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a b s t r a c t

In this paper we present a novel solar concentrating application, a coffee brewing system using a satellite
TV mini-Dish concentrator coupled to a stovetop espresso coffee maker. We present a theoretical model
for the thermal behavior of the water in the lower chamber of the coffee maker. We validate the model
obtaining good agreement with the experimental results. Our findings indicate that the coffee brewing
system works, it takes 30–50 min to complete its task. The model and our practical experience encourage
us to improve the concentration device in order to obtain a useful solar coffee maker, using the theoret-
ical model as a safe guide to achieve this.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Solar concentrating technologies have a rich history of a wide
range of activities that can be performed by their application; how-
ever, beverage preparation is one point in which these types of
technologies have been seldom, if ever, applied. From meal prepa-
ration with relatively simple box cookers [1], to water detoxifica-
tion with more complex parabolic through concentrators [2], to
generating electricity with Dish-Stirling systems [3], solar concen-
trating systems have been designed to satisfy an ever widening ar-
ray of modern necessities. There have also been ample studies into
systems that utilize solar systems to dry grains, that include coffee
berries [4,5]; however, according to our knowledge, there are no
solar concentration devices for the purpose of brewing coffee. In
this paper we present a thermodynamic analysis of a novel appli-
cation, i.e., the thermodynamic study of a coffee brewing system
using a mini-Dish concentrator coupled to a stovetop espresso cof-
fee maker. A diagram of the coffee maker is shown in Fig. 1, and a
picture of the coupled system is presented in Fig. 2. The objective
of this work is to propose a system that was achieved with a recy-
cled mini-Dish antenna that is normally used for domestic com-
mercial satellite television signal reception in order to brew
coffee. The surface of the antenna was polished into a mirror sur-
face. This component was utilized to recycle a component that is
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fairly common to find in disuse in every urban center throughout
the world.

In order to fully establish the energetic impact that can be
potentially achieved by using solar concentrating systems to brew
coffee it is important to stress the following: first, in 1999 2.25 bil-
lion cups of coffee were consumed every day worldwide [6]; sec-
ond, from 1999 to 2005 the demand of coffee bags by the
importing members states of the International Coffee Organization
(ICO) grew by 11.3%. This is significant given that the 30 importing
countries of the ICO represent most of the coffee consumption of
the world [7]. Furthermore the average US electric coffee maker
consumes from 900 to 1200 W [8], the minimum operating time
of these coffee makers is 4 min, thus the minimum average energy
consumption is between 216 and 288 kJ; our own lab test show
that it takes about 148.5 kJ of energy to produce one cup of coffee
in a stovetop espresso coffee maker. In order to establish a lower
boundary of energy consumption and pollution let us assume that
all the 2.5 billion cups of coffee produced daily in 2005 where done
in the most efficient and cleanest way. Let us assume that the cof-
fee was produced in electric coffee makers that consume 216 kJ to
produce ten cups of coffee, or 21.6 kJ per cup. This would lead to an
annual energy consumption of 19.71 terajoules to produce the cof-
fee cups. Let us further assume that all the electricity to power the
coffee makers came from large electrical utilities using natural gas
fired turbines, one of the cleanest conventional technologies avail-
able; this type of electrical generation has a CO2 emission factor of
110 lb=MMBtu [9] or 47.29 ton/TJ. Thus, if all the coffee cups drunk
in 2005 where generated in electric coffee makers that consumed
21.5 kJ per cup, and those coffee makers used electricity from util-
ities that used natural gas fired turbines with a CO2 emission factor
alysis of a solar coffee maker. Energy Convers Manage (2009), doi:10.1016/
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Fig. 3. Boundary of the thermodynamic system.

Fig. 1. Stovetop espresso coffee maker.

Fig. 2. Mini-Dish and stovetop espresso coffee maker system: (a) stovetop coffee
maker, (b) polychloroprene skirt, (c) coffee maker support, (d) mini-Dish antenna,
(e) concentrated sun rays, (f) black painted base.
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of 47:29 ton=TJ, the annual generation of CO2 would have been of
932.1 metric tons. This means that if one percent of the coffee cups
produced in 2005 where generated using our system, at the very
least almost one metric ton of CO2 would not have been introduced
to the atmosphere.

The work presented here is a thermodynamic study of the solar
concentrator and coffee brewing system. In order to reproduce the
transient behavior of the system we proposed an energy balance
equation to achieve the model, this leads to a differential equation
for the temperature. The solution to the differential equation gives
us the evolution of the temperature of the water. The temperature
is a key thermodynamic variable; with it we have a clear idea of
the time that the stovetop coffee maker will take to brew the cof-
fee. To validate the model we carried out a series of experiments
with the coupled system. These experiments where done after
we designed and built a special solar tracking system for the
mini-Dish antenna. The tracking system was built with two main
objectives, to reuse as much of the antenna as possible in order
to recycle it, and to make the tracking system as easy to use to a
final user as feasible. The data obtained in the experiments is com-
pared to the theoretical model; we find very good agreement be-
tween the experimental results and the model, since the model
reproduces the experimental data with an accuracy of 1%.

The work is organized in the following manner, in the next sec-
tion we present the theoretical model developed to obtain the evo-
lution of the temperature of the water in the stovetop espresso
coffee maker. In Section 3 we present the experimental setup as
well as the comparison of the experimental data against the theo-
retical model. Finally in Section 4 we give our conclusions.

2. Theoretical model

First let us briefly describe the process in the coffee maker un-
der standard use. The rays coming from the sun are reflected by the
Please cite this article in press as: Sosa-Montemayor F et al. Thermodynamic an
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mini-Dish onto the stovetop coffee maker. The concentrated solar
energy arriving at the bottom of the coffee maker is then absorbed
by the aluminum, that is painted black [10], and transferred to the
water mass. The internal energy of the water mass rises, as its tem-
perature, especially the temperature of the water close to the bot-
tom plaque. Given that the water at the bottom of the column is
hotter, and thus less dense, it can eventually go through a phase
change process at a temperature that is lower than the saturation
temperature at ambient pressure. Due to the pressure brought
about by the phase change process the water in the bottom cham-
ber of the coffee maker is eventually expelled into the upper
chamber.

In this first effort to describe the solar coffee maker we selected
the simplest thermodynamic model of the system. The model
comes from an energy balance done on the thermodynamic system
we defined (Fig. 3). The thermodynamic system is composed of the
water in the lower chamber of the stovetop espresso coffee maker
and the aluminum that gives form to the chamber. Under these
assumptions, the general energy balance is given by

dE
dt
¼ _Q in � _Q out; ð1Þ

where dE
dt is the instantaneous change in internal energy of the sys-

tem, _Qin is the energy by unit time that arrives at the boundary of
the system and _Qout is the loss of energy by unit time that leave
the boundary of the system.

The incoming energy is given by the only energy source, the so-
lar radiation concentrated by the mini-Dish antenna. The amount
of energy the concentrator can provide the system is

_Qin ¼ CaqAsG0ðtÞ; ð2Þ

here C (–) is the geometric concentration parameter for the antenna,
which is dimensionless and defined as the surface area of the con-
centrator over the surface area of the concentrated image, a (–) is
the optical absorptance of the surface of coffee maker (which was
painted black [10]), which is also dimensionless, q (–) is the optical
reflectance of the antenna, As ðm2Þ is the surface area that is used up
by the image that the antenna forms over the coffee maker, finally
G0ðtÞ (W/m2) is the instantaneous irradiance, which can be mea-
sured using a normal-incidence pyrheliometer.

The energy losses of the system can be divided into three types,
conductive, convective, and radiative. The first type is very small
given that the area of aluminum ring that crosses the boundary
of the system is very small, thus we neglect the conductive losses.
For the convective losses we use Newton’s law of cooling, and for
the radiative losses we use the Steffan–Boltzmann equation. Here
it is important to stress that the simplest thermodynamic model
alysis of a solar coffee maker. Energy Convers Manage (2009), doi:10.1016/



Table 1
Values used in the theoretical model program.

As 0:01 m2

C Free parameter
Cpwater 4190 J=kg K
CpAl 893 J=kg K
G0ðtÞ Measured during the experiment W=m2

� �
h 20 W=m2 K
mAl 0:2 kg
mwater 0:3 kg
mwðtÞ Decreases at constant rate from 0:3 kg

at t1 to 0 kg at t2

T1 Measured during the experiment ðKÞ
a 0.95
� 1
r 5:67 � 10�8 Wm2 K
q 0.8
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will consider the system as characterized by only one temperature,
neglecting its space variations. With theses considerations the
losses of the system are given by

_Q out ¼ hAc½TðtÞ � T1� þ �rAc TðtÞ4 � T4
sky

h i
; ð3Þ

where h (W/m2 K) [12] is the convective heat transfer coefficient
between the coffee maker and the surroundings, Ac ðm2Þ is the total
external area of the coffee maker, TðtÞ ðKÞ is the instantaneous tem-
perature of the thermodynamic system, T1 ðKÞ is the temperature
of the environment surrounding the thermodynamic system, � is
the emissivity of the aluminum of the coffee maker, r is the Stef-
fan–Boltzmann constant 5:67 � 108 W=m2 K4

h i
, and Tsky ðKÞ is

the temperature of the sky which, for practical reasons, we replace
with T1.

The model takes into account that the change in internal energy
presents two stages in the evolution of the thermodynamic system.
During the first stage, which goes from tð0Þ ¼ ti up to a time t1 the
mass of water is constant; in this time interval there is an energy
influx into the system. The heating of the liquid inside the system
is not uniform during this period of time, the water that is closer to
the bottom plaque gets hotter, and less dense, than that at the
upper part of the water column. The lower density water is able
to go through a phase change process at a lower temperature than
the temperature of saturation at ambient pressure, it is when this
phase change begins, at time t1, that the second stage of the evolu-
tion of the thermodynamic system begins. Thus the main differ-
ence between the two stages is that in the first one the water
mass is constant, and during the second stage the water mass de-
creases as a function of time. Eventually the build up of pressure,
due to the phase change, is enough to defeat the force of gravity
and the presence of the ground coffee in the filterbasket. The water
is then pushed out of the lower container in to the upper one, pass-
ing through the ground coffee. The second stage ends when the
water stops being pushed and the coffee is done at t2, and it is also
when our interest in analyzing and modeling the system ends.

Given all of this we model the change in internal energy as
shown in Eq. (4), where m ðkgÞ and Cp ðJ=kg KÞ represent the mass
and the specific heat at constant pressure, respectively; the sub-
script Al indicates aluminum, and water refers to the water in the
system before and up to the time t1. Also, mwðtÞ ðkgÞ represents
the total instantaneous water mass present in the system after
the phase change process begins. Finally dTðtÞ=dt is the rate of
change in time of the instantaneous temperature of the system.

dE
dt
¼

mAlCpAl þmwaterCpwater½ � dTðtÞ
dt ; ti 6 t < t1;

mAlCpAl þmwðtÞCpwater½ � dTðtÞ
dt ; t1 6 t 6 t2;

(
ð4Þ

In all cases we model mwðtÞ as decreasing linearly. In other words it
decreases at a constant rate, from 0:3 kg, which is the amount of
water that the stovetop coffee maker can hold, to zero kilograms.
All this in the time interval of t1 to t2.

With Eqs. (2)–(4) substituted into Eq. (1) we can construct a dif-
ferential equation. We use the measured temperature of the water
at time zero as the initial condition. The solution of this equation
gives us the instantaneous temperature of the thermodynamic sys-
tem. Due to the fourth order form of Eq. (3) the resulting differen-
tial equation is nonlinear and must be solved by numerical
methods. For this purpose we wrote a program in Mathematica
5.0 to solve it [11]. The form of the differential equation that the
program solves is shown in Eq. (5).

CaqAsG0ðtÞ � hAc½TðtÞ � T1� � �rAc TðtÞ4 � T4
1

h i

¼
½mAlCpAl þmwaterCpwater � dTðtÞ

dt ; ti 6 t < t1;

½mAlCpAl þmwðtÞCpwater � dTðtÞ
dt ; t1 6 t 6 t2:

(
ð5Þ
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In order to evaluate the model we use the values presented in Table
1. The instantaneous irradiance and the average ambient tempera-
ture that was used in the program were measured experimentally.
The experimental setup is presented in the next section.
3. Experiment, setup and analysis of data

In this section we describe the experimental setup and perform
the analysis of the data, comparing the theory and the experiment.

3.1. Experimental setup

There were over 20 experiments carried out on days that had
good irradiance. These were done with the use of a special solar
equatorial tracking system designed specifically for the mini-Dish
antenna, the patent of which is still pending.

We made two adaptations to the coffee maker for experimental
purposes (Fig. 4). The wall of the lower chamber of the coffee ma-
ker was insulated with a layer of polychloroprene (known com-
mercially as neoprene) that was 2 cm thick. Around the neoprene
we place a layer of aluminum foil to protect it from the concen-
trated rays, as it burns easily when exposed to them. In order to
improve the efficiency of the system it is better to cover the stove-
top coffee maker than to absorb the radiation that is lost due to the
polychloroprene. This is because the area that is left exposed if not
covered is much larger than the area where the rays fall, and thus
the convective losses are grater than the energy gains. The bottom
Fig. 4. Experimental setup.

alysis of a solar coffee maker. Energy Convers Manage (2009), doi:10.1016/



Fig. 5. Stovetop espresso coffee maker thermocouple position.
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of the lower chamber (Fig. 4) was painted black with a high tem-
perature paint that has an absorptance ðaÞ of 0.95 [10].

There were three variables measured during each experiment:
the representative temperature of the water in the lower chamber,
the ambient temperature, and normal-incidence solar radiation. To
achieve this the stovetop espresso coffee maker was outfitted with
a type T thermocouple, as shown in Fig. 4. The type T thermocouple
was placed inside the lower chamber of the coffee maker, 1 cm
(±2 mm) from the base and 2 cm (±1 mm) from the wall of the bot-
tom chamber as shown in Fig. 5. This was done by removing the
pressure valve and replacing it with a component that allowed
us to place the wire of the thermocouple inside. In Fig. 6 we can ob-
serve a schematic of the rest of the experimental setup, in it we can
see: the type J thermocouple that was used to measure ambient
temperature, this thermocouple was placed out in the open but un-
34970A

Data logger

Type ’T’
thermocouple

mini-Dish
antenna

Stovetop expresso
coffee maker

Fig. 6. Schematic of the

Please cite this article in press as: Sosa-Montemayor F et al. Thermodynamic an
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der a shade; the measurement of direct solar radiation using a nor-
mal-incidence pyrheliometer; also all of the data was
simultaneously collected using an Agilent model 34970A data
acquisition switch unit for later analysis.

The uncertainty of the three measurements done where due too
two factors, on the one hand the uncertainty of each measuring de-
vice, and on the other the uncertainty in the capture of the data by
the data acquisition switch (DAS). In all cases we present the max-
imum uncertainty reported by the manufacturer. In the case of the
type T thermocouple it is of ±1%, for the type J thermocouple it is of
±0.75% and for the pyrheliometer it is of ±0.5%; to this uncertain-
ties we must add that of the DAS, which has a maximum uncer-
tainty in its measurement of ±0.0090%, witch includes the
measurement, switching and transducer error for the DAS. Thus
the maximum total uncertainty for each measurement is of
±1.0090% for the type T thermocouple, ±0.7590% for the type J ther-
mocouple and ±0.5090% for the pyrheliometer.

There is one important fact to note, depending on the time of
day (morning versus noon), the area of reception of the concen-
trated rays from the mini-Dish antenna changes. This is because
we must maintain the plane of the base of the coffee maker parallel
to the horizontal plane; however to track the Sun, the antenna
must change its position throughout the day, changing the region
where the focus area hits the coffee maker, and thus distorting
its image. This is illustrated in Figs. 7 and 8. This has two implica-
tions, for one the area of incidence is larger in the morning or after-
noon. On the other hand, given the presence of the insulation skirt
there is energy that is not being absorbed by the coffee maker. Both
of these facts have a direct impact on the geometric concentration
factor C of Eq. (5). It is due to these facts we adjust C for every
experiment, it is the only parameter that we fit in the theoretical
results that we present in the following subsection.

3.2. Analysis of experimental data

Here we present the data of three experiments that are repre-
sentative of all situations we found. Like we stated before, we
Type ’J’
thermocouple

Shade

Normal incidence
pyrheliometer

SUN

experimental setup.
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Fig. 7. Image of the concentrated rays in the morning or afternoon.
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carried out over twenty such experiments on days that had good
irradiance. For each experiment reported we present the data that
were collected for the normal-incidence irradiance ðG0Þ, the ambi-
ent temperature ðTambÞ, the measured representative temperature
of the thermodynamic system, and the modeled temperature of
the thermodynamic system. At the foot of each graph we present
the information for the value of the geometric concentration ðCÞ,
the initial temperature of the thermodynamic system ðTiniÞ, the
average ambient temperature and the average normal incidence.

In graphs Fig. 9–11 we can observe a constant rise in tempera-
ture, until around a temperature of 357 K, at which point we see an
inflexion point in the graph and from then on a slightly higher rate
of increase of the temperature. It is at that temperature ð357 KÞ
that the phase transition in the system begins ðt1Þ.

In Fig. 9 we can see a graph with the data for an experiment that
began at 9:33 h solar time. As explained earlier, the fact that this
experiment started so early has a direct impact on the geometric
Fig. 8. Image of the concentrated rays at noon.
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concentration factor C. The position that the antenna must be
placed in to focus the rays of the sun is such that the value of C
is reduced considerably, as can be seen in Table 2, there is a
10.5% difference between the geometric concentration at 9:33 h
and at 10:27 h. Additionally, at this time of day, there is a lower
irradiance than at hours closer to noon solar time. In the graph
we can observe that towards the end the irradiance drops abruptly,
however this has no effect over the upwards progress of the system
temperature. We can also see in the graph that the ambient tem-
perature oscillates during the experiment. This is because of wind
gusts that happened during the experiment, which in turn affected
the convective losses. The wind gusts, the low geometric concen-
tration, and the low irradiance, made this the experiment that took
the most time to conclude.

In Fig. 10 we present a graph of the data for an experiment that
began at 10:27 h solar time. The geometric concentration factor for
this experiment is 9.5, which is 10.5% higher than the experiment
of Fig. 9, but 2% lower than that of Fig. 11, all of the values are pre-
sented in Table 2. The higher geometric concentration and an over-
all higher irradiance in comparison to the previous experiment
made the time it took to complete this experiment shorter. This
experiment was also quicker than the following, this despite the
fact the following experiment was closer to noon solar time and
had a higher geometric concentration. However, the experiment
 290
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Fig. 10. Graph of experiment that began at 10:27 h solar time,
C ¼ 9:5; Tini ¼ 300:9 K; Tamb ¼ 296:6 K; G0 ¼ 887 W=m2.
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Table 2
Table with the average values of each experiment.

Solar time (h) C G0 ðW=m2Þ Tamb (K) ttot (min)

9:33 8.5 805 296.1 51
10:27 9.5 883 296.6 39
11:10 9.7 847 300.8 43
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Fig. 11. Graph of experiment that began at 11:10 h solar time,
C ¼ 9:7; Tini ¼ 295:9 K; Tamb ¼ 300:8 K; G0 ¼ 847 W=m2.
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that is closer to noon had lower irradiance, as can be seen in Table
2. This explains the time difference. We can observe that the ambi-
ent temperature of Fig. 10 is stable, which means that there were
no wind gusts present.

In Fig. 11 we present a graph with the data for an experiment
that began at 11:10 h solar time. This experiment had a 2% higher
geometric concentration than the previous experiment, and a
12.4% higher one than the first experiment. We can see the pres-
ence of wind gusts during the experiment in the oscillations of
the ambient temperature. This experiment took longer than the
previous experiment despite the higher geometric concentration;
this is due to the lower irradiance of this experiment and the high-
er convective losses of this experiment due to wind gusts.

It can be seen in Table 2 that there is a direct correlation be-
tween the hour of the experiment and the value of the geometric
concentration; starting from 8.5 at 9.33 h it goes to 9.5 at
10:27 h, and then to 9.7 at 11:10 h. However the coffee brewing
times do not follow this pattern, from 51 min it goes to 39 min
and then to 43 min; this might seem erroneous given the progres-
sion of the geometric concentration, however this is logical if we
observe that the second experiment has an average irradiance that
is higher by 36 W=m2 than that of the third experiment; addition-
ally the first and last experiments shown had higher convective
losses due to wind gusts. The fact that the third experiment adjusts
best to a higher geometric concentration, despite the lower irradi-
ance, gives support to the argument that the position of the anten-
na at different times of the day, especially very early or late in the
day, changes the value of C. The discrepancy between the second
and third experiments shows us that the model is capable of mod-
eling the system temperature correctly, even when there are
Please cite this article in press as: Sosa-Montemayor F et al. Thermodynamic an
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changes of the type presented between the experiments, namely
a higher geometric concentration but lower irradiance.

4. Conclusions

In this paper we presented a theoretical model for the evolution
of the temperature of the water of a stovetop espresso coffee ma-
ker that functions with energy provided to it by a recycled satellite
TV mini-Dish antenna. We also validated the model by presenting
a comparison of the model against experimental data.

Even though the model is simple it is able to describe the phys-
ical phenomena. It can accurately reproduce the inflexion point
that occurs around 357 K, which is when the phase transition be-
gins in the thermodynamic system, even when we have a higher
geometric concentration combined with a lower irradiance.

Our results show that it takes 30–50 min to brew coffee. This is
principally due to the fact that the concentration factor of the recy-
cled mini-Dish antenna is not enough for a speedy process. The
reason for this is that, at the wavelength that the antenna normally
operates, its surface is specular, but at the wavelengths we used it
the surface is rugged. The antenna was designed to be used for fre-
quencies around 12.2 GHz, which is a wavelength of 2.46 cm; how-
ever we are using the antenna in the visible spectrum of 380–
750 nm and the near infrared of 750–1400 nm, which amounts
to a difference of three to four orders of magnitude.

The fact that the time it takes to make the coffee is presently to
long is not critical. This is because the theoretical model is good at
predicting the evolution of the temperature of the thermodynamic
system. With it we can propose changes in the system that will
permit it to work in an optimal manner.
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