 $ kWh�1. These parameters allow us to estimate
from year one of $ 4203.38.

Tables 11 and 12 indicate the Net Present Value (NPV) analysis
considering 20 years of the project's life and the established interest rate
of 9.50%, the NPV and IRR are $ 4 564 and 11.30%, respectively. Firstly,
the capacity factor assumed is 1; however, this parameter is varied to
estimate LCOH as a function of the operation time. This last analysis in

Table 4. Effective solar radiation and extreme temperatures in the greenhouse.

Parameters Value Unit

Effective radiation 3.6 MJ m�2

Registered maximum temperature 45.2 �C

Registered minimum temperature 4.0 �C
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Figure 11 shows the sensibility of the LCOH in the function of the ca-
pacity factor.

The values under the horizontal lines represent scenarios in which
operating the heat pump has a lower LCOH than electrical resistance. For
example, for a system projected for 20 years, its capacity factor should at
least be 0.4; that is, ensuring a minimal 3 504 h of operation per year.
However, LPG has a price of 0.057 $ kWh�1 due to the fuel subsidy
program that the government has maintained since the 70s.

4. Discussion

4.1. Ecuador and South American situation

In Ecuador, geothermal energy has strictly focused on the tourist
bathing, therapeutic, and resort sectors; areas such as Papallacta, Ba~nos,
and Chachimbiro are popular, with an installed potential of around 5
MW. However, The country has overlooked its energy use for heat pumps
or electricity generation, and there is little published information in this
regard. For example, Lloret et al. reported a total geothermal potential of
3000 MW, mainly useable in high and medium enthalpy electricity
generation, although they mention the importance of venturing into
geothermal for conditioning (Lloret and Labus, 2014). The most studied
areas turn out to be Tufi~no-Chiles, Chalcana, Chalupas, Chachimbiro, and
Alcedo in Galapagos due to their proximity to volcanic sources (Beate and
Urquizo, 2015) (Lahsen et al., 2015). The use of geothermal energy in the
entire South American context could be marginal since, to our knowl-
edge, only one 48 MW plant is generating electricity in Cerro Pabell�on
Chile (Enel Generaci�on Chile, 2017), which in 2019 produced 201 GWh
(OLADE, 2020). This small deployment of geothermal could be due to the
leveled cost of electricity and the cumulative capacity of hydropower and
natural gas (Yao et al., 2021).

In addition to our operating project, the National Institute for
Geological and Energy Research (IIGE) started construction of a

greenhouse powered by a heat pump, which will warm the air inside the
greenhouse when ambient temperatures fall under 12 �C; however,
lateral windows ventilation will address the cooling requirements during
the day instead of an inversion valve system (Beate et al., 2021). At the
regional level, few studies have focused on geothermal systems, either for
power generation at low temperatures (Christiansen et al., 2021), as well
as heat pumps (Garat et al., 2015), critical design parameters (Mar-
ipangui et al., 2016), potential estimations (Santos et al., 2016) or as an
alternative to firewood burning to heat homes in Coyhaique (Maripangui
et al., 2016). In the specific case of geothermal for greenhouses, users still
do not fully understand its application and benefits (Payera, 2018), and
there is much uncertainty regarding the initial investment. Therefore,
few projects are operating permanently in the region, for example, Chile
reports two projects the first is a horticultural greenhouse with a power of
165 kW located in Lampa Metropolitana, and the second is in Puerto
Ays�en where a heat pump system warms a greenhouse of 150 m2

struggling with the complex conditions of La Patagonia (Ministerio de
Energía, 2017). Argentina boasts a 40.10 TJ y�1 project, as reported in
the World Geothermal Congress 2020 (Lund and Toth, 2021). In respect
of Ecuador, only technical feasibility studies have been carried out
(Bunces, 2017; Capelo, 2017; Guzman, 2019; Instituto de Investigaci�on
Geol�ogico y Energ�etico, 2019), leaving aside the financial assessment, so
this document presents the first comprehensive analysis of an operating
system in the country.

4.2. System performance

Our system consists of a 470 m2 greenhouse operating with the R290
refrigerant accepted in Ecuadorian legislation for its ozone depletion
potential value; two optimizations were carried out based on the cost-
benefit of the excavation depth and the cooling and heating ramp
depending on the available temperature differential. The system has a
maximum capacity of 29.65 and 65.76 kW to heat and cool the system,

Figure 8. Temperature profiles, including soil, greenhouse, and setpoints.
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respectively. It is coupled to a 526 m linear loop geothermal heat
exchanger to take advantage of the vast area available in the sector and
better thermal performances (Pu et al., 2018), buried at a depth of 2.4 m,
also avoiding possible effects of solar radiation and shadow on the

surface of the exchanger (Li et al., 2019). Electricity consumption will be
59.30 kWh d�1 (21.04 and 38.26 for heating and cooling, respectively).
Refrigeration has the most significant participation with 65 %. The
working fluid is R290 with a flow between 0.09 and 0.29 kg s�1 and a

Figure 9. Optimized conditioning ramp of temperature.

Table 5. Thermodynamics solution of refrigeration cycle.

Enthalpy [kJ kg�1] Pressure [kPa] Entropy [kJ kgK�1] Temperature [�C] Qhp [kJ kg�1] Qr [kJ kg�1] WR [kJ kg�1] COPR

1 350.7 519.5 1.546 3.0 238.1

2 588.8 519.5 2.407 9.0 74.5 3.2

3 663.3 2 089.0 2.429 72.9 312.6

4 350.7 2 089.0 1.491 54.4
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compressor power of 21 kW. The coefficients of performance are 3.2 and
4.8 for refrigerator and heat pump, respectively. Our results are consis-
tent with (Nem and Nem, 2018), who report an average of 29 kWh d�1 to
heat a 420 m2 greenhouse built with two layers of glass and an air sep-
aration that significantly reduces heat losses. (Noorollahi et al., 2016)
indicate a consumption between 843 and 998 kWh d�1 for a greenhouse
of 4 360m3 and 1 000m2; it is important to note that consumption is nine
times higher than our system per unit area due to the extreme stational
conditions (Alborz - Iran). Small greenhouses show better yields per unit
area(Anifantis et al., 2016; Boughanmi et al., 2018). In short, greenhouse
material, seasonality, and radiation would are the highest
electrical-consuming drivers. So integral modeling addressing those
factors is advisable before building a system. A comprehensive guide is
provided by (Cui et al., 2019).

4.3. Geothermal perspectives in Ecuadorian agro-industrial sector

Agricultural products grown with high yields tend to be amazingly
energy-intensive (Hall et al., 2000). Some studies have been carried out
in Ecuador to quantify energy demand for crops focused on biofuels
(Chiriboga et al., 2020). However, a disaggregated analysis of the type of
energy consumed by each crop for fruits and vegetables would be
necessary to better evaluate this sector's energy diversification. These
outcomes would allow us to identify the most efficient primary energy

type for each application. In a study developed in the European Union
addressing the changes in energy consumption in agriculture, two con-
clusions emerged 1) a gradual diversification of energy is evident because
of the increase of renewables and electricity participation 2) and the
increase in renewables is closely related to the economy's parameters
(Ferrari and Zanotto, 2021). This replacement was observed mainly for
gaseous fuels (heat applications), while the consumption of liquid fuels
(mechanical applications) has not altered significantly, this is due to the
type of transformation that energy must follow to become functional. In
this sense, heat is useful directly without a thermodynamic cycle,
avoiding the respective energy losses. From this point of view,
geothermal becomes interesting. Globally the employment of renewables
in farming is adapted from previous experiences in other sectors such as
residential, commercial, and industrial. Unfortunately, in Ecuador, both
the fuel subsidies policy and the government's exclusivity of the energy
supply have not allowed the generation of the economic incentive or the
legal scenarios for renewables to develop in other sectors where their
implementation represents a lower risk.

The latest energy balance of Ecuador reports that the entire agricul-
tural, livestock, and aquaculture sectors consume annually 196 kBOE of
LPG. They intended LPG mainly for greenhouse heating, warm water
supply (aquaculture), and space conditioning, which means heat-type
energy. On the other hand, the proportion of fossil fuel concerning
electricity in the agricultural and livestock sectors is 12.3 (Ghisellini
et al., 2016). Therefore, it is easy to estimate a potential market for

Table 6. Thermodynamics solution of heating cycle.

Enthalpy [kJ kg�1] Pressure [kPa] Entropy [kJ kgK�1] Temperature [�C] Qhp [kJ kg�1] Qr [kJ kg�1] WR [kJ kg�1] COPR

1 308.4 519.5 1.393 3.0 280.4
58.4 4.82 588.8 519.5 2.407 9.0

3 647.2 1 543.0 2.425 57.6 338.8

4 308.4 1 543.0 1.362 40.3

Table 7. Geothermal heat exchanger results.

Description Value r Value hp Unit

Flow Friction losses 851 285 kPa

Outside area 49.6 49.6 m2

Cross-sectional area 7.07 � 10�4 7.07 � 10�4 m2

Flow 1.46 � 10�3 8.81 � 10�4 m3 s�1

Mass flow 1.45 8.79 � 10�1 kg s�1

Speed 2.06 1.25 m s�1

Length 5.26 � 102 5.26 � 102 m

Pumping Power 1.24 � 103 2.51 � 102 W

Heat Reynolds 9.40 � 104 3.62 � 104

Prandtl 4.32 7.31

Nusselt 5.44 � 102 2.41 � 102

Convection coefficient 1.14 � 104 4.74 � 103 W m�2 �C

Global Transfer coefficient 2.03 � 102 1.98 � 102 W m�2

K�1

Logarithmic mean
temperatures

-9.01 2.52 �C

Total heat removed -9.07 � 104 2.47 � 104 W

Table 8. Compressor parameters and working conditions.

Pressure [kPa] Temperature [�C] Flow [kg s�1] Power [kW]

Min Max Min Max Min Max Min Max

Suction 519.5 519.5 9.0 9.0 0.09 0.29 5.15 21.61

Discharge 1 543.0 2 089.0 57.6 72.9

Table 9. Valve operation conditions.

Pressure [kPa] Temperature [�C] Flow [kg/s]

Min Max Min Max Min Max

Inlet 1 543.0 2 083.0 40.3 54.4 0.09 0.29

Outlet 519.5 519.5 3.0 3.0

Table 10. Heat exchangers properties and results.

Cold
flow

Hot
flow

Cold
flow

Hot
flow

Temperatures
[�C]

Refrigeration Inlet 33.0 72.9 3.0 42.5

Outlet 48.0 54.5 9.0 30.0

Heating Inlet 3.0 29.0 4.0 57.6

Outlet 9.0 22.0 15.0 40.3

Capacity [kW] Refrigeration 90.7 69.1

Heating 24.7 29.8

UA [W �C�1] 4 961.4 3 117.7

G. Chiriboga et al. Heliyon 7 (2021) e08608

9



geothermal systems in Ecuador, in a general way, and propose a diver-
sified energy mix3.

The units of energy flows are kBOE; the graphs depict an evident
diversification of the mix where electricity plays a central role. For
example, replacing the LPG would require 155.2 kBOE geothermal
annually with an increase in electricity of 40.8 kBOE. This amount would
be equivalent to 0.2 % of the national energy matrix.

It is necessary for a critical analysis that comprehends the increase in
yields and revenues to assess geothermal completely. Figure 12 shows the
most common products in the country that could be grown in green-
houses, their yields, and marketing prices. Data are available at the
Ecuadorian Agricultural Public Information System (SIPA). Among the
vegetables most produced in greenhouses are onions and tomatoes that
add up to 81 614 T y�1 and an approximate market of $ 30 million y�1.
However, generating more disaggregated information into segments
such as fruits is necessary because this sector is 11 times greater than
vegetables and represents better margins for farmers. In the same way, it
is essential to extend the feasibility studies to non-food markets such as
flowers, which are produced exclusively in greenhouses. In 2019, this
industry reached 544 million dollars in exportations, and this market is
less scattered (72 % of these ventures are formal), this sector is more
prone to innovate its productive processes.

4.4. Economical approach

The financial approach relies on the opportunity cost between
geothermal energy and other sources such as electricity and gas; how-
ever, its implementation in different sectors such as industrial or agri-
cultural needs detailed analysis that indicates the cost-benefit between
the investment and the increase in productivity. Therefore, this study
considers some key drivers that would become these projects attractive
economically.

Upfront Investment. As mentioned by (Long et al., 2016) CSA, tech-
nological innovations could result in high upfront costs and overly long
return of investment (ROI) periods. For example, the heat pump and the
geothermal exchanger pay 40% of their commercial value as importation
charges. Tax exception and tariff preference incentives could improve, in
the best scenario, the ROI in 4 years.

Figure 10. Disaggregated costs of the system.

Table 11. Net present value.

NPV [$] Rate [%]

21 228 5.00

16 684 6.00

12 681 7.00

9 142 8.00

6 002 9.00

4 564 9.50

0 11.30

Bold denotes the actual capital cost at which these projects are financed in
Ecuador.

Table 12. LCOH compared with electricity price.

Year Capacity Factor CF

0.35 0.40 0.45 0.50 0.55 0.60

9 0.160 0.143 0.130 0.119 0.110 0.103

10 0.148 0.132 0.120 0.110 0.102 0.095

11 0.139 0.124 0.113 0.104 0.096 0.090

12 0.131 0.117 0.107 0.098 0.091 0.085

13 0.125 0.112 0.102 0.094 0.087 0.082

14 0.119 0.107 0.097 0.090 0.084 0.078

15 0.114 0.103 0.094 0.086 0.081 0.076

16 0.110 0.099 0.090 0.084 0.078 0.073

17 0.107 0.096 0.088 0.081 0.076 0.071

18 0.103 0.093 0.085 0.079 0.073 0.069

19 0.100 0.090 0.083 0.077 0.072 0.067

20 0.098 0.088 0.081 0.075 0.070 0.066

Figure 11. LCOH as a function CF.

3 Interest rate defined by Central Bank for these projects available at, https://c
ontenido.bce.fin.ec/docs.php?path¼/documentos/Estadisticas/SectorMonFin/
TasasInteres/Indice.htm. The results are showed in 2020-American-dollars.
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Finally, it is crucial to have access to cheaper capital/investment;
thus, a novel finance raising strategy in the country should establish in-
terest rates in the same order as social concern housing, it is to say around
5 %. In this sense, green bonds are an alternative. Nevertheless, this
project should comply and intense auditory to qualify as a credit holder,
and the program has been poorly broadcasted. In 2019 the Pichincha
Bank issued 30 000 credits valued at $ 150 million; so far, only big
companies benefit from these bonds. The international investors who
purchased these securities were the Inter-American Development Bank,
the International Finance Corporation (IFC) of the World Bank.

System operation. The fuel price drives the operation costs, as happens
in all energy systems. Our project uses electricity that competes with

fossil fuels (subsidized). For instance, the price of LPG for household
duties is the lowest in all Latin America at $ 0.11 kg�1. Due to the lack of
control, this fuel migrates to other sectors like industrial and agriculture
putting aside renewable heating alternatives like geothermal or solar.
This subsidy policy provokes serious economic issues every year since it
usually expends 4 % of GDP to meet the internal demand (Chiriboga
et al., 2020). Fossil fuels cannot sustain the cooling system unless they go
through a thermodynamic cycle of electricity generation. In this sense,
the geothermal heat pump shows the best performances, even superior to
the heat pump with an atmospheric sink (Goldstein and Hiriart, 2012a).
So, its implementation becomes much more attractive for cooling ap-
plications, reducing the financial analysis to the opportunity cost of

Figure 12. Yield and trading prices of greenhouse's cultivable crops.

Figure 13. Geothermal heat pumps perspectives.
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geothermal exchange versus the savings in electricity. Therefore, new
perspectives emerge in residential and commercial conditioning
facilities.

Financial indicators. The system costs $ 0.11 kW�1, consistent with the
"Summary for Policymakers of 201200 IPCC report. Likewise, they present
LCOH for greenhouses coupled to a geothermal pump between $ 0.14
and 0.287 kW�1 (Goldstein and Hiriart, 2012a). Figure 11 compares
these data with our results at close interest rates. At least a capacity factor
of 0.35 is required to achieve this range in the first 5 years. For lower
capacity factors, the time can double. Our most precise analysis applied
to the Ecuadorian reality indicates that the current operating conditions
would hardly provide a financial advantage for this project since a ca-
pacity factor of 0.72 is required to reach a balance point between an
electric heating option and the heat pump. This value is higher than
generally reported for these systems; nevertheless, few systems operate in
the tropics and none in Andeans. Therefore, more research in this respect,
essential modifications to public policy, and cost of capital reductions are
required. These measures are more plausible in the Ecuadorian context
because their application does not incur a high political detriment, as
does a policy against the subsidy of fossil fuels.

5. Conclusions

The high enthalpy geotherm has not been developed in Latin
America mainly due to the presence and low costs of other energy
sources such as hydroelectric power and natural gas. However, as the
case under analysis, the low enthalpy geotherm has a more significant
potential for application in this area due to the stability of the energy
sink and the high requirement for conditioning of residential and in-
dustrial spaces.

The study is novel in the Ecuadorian context using geothermal
energy in heat pumps. It is also one of few dealings with tropical
conditions in highlands with very marked climatic variations, high
levels of solar radiation, and low thermal mass of the air, which in turn
causes high-temperature variability in short ranges throughout the
day; this climatic peculiarity provokes the system to alternate from
heat pump to refrigerator over and over continuously. Nevertheless,
the system's heating (29.56 kW) and cooling (65.76 kW) capacities are
sufficient to reach the set-point conditions determined (Figure 8) by
the requirements of the crops most frequently farmed in the green-
house, which makes the project technically feasible.

The analysis derived from the energy balance of Ecuador (Figure 13)
allows concluding that the maximum penetration of geothermal energy
in the agricultural, livestock, and aquaculture sectors, mainly for condi-
tioning uses, is currently 155.2 kBOE per year. However, a more detailed
analysis of the diversification of the energy matrix in the agricultural
sector should consider the crops and the details of the different energy
sources available for conditioning uses.

Financially, the project investment amounts to $ 39 100, the LCOH,
considering 20 years and an interest rate of 9.5 %, is $ 0.097 kW h�1. This
cost is higher than the electricity $ 0.095 and LPG 0.057 kWh�1 for the
agricultural sector. The feasibility depends mainly on tax and tariff in-
centives and greater penetration of technology in the market, possibly in
sectors less sensitive to this type of investment, such as residential and
commercial. Finally, the results show that the economic feasibility of this
technology depends mainly on the capacity factor derived from the type
and volume of crop production. The Ecuadorian reality requires a ca-
pacity factor of 0.72 to reach similar numbers of an electric heating
option.
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