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1 Introduction

The growing concern about the effects of global warming, as well as the uncertainty
due to finite reserves of fossil fuels, have turned the world’s attention to
nonconventional renewable energy sources as the way to a clean and
environmentally friendly energy transition [2]. Colombia has pledged to take part
in this transition through international agreements such as the Paris agreement [3];
however, the country is still lagging in the development of renewable energy sources
in the national territory.

By 2021, less than 1% of the electricity generated in the country comes from
nonrenewable energy sources such as biomass, solar, and wind energy, a very low
percentage compared to more developed countries such as the United States, where
12% of the energy consumed comes from these sources [4]. According to the
accelerated growth of renewable energy for the next decade, Colombia has set itself
the goal of reaching 15% share of renewables by 2030, with emphasis on the north
coast of the country [5], where there is great potential for solar and wind energy [6].

In view of the accelerated growth expected for renewable energy in the next
decade, emphasis must be placed on how these new technologies can help
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low-income people with no access to electrical energy. In Colombia, approximately
52% of the national territory is not connected to the electrical grid; this means that
almost 2 million people who live in these places get sporadic and low-quality access
to electricity or no access at all [1]. Since a large part of the people who live in
non-interconnected areas engage in productive activities such as livestock, fishing,
and agriculture, it is to be expected that part of the production is lost because they
cannot cool their products.

The implementation of absorption cooling cycles that can use solar energy as a
heat source means that large cooling centers could be available to residents of
non-interconnected areas as a way of storing their products for later sale [7], thereby
increasing the economic development and life quality [8]. However, not all areas of
the country are suitable for the installation of these systems, since there are a wide
variety of climates and weather conditions [9].

The objective of this chapter is to present a map of the absorption cooling
potential for the Colombian territory. Maximum cooling volume capacity was
determined based on data of solar radiation and temperature (mean values). Those
variables were also used for the calculation of the system´s efficiency allowing the
geolocation of non-interconnected areas where the industrial facilities might be
placed.

2 System Description

The system consists of a condenser, an evaporator, an absorber, a generator, a pump,
expansion valves, a heat exchanger, and a solar collector, as shown in Fig. 1.

The cycle is possible because of the ability of certain substances to perform
absorption and desorption reactions. In this case, water absorbs ammonia vapor in
the absorber and creates a solution with a weak water concentration; the solution has
its pressure increased by means of a pump and is sent to the generator, in which the
heat coming from the solar collector heats the solution and causes most of the
ammonia vapor to be desorbed.

The high-pressure ammonia vapor shifts to liquid phase in the condenser and is
expanded to a low pressure with an expansion valve; the low-pressure liquid is then
converted into ammonia vapor in the evaporator and is sent to the absorber to restart
the cycle. The solution that is left on the generator, now with a strong water
concentration, exchanges heat with the refrigerant flow exiting the pump to increase
the system’s efficiency and is expanded, using an expansion valve to go once again
into the absorber [10].
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3 Modeling and Methodology

3.1 Symbols and Subscripts

Symbols

COP
¼ Coefficient of performance

E ¼ Efficiency
f ¼ Mass flow ratio
h ¼ Enthalpy [kJ/kg]
P ¼ Pressure [kPa]
ṁ ¼ Mass flow [kg/s]

Fig. 1 System schematic
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q ¼ Heat per unit mass [kJ/kg]
Q ¼ Heat [kJ]
Q  ¼ Heat rate [kW]
T ¼ Temperature [�C]
Ẇ ¼ Power [kW]
x ¼ Concentration [kg/kg]
Gstc

¼ Global irradiance on standard test conditions [1000 W/m2]

Subscripts

a ¼ Absorber
b ¼ Pump
c ¼ Condenser
e ¼ Evaporator
l ¼ Liquid
g ¼ Generator
sc ¼ Solar collector
ref¼ Refrigerant
sf ¼ Strong solution
sd ¼ Weak solution
v ¼ Vapor

3.2 Thermodynamic Model

A simple steady-state model was considered for this particular study. There was no
need for a thermal energy storage system. The model assumes heat and pressure
losses on all the piping and units to be negligible and the refrigerant to be 100%
ammonia (NH3) [11]. The mass balances are presented in Eqs. 1, 2, 3, 4, 5, 6, 7, 8, 9,
10 and 11 [11]:

_m1 ¼ _m2 ð1Þ
_m2 ¼ _m3 ¼ _mref ð2Þ
_m3 ¼ _m4 ¼ _mref ð3Þ
_m4 þ _m10 ¼ _m5 ð4Þ

_m9 ¼ _m10 ð5Þ
_m5 ¼ _m6 ð6Þ

_m7 ¼ _m1 þ _m8 ð7Þ
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_m8 þ _m6 ¼ _m7 þ _m9 ð8Þ
_m4 þ _m10 ¼ _m5 ð9Þ

_m9 ¼ _m8 ð10Þ
_m11 ¼ _m12 ð11Þ

The generator is possible to perform an NH3 balance, as seen in Eq. 12 [11]:

_m7x7 ¼ _m1x1 þ _m8x8 ð12Þ

Equations 13 and 14, which are expressions for the strong solution mass flow
rates, can be obtained from Eqs. 12 and 7 [11]:

_m8 ¼ x7 � x1
x8 � x7

_m1 ð13Þ

_m7 ¼ x8 � x1
x8 � x7

_m1 ð14Þ

From Eq. 13, the circulation ratio can be formulated as [11]:

f ¼ _m7

_m1
¼ x8 � x1

x8 � x7
ð15Þ

The energy balances are performed as follows in Eqs. 16, 17, 18, 19, 20, 21, 22,
23, 24 and 25 [11]:

_Qc ¼ _mref h1 � h2ð Þ ð16Þ
h2 ¼ h3 ð17Þ

_Qe ¼ _mref h4 � h3ð Þ ð18Þ
_Qa ¼ _m4h4 þ _m10h10 � _m5h5 ð19Þ

_Wb ¼ _m5 h6 � h5ð Þ ð20Þ

h7 ¼ h6 þ _m8

_m6
h8 � h9ð Þ ð21Þ

h9 ¼ h10 ð22Þ
_m12 h12 � h11ð Þ ¼ _m1h1 þ _m8h8 � _m7h7 ð23Þ

_m12 h12 � h11ð Þ ¼ GstcAscEsc ð24Þ

COP ¼ _Qe

GstcAscEsc þ _Wb

� �
ð25Þ
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The authors express Eq. 18 in terms of the circulation ratio when dividing the
whole expression by _m4 as presented in Eq. 26 [11]:

qa ¼ h5 � h10ð Þ þ f h10 � h5ð Þ ð26Þ

3.3 Methodology

The previous equations present an ideal absorption cooling system with no thermal
energy storage system, assuming reference conditions for variables such as pressures
and temperatures [12]. The model calculates the heat extracted by the heat pump ( _Qe)
based on the solar irradiance and ambient temperature of a particular location.

A MATLAB script identifies the color of each pixel on the average ambient
temperature and average peak sun hours (PSH) maps that the Institute of Hydrology,
Meteorology and Environmental Studies (IDEAM) provides [13] [14] and translates
it into usable data. The script then calculates the amount of daily cooling each pixel
of the map can generate and the efficiency of the system (expressed by the COP on
each pixel).

The thermodynamic properties for the NH3-H2O mixture are calculated with the
equations proposed by Sun [15]. Then, in each pixel, the system is simulated by
setting Tc to the mean ambient temperature of each pixel. In this simulation, the solar
collector receives a constant solar irradiance of 1000 W/m2. The cycle works for the
equivalent time to PSH of the pixel by calculating the daily amount of cooling and
the system efficiency depending on the ambient temperature.

The result is a map of the country in which each pixel has a value for maximum
amount of cooling produced with 1 m2 of solar collector and the system’s efficiency,
detailing the potential for the solar absorption system in every location of the region.
The reference conditions considered were as follows:

Tg ¼ 80 �C
Ta ¼ 25 �C
Te ¼ -5 �C
ṁ ¼ 1 kg/s
Esc ¼ 90%
Asc ¼ 1 m2

4 Results

The generated maps for daily cooling potential and system efficiency are presented
in Figs. 2 and 3.
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5 Discussion

Since Colombia is a tropical country, there are no significant climatic variabilities
due to the lack of seasons. Temperature conditions in any given location depend
highly on the altitude. With this in mind, it can be determined that Fig. 3, which
presents the system’s efficiency, follows the contour of the relief in the national
territory. There are higher COPs (1.10–1.22) in places such as the Andes Mountain

Fig. 2 Daily refrigeration potential map
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range or the snowy Sierra of Santa Marta. Moderate COPs (1–1.12) are in the
Amazon area of the country, the high plains, and the pacific coast, whereas low
performances (COP¼ 0.94–1) are in the Atlantic coast and the High Guajira.

The highest amount of cooling potential (5.4–5.765 kWh) was found in areas
with low temperatures and high irradiations, such as the high mountains of Boyacá
and the snowy Sierra of Santa Marta. All three branches of the Andes Mountain
range across the country present high refrigeration potential (5.0–5.5 kWh) because
of the low temperatures. The East Plains, the Atlantic Coast, and the San Andres and

Fig. 3 System COP map
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Providencia Islands offer good potentials despite high temperatures (4.25–5.1 kWh).
This phenomenon can be explained because these regions are the ones with the
highest irradiation in the country.

The departments of Cordoba, Guainía, and Guaviare present moderate cooling
potentials (3.5–4.33 kWh) because of high temperatures and low irradiation. The
Pacific Coast and Amazon regions of the country are the ones that offer the lowest
potentials (2.750–3.45 kWh). This can be explained because of the hot temperatures
and low irradiances due to the high levels of cloudiness and rainfall that characterize
these regions.

The northern part of the Guajira and the insular regions are the non-
interconnected zones that would be the most attractive for the implementation of
solar powered absorption cooling systems because of high potentials and the
economic activities in which the lifestyle in these regions is based. The locals live
mostly from fishing, livestock, and tourism [1], and the electricity is generated from
fossil fuels. Fuel supply for this territory is inconsistent and unreliable. Construction
of massive cooling systems that are solar powered can improve the quality of life of
the inhabitants of these places by offering them a way to store their products and cool
their hotels and inns without relying on fossil fuels. Additionally, this technology
also offers a high potential for mitigating CO2 emissions.

As for the Amazon and Pacific Coast, the other two identified non-interconnected
regions presented a low potential for these cooling systems.

The results of this research are limited by a number of factors such as the use of
multi-annual average ambient temperature and solar radiation, the lack of consider-
ation of energy losses due to the non-ideality of real systems, and the steady nature of
the equations used.

6 Conclusions

The outcome maps of this study suggest that solar powered absorption systems are a
good and viable method for cooling generation in non-interconnected areas of
Colombia such as the High Guajira, San Andres, and Providencia Islands, where
locals live mainly from fishing, livestock, and tourism. This system will lead to an
increase of the quality of life without CO2 emissions. The Pacific Coast and Amazon
region of the country present the lowest potential of any non-interconnected zone in
Colombia. In these places, the implementation of these systems would be more
costly because of the increased area of solar collection that is needed to meet the
demands of the inhabitants.

This map uses multi-annual average radiation and temperature data, and because
of the equatorial location of the country, the climate can change significantly from
one day to the other in any given place, and this means that the system efficiency and
performance can be diminished or enhanced due to the environmental conditions,
but even if the maps do not exactly predict the daily behavior of the system, they are
a good tool to estimate the mean amount of refrigeration a system can produce on
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any part of the country. Also it can be used to calculate the solar collection area
needed to achieve a certain amount of cooling power since the maps are based on a
1 m2 solar collector.

Future studies that can be done to further increase the understanding of the
applicability of solar powered absorption systems on the Colombian territory include
a transient simulation for the operation of the system on a whole day, with real data
from minute-to-minute measurements rather than average solar radiation and
ambient temperature. Additionally, including entropy and exergy analyses to the
energy and mass balances to account for losses and the irreversibility of the system
will make the results more exact and useful.
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