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1. INTRODUCTION 
 
The modern world economy is based on growth: investing today to generate more revenues 
tomorrow. The creation of debt is borrowing from future work and to pay the interest, it is 
assumed that more work will be done in the future than today. As a result, growth is required 
to sustain the modern economy (Jones et Vollrath, 2013). To improve performance, a 
common solution is for companies to become specialized (Taylorism) and grow in size 
(economies of scale). This works well to a certain extent, but in reality, exponential growth is 
not sustainable (Heinberg, 2011) and centralizing production is not always efficient. For 
example, large scale mechanized agriculture consumes 10 calories (mainly in form of fossil 
fuels) to provide 1 calorie (in food) (Thomas L. Acker et al. 2009). This is very inefficient 
compared to a small scale farmer that produces more calories than he spends in his fields: 
less than 1 calorie is used to produce 1 calorie of food. From the organizational point of view, 
small scale also makes more sense: “Small is beautiful” (Schumacher, 1993). Over-
centralized modern society relies on a lot of energy to sustain its complex systems (electrical 
grid, transportation, administration...). Decentralization can bring benefits to a certain extent, 
like improving people’s resilience (capacity to adapt, resist to a change), which contributes to 
a more socially equal economy (Edward Goldsmith, 2014). 
 
In the field of energy, solar energy is available worldwide and so is fundamentally 
decentralized. Many regions have good solar radiation for at least some part of the year. 
This makes solar energy a good candidate as a source of heat energy for various 
applications. Using small scale systems can make energy accessible to people with little 
resources. 

 
This case study investigates the production capacity of a distillation unit using concentrated 
solar energy. The opportunity of small scale decentralized technology is discussed. 
 

1.1.  LEARNING OUTCOMES 
 

The students will: 

• Study a solar concentrator based on a portion of a parabola curve, with interesting 
optical characteristics.  

• Study optical losses on a concentrating solar technology.  
• Search for information on solar resources and agricultural production.  
• Evaluate the solar resource of two sites based on online databases, one in the 

Northern hemisphere, and the other in the Southern hemisphere.  
• Establish a simple heat transfer model. 
• Size the system based on calculations of the production capacity of the solar 

process. 
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1.2.  ACTIVITIES 
 

The class activity and the homework follow a similar objective, the first a case study in 
France, the second a case study in Peru. 

2. DESCRIPTION OF THE CONTEXT 
 

As Figure 1 shows, there are many different potential designs of solar heaters: solar driers, 
solar cookers, solar concentrators. The Scheffler solar concentrator is especially suitable for 
decentralized small scale applications. The concentrated solar energy provides a 
temperature at the focal area of several hundred degrees Celsius. Several applications are 
possible: cooking, which is the standard application; essential oil extraction; roasting; and 
other food processing and small industrial activities.  
 

 

 
Figure 1: (left to right, top to bottom) Food solar dryer in Peru, Simple solar box cooker, Concentrated 

solar baking oven in Haiti, Concentrated solar kitchen in Egypt1. 
  

Interestingly, the Scheffler reflector is an “open source” solar concentrator designed from a 
do-it-yourself (DIY) perspective. Such technology can be qualified as low-tech as its 
construction requires only commonly available materials and tools, and/or economically 
available elements; its maintenance can also be conducted locally at a low cost thanks to a 
simple and robust design. As a result of these characteristics, low-tech systems are a type of 
advanced technologies that are accessible to most people in the world. Although not yet very 

1 Source: https://energypedia.info/images/5/5c/ChiliSolarDryingPeru.jpg, 
http://solarcooking.wikia.com/wiki/%22Minimum%22_Solar_Box_Cooker, 
http://fr.solarcooking.wikia.com/wiki/Solar_Fire,  http://solarcooking.wikia.com/wiki/Scheffler_Community_Kitchen. 
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developed, these technologies have great potential to contribute to equitable human 
development. 
The concentrator section of the Scheffler reflector is a section of a parabola, as illustrated in 
Figure 2. The optical characteristic of a parabola is to reflect incoming rays parallel to its 
vertical axis towards a single focal point. Considering a lateral section of this parabola allows 
the focal point to remain immobile, while the reflector rotates on a mechanically equilibrated 
single axis. This simplifies the operation: 

• The boiler does not need to move and it can even be integrated into a building, 
• The parabola can be tracked automatically with very little energy. 

Important features of the system are illustrated on the following figure: the parabola’s 
axis of rotation is parallel to the Earth’s rotational axis, so the inclination of the parabola 
varies according to the latitude of its location. Moreover, a seasonal adjustment is required 
as the angle of declination of the sun changes over the year. The shape of the parabola is 
modified by mechanical bending: each day of the year the parabola has a different equation 
defined by the fixed focal point, the axis of rotation and the sun’s declination for that 
particular day. 

Detailed optical design of the system is described in the PhD thesis of Anjum Munir 
(Anjum Munir. 2010, available online). The following table gives operating characteristics of 
the solar concentrator.  Manuals of construction are available for 2 and 2.7 m² surface area 
Scheffler solar concentrators. It is recommended that the construction of 8, 10, 16 m² (or 
bigger) concentrators is conducted as part of a workshop in order to ensure the correct 
construction method is used. 

 
Figure 2: Principle of Scheffler reflector. Source: Anjum Munir, 2010. 
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Figure 3: Principle of Scheffler reflector, seasonal adjustment. Source: www.solare-bruecke.org 

 
 

Table 1: Some Data on the 8m² and 10m² Scheffler-Reflector. Source: www.solare-bruecke.org 

Maximum temperature reached at focal-point 1020°C 

Maximum optical efficiency (reflector-surface from clear-
glass/ordinary glass) 

84% 
75% 

Average cooking-power at 700W/m² solar radiation, with 
normal glass-mirrors (8m² Reflector) 

2,2kW 
(1,7kW in summer and 2,5kW in 
winter) 

Maximum number of pots per reflector 3 

Number of reflectors of the largest kitchen 106 

Largest number of people catered for by one kitchen 18000 

Cost of materials for one reflector (in India) approximately 550,-Euro 

Overall number of world-wide installed reflectors (2004) over 750 

Used materials Steel-profiles, glass-mirror 

 

This case study is based on experiments carried out within the scope of the Master thesis of 
Mr Florent Dupont, PhD thesis of Anjum Munir (Anjum Munir. 2010, available online) and 
experience of the solar concentrator from the association “l’Atelier du Soleil et du Vent” and 
the author. 
 
The case study is focused on the story of Mr Pierre, a producer of medical plants in 
Provence, South of France. The geographical location is proposed as an example, as a 
similar approach could be adopted in many rural areas of the world. Among other plants, 
Pierre cultivates 1 ha of peppermint. In the current situation, Pierre harvests his crop 4 times 
a year, yielding 15 tons of organic peppermint in total. He sells his peppermint to a distiller 
that transforms it. He knows most of the added value of his product is in the process of 
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essential oil extraction. He is the one who benefits least from the product’s value in the 
production chain. 
 
This situation is common in agriculture and mining of raw resources. Those who produce or 
extract the “raw material” benefit least from the economic value of the final product. Although 
agriculture requires time and knowledge, often acquired over several years of practice, the 
farmer is paid very little for his work. The same is true for miners who work in hard 
conditions, with high risks. 
 
To mitigate this effect often experienced in today’s economy, small scale technologies can 
help decentralize the products’ added value.  Bringing together local people to use a 
decentralized system, can contribute to spreading knowledge of the construction and use of 
technologies. This promotes a shift away from the centralization of production and 
knowledge. In this sense, decentralized small scale technologies, such as the one under 
study, can contribute to a fairer economy. 
 
With this in mind, Pierre is interested in transforming his plants himself and gaining additional 
added value from his production. His low investment capacity does not give him access to 
advanced distilling technologies available on the market. Pierre also values his land and 
wants to preserve its fertility, he practices organic farming. He would therefore be interested 
in using an environmentally friendly technology to transform his plants.  
 
Nowadays, distilling is largely managed by companies that have developed advanced 
knowledge and have the investment capacity to buy industrial machines to perform the 
extraction process. However, decades ago, essential oil extraction used to be performed at 
small scale by specialized workshops. This type of specialized workshops developed during 
the industrial revolution, when it was observed that production was increased if workers 
performed the same task repeatedly (Goodwin et Burr 2012, p.21). 
With consideration of this it is possible to use small scale renewable energy technologies 
that make energy accessible to most people. This kind of solution, such as the Scheffler 
solar concentrator to extract essential oil, seems relevant to Pierre’s situation. However, 
Pierre needs support in order to design and size his distilling installation. The solar 
concentrator proposed has several advantages in this sense: 
 

• low investment costs, thanks to: 
o use of mostly common materials, available locally 
o a do-it-yourself (DIY) approach: the system can be built by the user itself 

• low predictable operating costs, because no need for fuel, whose price is uncertain in the 
future 

• suitability for local maintenance. 
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This approach makes technology and energy accessible to most people, both 
economically and technically. 

Figure 4 and Figure 5 illustrate the working principle of the distillation unit. Steam 
distillation consists in extracting the essential oil of plants by passing a flow of steam over 
the plant. The mix of steam and oil pass through a condenser that brings the water back to a 
liquid state. Oil and water are then separated by decantation. The distillation unit can be of 
the same type as the one used in the experiments of Florent Dupont and Anjum Munir.  

 

 

 

Figure 4: Working principle of the distillation unit used with the Scheffler reflector. Source: Munir 2010 
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Figure 5: Photo of the Scheffler Concentrator with the distilling unit placed at the focal point. Source: 
Dupont 2008.  
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3.  CLASS ACTIVITY: DISTILLATION OF PEPPERMINT IN FRANCE 
 

Below are the guidelines for the two-hour class activity. Students can work in groups of 2 or 
3. The same groups can be used in the homework activity. 
Objective: The aim of the study is to evaluate the production capacity of an 8m² 
Scheffler solar concentrator. 
1. Based on literature regarding the Scheffler optical principle and solar resource data bases, 
calculate the solar energy intercepted by the concentrator at various times of the year in the 
South of France: at least at 10 am and noon for equinox and solstices. Compare this to the 
energy available on a surface of 8 m², normal to sun direction. This gives you the commonly 
called “cosine effect”: Sp/S according to Figure 6. 
 

   
Figure 6: “Cosine effect” principle: projected surface Sp (corresponding to solar radiation intercepted) in 

comparison to mirror surface S 

2. Aside from the cosine effect, the optical system leads to losses. List the various sources of 
optical losses and give an estimate of their value, from the incoming solar radiation out of the 
Earth's atmosphere, to the black absorptive lower part of the distilling tank. Use your 
knowledge and literature on optics, radiative heat transfer, material properties... Based on 
these hypotheses, calculate the optical efficiency: ratio of the energy absorbed on the 
distilling tank to the solar energy available. Evaluate the useful solar power, energy absorbed 
on the distilling tank, on the different days of the year considered in the first step. Based on 
solar radiation data available, determine the useful solar energy available throughout the 
whole day on typical days of the year, for example in March, June, September and 
December. 
3. Experimental results of the essential oil extracted with the useful thermal energy are given 
in Table 2. Based on calculations or literature, evaluate the thermal efficiency of the 
distillation system. This efficiency links the useful solar power to the useful thermal power. 
Determine the efficiency of the distillation 𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑜𝑜𝑒𝑒𝑒𝑒, expressing the volume of essential oil 
produced per unit of thermal energy consumed (mL/kWh). 
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4. Based on the solar resources in Pierre’s location, what production of essential oil can you 
expect for an 8 m² Scheffler concentrator? Compare this with Pierre's production of plants. 
What about the production with a 2.7 m² concentrator? The latter size is easy to build 
yourself, which makes it an accessible technology for an average family. 
 

Table 2: Experimental results with an 8 m² Scheffler solar concentrator: Essential oil production and 
energy consumption. Average thermal power of the system: 1.58 kWh measured in August. Source: F. 

Dupont, 2008. 

 

 

3.1    CORRECTION OF CLASS ACTIVITY: DISTILLATION OF PEPPERMINT IN FRANCE 
 

1. According to the radiation files for Provence (generated on PVGIS website, see annex 
page 42), we know the Direct Normal Irradiation on an average day for various months at 
10am: the values are summed-up in Table 3. 

The figure of the aperture of Scheffler collector along the year shows the solar power 
collected by the 8m² Scheffler collector is equivalent to 4.6 m² in December solstice, 6.8 m² 
in June solstice and 5.7 m² in March/September equinox for the northern hemisphere. This 
comparison of aperture area to the mirror surface of the collector gives the commonly called 
“cosine-effect” on the reflector: the effective collection area is reduced in comparison to the 
mirror surface due to the inclination of the parabola with respect to the sun’s direction. The 
“cosine effect” expressed as a percentage gives: 57.5% in December solstice, 85.0% in June 
solstice and 71.3% in March/September equinox. This ratio can be used to calculate the 
aperture area of a Scheffler reflector of any size. Table 3 also shows the solar power 
intercepted by Scheffler collector.  
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Table 3: Direct Normal Irradiation on an average day for various months at 10am. Source: PVGIS 
 

 Direct Normal Irradiation clear 
sky at 10 am (W/m²) 

Solar power intercepted by 
Scheffler collector (kW) 

December 752 3.46 

March 774 4.41 

June 904 6.15 

September 867 4.94 

 

 
Figure 7: Variation of solar declination and aperture area of the Scheffler reflector in the northern and 

southern hemisphere (valid for standings reflectors). Source: Munir 2010. 

2. Optical losses and typical values are: 

• 15 to 42% “aperture loss” depending on the time of year, with 29% on average, 
because of the “cosine effect”, as described in the previous paragraph: 58% to 85%, 
on average 71%. 

• 0% shadowing losses: an element that shades part of the reflector. This can occur 
during the first and last hours of the day, because of buildings or vegetation in 
surroundings. 

• 0% blocking losses: an element blocks the reflected rays on their way from the 
primary reflector to the secondary reflector. This should not occur in the Scheffler 
collector. 
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• (5 to) 10% spillage losses: rays miss the focal aperture and are lost. Imperfections 
in the primary reflector shape mean that some parts of the mirror do not reflect light 
towards the focal area. 

• 15% reflection losses from the primary reflector, according to material reflectivity, 
typically 85%. The reflection can be reduced by dust. If the mirrors are not clean, an 
additional factor that takes the reduction of reflectivity into account should be 
considered (from very clean 100% to very dirty 80%). 

• 5 (to 10%) spillage losses: rays miss the absorbing surface of the boiling tank after 
second reflection. 

• 15% reflection losses: from the secondary reflector, according to material 
reflectivity, typically 85%. The dirtiness of the reflective surface is also to be 
considered. 

• 10% absorption losses: on the absorbing surface of the boiling tank, according to 
surface absorptivity, typically 90%. 
 

In total, the combined effects of these various optical losses, including the seasonally 
varying “aperture loss” 𝜂𝜂𝑐𝑐𝑜𝑜𝑒𝑒, lead to an estimated optical efficiency 𝜂𝜂𝑜𝑜 of: 

 

𝜂𝜂𝑜𝑜 = 𝜂𝜂𝑐𝑐𝑜𝑜𝑒𝑒  ·  (1 − 0.1)  ·  (1 − 0.15)  ·  (1 − 0.5)  ·  (1 − 0.15) · (1 − 0.1) 
𝜂𝜂𝑜𝑜 = 𝜂𝜂𝑐𝑐𝑜𝑜𝑒𝑒  ·  0.9 ·  0.85 ·  0.95 ·  0.85 ·  0.9 
𝜂𝜂𝑜𝑜 = 𝜂𝜂𝑐𝑐𝑜𝑜𝑒𝑒  ·  55.6% 

So, throughout the year, the global estimated optical efficiency 𝜂𝜂𝑜𝑜 varies as shown in Table 
4. 
The solar power absorbed on the absorbing surface of the boiling tank is calculated directly 
from the DNI and the optical efficiency, knowing the surface area of the Scheffler reflector 
𝑆𝑆𝑆𝑆𝑆𝑆 = 8 𝑚𝑚²: 

𝑄𝑄𝑒𝑒𝑎𝑎𝑒𝑒 = 𝐷𝐷𝐷𝐷𝐷𝐷. 𝜂𝜂𝑜𝑜 . 𝑆𝑆𝑆𝑆𝑆𝑆  

Table 4: Optical efficiency and useful solar power (absorbed on the surface of the boiling tank) at 
10am for solstice and equinox in South of France. 

 

Direct Normal 
Irradiation clear sky at 

10 am (source:  
PVGIS) 

DNI 
(W/m²) 

Optical efficiency 
𝜼𝜼𝒐𝒐  
(%) 

Solar power 
absorbed on the 

absorbing surface 
of the boiling tank  

𝑸𝑸𝒂𝒂𝒂𝒂𝒂𝒂  
(kW) 

December 752 32.0 1.93 

March 774 39.5 2.45 
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June 904 47.3 3.42 

September 867 39.5 2.74 

 

According to the solar resource data in June, given in PVGIS solar data file as illustrated in 
Figure 8, we have the profile of direct radiation throughout the day. Considering a sunny day, 
the “clear-sky” data will be used. The first and last hours of the day do not give high 
radiation, so the system cannot operate optimally. Assuming the system works properly with 
DNI over 700 W/m², it will operate from 7am to 5:30pm. The energy yield on this day is the 
integration of DNI over the 10.5 hours of system operation. According to the data, the 
average DNI during these 10.5 hours is 850 W/m².  So the energy yield on an average day in 
June is: 
 

𝐸𝐸𝑑𝑑𝑒𝑒𝑑𝑑𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒 = 𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡 ∙  𝑎𝑎𝑎𝑎𝑡𝑡𝑎𝑎𝑎𝑎𝑎𝑎𝑡𝑡 𝐷𝐷𝐷𝐷𝐷𝐷 ∙  𝑆𝑆 ∙  𝜂𝜂𝑜𝑜 
                 =  10.5 ℎ ∙  850 𝑊𝑊/𝑚𝑚2  ∙  8 𝑚𝑚² ∙  47. 3 % 

𝐸𝐸𝑑𝑑𝑒𝑒𝑑𝑑𝑑𝑑𝑑𝑑𝑒𝑒𝑒𝑒 = 33.8 𝑘𝑘𝑊𝑊ℎ 

Similar calculations can be completed for March, September and December, which Table 5 
summarises. 
 
 

Table 5: Energy yield of an average day in the months of December, March, June and September. 

Month Useful time in a 
day (h) 

Average DNI   
(W/m²) 

Optical 
efficiency 

 𝜼𝜼𝒐𝒐 (%) 

Daily energy 
yield 𝑬𝑬𝒅𝒅𝒂𝒂𝒅𝒅 

(kWh) 

December 5 780 32.0 10.0 

March 6 780 39.5 14.8 

June 10.5 850 47.3 33.8 

September 8 830 39.5 21.0 
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Figure 8: Direct Normal Irradiation on an average day in March, June, September and December, in 

the place chosen in South of France. Note: in December, the lower position of the sun causes shadow 
until 9:30 in the morning. Source: PVGIS, see annex file. 

3. Thermal modeling of the distillation system –considering conduction, convection and 
infrared losses– leads to a thermal efficiency 𝜂𝜂𝑒𝑒ℎ of 74% (p.93-94, Munir, 2010). 
According to the experiment, the essential oil yield is 𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑜𝑜𝑒𝑒𝑒𝑒 = 3.1 mL/kg 
(=28.2mL/9.1kg) of fresh peppermint leaves. The energy efficiency of essential oil 
production, measured by the essential oil yield per unit of thermal energy consumed, is then 
𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑜𝑜𝑒𝑒𝑒𝑒 = 8.9 mL/kWh (=28.2mL/3.18kWh). So the yield per day depending on the 
season is: 
 

𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑜𝑜𝑒𝑒𝑒𝑒 = 𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑜𝑜𝑒𝑒𝑒𝑒  ∙  𝐸𝐸𝑑𝑑𝑒𝑒𝑑𝑑 𝑒𝑒ℎ𝑒𝑒𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 = 𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑜𝑜𝑒𝑒𝑒𝑒  ∙  𝜂𝜂𝑒𝑒ℎ  ∙  𝐸𝐸𝑑𝑑𝑒𝑒𝑑𝑑 

For example, in June:  

𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑜𝑜𝑒𝑒𝑒𝑒 = 8.9
𝑚𝑚𝑚𝑚
𝑘𝑘𝑊𝑊ℎ

∙  74% ∙  33.8 𝑘𝑘𝑊𝑊ℎ = 222 𝑚𝑚𝑚𝑚/𝑑𝑑𝑎𝑎𝑑𝑑 

The results are summarised in Table 6. 
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Table 6: Essential oil yield per day depending on the season 

 Solar energy 
absorbed on a 
clear sky day  

𝑬𝑬𝒅𝒅𝒂𝒂𝒅𝒅  
(kWh) 

Thermal 
energy 

available on a 
clear sky day 
𝑬𝑬𝒅𝒅𝒂𝒂𝒅𝒅 𝒕𝒕𝒉𝒉𝒆𝒆𝒆𝒆𝒆𝒆𝒂𝒂𝒆𝒆 

 (kWh) 

Essential oil 
yield (mL) 

Peppermint 
needed (kg) 

December 10.0 7.4 65.6 21.2 

March 14.8 11.0 97 31.3 

June 33.8 25.0 222 71.5 

September 21.0 15.5 138 44.5 

 

4. The preceding calculations were done for a clear-sky day. The “real-sky” data give an 
average of the radiation, taking into account the proportion of sunny and cloudy days. 
According to data for the South of France (see annex and Figure 9), the real-sky radiation is 
75% of the clear-sky radiation. So we assume there are 75% of sunny days with clear-sky 
radiation and 25% of cloudy days with nearly no direct radiation. Therefore, we consider 22 
sunny days per month in the 6 best months of the year (March-September). 
 
We assume the distillation system is operated for 6 months, between March and September, 
which corresponds to the harvest season and best solar resource months. According to the 
proportion of sunny days and considering that a couple of days can be lost due to various 
other constraints, we can consider the system is operated for 20 days a month. Based on the 
essential oil yield in March, June and September, the average yield of essential oil per day is 
around 150mL/day, during the period March-September. (This assumes a linear evolution in 
the intermediate months, which is a conservative estimate because the radiation evolution is 
closer to a cosine type shape during the year). If needed, a more precise analysis of solar 
resource during each month or each day of the year would give more precise results. 
 

With these assumptions, the yearly yield of peppermint essential oil will be:  

 
𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑜𝑜𝑒𝑒𝑒𝑒 = 6 𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡ℎ𝑠𝑠 ∙  20 𝑑𝑑𝑎𝑎𝑑𝑑𝑠𝑠/𝑚𝑚𝑚𝑚𝑚𝑚𝑡𝑡ℎ ∙  150 𝑚𝑚𝑚𝑚/𝑑𝑑𝑎𝑎𝑑𝑑 

𝑉𝑉𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑜𝑜𝑒𝑒𝑒𝑒 = 18 𝑚𝑚/𝑑𝑑𝑡𝑡𝑎𝑎𝑎𝑎 

This corresponds to the processing of 5800 kg (=18 000 mL / 3.1mL/kg) of fresh peppermint 
leaves.  
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So, our farmer Mr. Pierre can process almost 40% of his 15 tons annual production using the 
distiller. Transforming a significant part of his production can help improve his income. 
Another approach would be opting for a bigger concentrator of 10 m², to process 50% of his 
production, or 2 systems of 10 m² to process his entire production.  
 
On a smaller concentrator of 2.7 m², the same optical efficiency can be achieved. It could 
even be higher due to the smaller and easier to manage parabola. The thermal efficiency 
might also be somewhat higher because the smaller distilling unit leads to a higher ratio of 
external surface to internal volume. Assuming the same efficiency is achieved, the 2.7 m² 
Scheffler concentrator would enable the processing of around 2000 kg per year (5800 ∙
 2.7 8⁄ = 1960), for a 6 L peppermint essential oil production. This is an interesting yield for a 
family scale system. 
 
4  HOMEWORK ACTIVITY: DISTILLATION OF OREGANO IN PERU 
 
The homework consists of developing the same method to analyze the efficiency and 
production of a solar distilling system in a different context.  
The production of oregano in Peru is important. Producers dry their leaves and sell their raw 
product, which is distillated at industrial scale. Distilling the fresh plant in the farm enables 
the extraction of more essential oil from the plant. The extraction is also more energy 
efficient with fresh plants (Munir, 2010). The solar distillation technology proposed in this 
study could enable small farmers to distillate their oregano to produce essential oil on their 
farm. 
 
1. Based on literature, which geographical area would you recommend for solar distillation of 
oregano at the farm level? Explain the various reasons that justify this choice. 
 
2. What solar resource is available? 
2.1. Investigate the global horizontal solar irradiation of Peru, its geographical repartition, 
yearly distribution… 

• Give the annual average of the daily solar energy resource in the area considered. 
• Give monthly averages of the daily solar energy resource in the same area. 

What conclusions can be drawn regarding the variation of solar resource during the year? 
2.2. In the case of the solar application under study, is the global horizontal solar irradiation 
adequate? What information do you actually need in our case of concentrating solar 
technology? Why? Identify an appropriate database and give the accurate yearly solar 
resource in the selected region. 
2.3. Using the results of 2.1 and 2.2, try to estimate the monthly average for daily DNI in the 
selected region. 
 
3. Efficiency of the Scheffler solar concentrator 
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3.1. Based on Scheffler solar concentrator’s optical principle, how does the concentrator 
need to be installed? Is there any difference to the configuration in France? Calculate for 
each month of the year, the actual aperture of a Scheffler solar concentrator of 8 m² in the 
selected location of Peru. 
3.2. In comparison to the situation in France, reconsider the optical efficiency of the system. 
Do any parameters need to be adjusted? Calculate the optical efficiency of the system for 
each month of the year and the solar energy that can be collected daily at the focal point 
(energy absorbed on the boiling tank). 
  
4. The thermal efficiency of the distillation system will be estimated through calculation. 
4.1. Figure 9 represents the geometry and principle of the distillation unit. The schema 
indicates the radiative energy fluxes. In the present study, the focus will be on the thermal 
balance of the boiler. 
 
 

 

Figure 9: Schema of the solar distillation unit with energy fluxes. Source: (Munir 2010) 

The following steps can be followed: 
• Assume the boiler is composed of 3 surfaces: 

o the dark surface receiving solar power 
o a vertical insulated surface to reduce thermal losses 
o a horizontal insulated surface, on the top of the boiler. 
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• Identify the energy fluxes in the system when boiling is in process (steady-state 
operation with boiling water in the boiler). 

• Draw an equivalent electrical resistance circuit. 
• Write the equations of the simplified energy balance of the boiler. 
• Calculate the thermal resistances of this simplified thermal model of the boiler. 
• Resolve the energy balance of the boiler. 
• Give the temperatures and the corresponding heat fluxes in the system. 
• Comment on the relative values of the different energy fluxes. 

 
4.2. Deduce the thermal efficiency of distillation, linking the useful solar power to the useful 
thermal power. Comment on this value and compare it with the value used in the first case 
(class activity). 
 
5. Experimental results have been carried out with the solar distillation unit. A yield of 27.9 
mL/10kg fresh oregano has been achieved (Munir 2010). The corresponding energy 
consumption has been of 3.36 kWh with chopped oregano. Unchopped oregano gives the 
same amount of essential oil, but consumes 6.46 kWh. 
5.1. From the experimental results, express the efficiency of the distillation 𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑜𝑜𝑒𝑒𝑒𝑒, 
expressing the volume of essential oil produced per unit of thermal energy consumed 
(mL/kWh). 
5.2. Using bibliography research, how much oregano can a farmer in Peru produce on a 
surface of 2 ha? Express the production in kg of fresh oregano. 
5.3. Based on previous calculations, what quantity of oregano can be processed yearly with 
the 8 m² solar concentrator? How much essential oil can be extracted in a year? Conclude 
on the reasons to promote the use of the system. 
Note: Alternatively, to diversify the study, each group of students could choose a developing 
country and a plant produced by small farmers in this country. A small literature review 
should enable the students to identify interesting production opportunities. For example, 
lemon in Ethiopia, mint in India, eucalyptus..., lavender..., rose... Examples can be found in 
India, Latin America, Africa… There are a lot of data on essential oil distillation in the USA, 
because the production is on a large scale in highly mechanized farms, but. this large scale 
processing is outside of the scope of this study. 

4.1. CORRECTION OF HOMEWORK ACTIVITY: DISTILLATION OF OREGANO IN PERU 
 

1. Some studies available online like (Tacna, primer productor de oregano del Perú 2015), 
indicate the region of Tacna concentrates 60% of Peru’s production of oregano. Additionally, 
the Peruvian national organization of meteorology SENAMHI has edited a study of solar 
resources of Peru2. Solar data is also available on SolarGIS3. Figure 11  presents the annual 

2 Presentation page: http://www.senamhi.gob.pe/index.php?p=0801 with the report available here: 
http://www.senamhi.gob.pe/pdf/Atlas%20_de_Radiacion_Solar.pdf and the solar maps can be downloaded from 
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solar resource in Peru from these two data sources. The region of Tacna is situated in the 
South of Peru, where the solar irradiation is the best in the country, with a daily average of 
over 6.5 kWh/m² of global horizontal irradiation. The other map gives a consistent value of 
over 2400 kWh/m² for average annual irradiation (= 6.57 kWh/m² daily).  
 
The market of Oregano has been developing successfully since the 1990s. More recently, 
production has extended to neighboring regions. There are many projects underway to help 
the producers to improve their organization, to access other markets, or to keep improving 
the quality of the oregano. In this context, it seems interesting to propose solar distillation of 
oregano as a way to diversify the products that can be offered with oregano essential oil. 
Distilling very fresh oregano leaves at farm scale will give a unique quality of essential oil. 
Promoting this oregano essential oil on the market would benefit the farmers of the region. 
 

 
Figure 10: Map of Peru with location of Arequipa and Tacna, in the very South 

here: « Atlas Solar - Mapas Radiación Solar en Perú - Energía solar y eólica en Peru ». Accessed January 2015. 
http://deltavolt.pe/atlas/atlassolar  
 
3 http://solargis.info/doc/free-solar-radiation-maps-GHI  
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Figure 11: Solar resource in Peru: annual daily average of global solar energy (kWh/m²). Source: (« Atlas Solar 
- Mapas Radiación Solar en Perú - Energía solar y eólica en Peru » 2015) and (« SolarGIS: Free solar radiation 

maps download page - GHI » 2015)  (same map with cities in appendix) 
 

2.1. Looking more into details of the solar resource of the area of Tacna (Figure 12), it can 
be seen the solar radiation varies a lot depending on the region. This is due to the region’s 
geography which is desert on the coast, but changes with the high mountains of the Andes 
Cordillera inland. Looking more into details of the area cultivated with oregano, it can be 
seen that it is mainly cultivated in the Andes4. The global radiation actually available in the 
oregano farms can be read from the maps in Figure 12 and for each month of the year from 
the maps of Peru’s monthly solar resource5. The values read from the maps are summarized 
in Table 7 and plotted in Figure 13.  
Figure 14 shows the clearness of the sky over the Andes mountain range in Arequipa, which 
has a similar climate to Tacna. The ratio of sunny hours to the astronomic duration of the day 
(heliophany) is very high from April to November at 80%. In the summer, from December to 
March (Southern hemisphere), the proportion of sunny hours is lower. But the duration of the 
day changes during the year: it is 2 hours longer from June-July than in December-January. 
Table 8 gives the number of sunny hours of the day (radiation over 120-200W/m²) for each 
month. Figure 15 shows that the best conditions according to sunny hours are from April to 

4 Article quoting the provinces cultivated: http://agriecologicoperuvia.galeon.com/ and map of the provinces of 
Tacna: http://www.tvsurperu.com/informacion/tacna/mapa_departamental.jpg also in Appendix. 

5  http://deltavolt.pe/atlas/atlassolar 
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November. Although it is summer from December to March, there are fewer sunny hours 
during this period. However, the global radiation is indeed higher in the summer.  
 

 
 

Figure 12. Solar resource in Tacna: monthly daily average of global solar energy (kWh/m²). Source: 
(« Atlas Solar - Mapas Radiación Solar en Perú - Energía solar y eólica en Peru » 2015) 
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Table 7: Global solar resource in Tacna, read from maps of Tacna and monthly maps of Peru. 
Source: http://deltavolt.pe/atlas/atlassolar 

 

 Data from map of Tacna Data from map of Peru 

 Min max average min max average 

January    5.5 6.0 5.75 

February 5.5 6.5 6.0 5.5 6.5 6.0 

March    6.0 7.0 6.5 

April    5.0 6.0 5.5 

May 5.5 6.0 5.75 5.0 6.0 5.5 

June    4.5 5.0 4.75 

July    4.5 5.0 4.75 

August 4.5 5.0 4.75 4.5 5.0 4.75 

September    5.5 6.0 5.75 

October    5.5 6.0 5.75 

November 6.0 6.5 6.25 6.0 6.5 6.25 

December    5.0 5.5 5.25 

 

 

Figure 13: Solar resource in the mountainous part of Tacna (global radiation) read on monthly maps of 
Peru 
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Figure 14: Transmisivity of the sky and ratio of sunny hours to the day duration from sunrise to sunset 
(heliophany) in Arequipa, city of the Andian mountains, close to Tacna. Source: (« Atlas Solar - Mapas 

Radiación Solar en Perú - Energía solar y eólica en Peru » 2015). 

 

Table 8: Average number of sunny hours in the day for each month in Tacna (18° latitude south) in 
comparison to the duration of the day (according to astronomical data). Source: data and calculations 

from (« Atlas Solar - Mapas Radiación Solar en Perú - Energía solar y eólica en Peru » 2015) 

 Relative 
heliophany 

Duration of the day 
in Tacna (latitude 

18°) 

Number of sunny hours per 
day in Tacna (18° latitude S) 

 n/N N N 

January 0.52 13.1 6.8 

February 0.50 12.7 6.4 

March 0.62 12.2 7.6 

April 0.77 11.7 9.0 

May 0.81 11.3 9.2 

June 0.83 11.1 9.2 

July 0.83 11.1 9.2 

August 0.81 11.5 9.3 

September 0.80 12.0 9.6 

October 0.78 12.5 9.8 

November 0.77 13.0 10.0 

December 0.65 13.2 8.6 
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Figure 15: Average number of sunny hours in a day for each month of the year in Tacna. 

 
2.2. Concentrating solar technologies only work with direct solar irradiation. So the global 
horizontal irradiation is not very relevant in this case. So we need to use the Direct Normal 
Irradiation (DNI) database. 
 
The SolarGIS provides a freely available online Direct Normal Irradiation (DNI) database for 
non-commercial use6. Figure 16  shows a map of DNI in Peru. The mountainous part of 
Tacna receives very high Direct Normal Irradiation of about 3000 kWh/m² annually. This is 
one of the best on Earth! This corresponds to a yearly average of daily DNI is 8.2 kWh/m². 
Interestingly, this is much higher than the global horizontal solar irradiation of 6.5 kWh/m². 
This confirms that there is a very good direct solar resource in the area and the interest of 
tracking the direction of the sun to collect more energy whatever the position of the sun. 
In the following, the direct normal irradiation data from GIS will be used. 

6 http://solargis.info/doc/free-solar-radiation-maps-DNI#P  
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Figure 16: Direct Normal Irradiation (DNI) in Peru. Source : (« Free download of solar radiation map - 
DNI: SolarGIS » 2015) 
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2.3. To estimate the monthly DNI available, a rough approximate can be obtained by 
spreading the annual yield according to the monthly hours of sun, as shown in Figure 15. 
This gives the following results in Table 9 and Figure 17. The 3000 kWh/m² of yearly energy 
yield in DNI are collected in 3186 hours of sunny hours over the year: this corresponds to an 
average 942 W/m² of instantaneous DNI. Considering this average maximum power should 
be a good approximation. Indeed the transmisivity of the sky does not change significantly 
during the year: around 40% according to Figure 15. 
 
According to this analysis, the best conditions for solar concentration applications with a very 
high daily DNI are from April to November. From December to March, although it is summer 
with good global irradiation, it seems there is less DNI available: about a quarter less 
radiation. 
 
Table 9: Calculated profile of DNI in Tacna, based on sunny hours profile extracted from solar atlas of 

Peru. 

Data for 
Tacna (Peru) 

Average sunny 
hours of the day  

(h) 

number of 
days per 
month 

Sunny hours 
per month in 

Tacna 

Average Direct 
Normal 

Irradiation 

(h) (day/month) (h/month) (kWh/m²/day) 

n d n*d DNI 

January 6.81 31 211 6.41 

February 6.35 28.25 179 5.98 

March 7.56 31 234 7.12 

April 9.01 30 270 8.48 

May 9.15 31 284 8.62 

June 9.21 30 276 8.67 

July 9.21 31 286 8.67 

August 9.32 31 289 8.77 

September 9.60 30 288 9.04 

October 9.75 31 302 9.18 

November 10.01 30 300 9.42 

December 8.58 31 266 8.08 

Total annual Total sunny hour/year: 3186  

Annual DNI according to SolarGIS (kWh/year ): 3000 

Annual average instantaneous DNI (W/m²) 942 
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Figure 17: Profile of DNI throughout the months in Tacna, assuming a similar evolution as for Global 

Horizontal Irradiation (GHI). 

3.1. The only difference will be the inclination of the Scheffler with respect to the ground, the 
geometry is exactly the same. Scheffler solar concentrator rotates on a single axis, which 
needs to be parallel to the Earth’s axis. Tacna is about 17-18° latitude in the Southern 
hemisphere, so the difference will be the altitude of the focal point, with respect to the 
parabola: instead of being very high like in France, it will be ideally positioned at about 1 m 
height over the ground in Peru.  
The aperture of the concentrator throughout the year is defined in the same way as in 
France. We use the results of the equations plotted in Figure 18. Table 10 shows the 
aperture of the concentrator for southern hemisphere and the percentage of total mirror 
surface or “cosine effect”. 
 

 
Figure 18: Variation of solar declination and aperture area of the Scheffler reflector in the northern and 

southern hemisphere (valid for standings reflectors). Source: Munir 2010. 
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Table 10: Aperture area in Southern hemisphere extracted from Figure 18 and “cosine effect” or 
percentage of total mirror surface 

 Aperture area 
southern 

hemisphere (m²) 

Percentage of total 
mirror surface 

(“cosine effect”) 
(%) 

January 4.7 59 

February 5.1 64 

March 5.7 71 

April 6.3 79 

May 6.7 84 

June 6.8 85 

July 6.8 85 

August 6.5 81 

September 6.0 75 

October 5.4 68 

November 4.9 61 

December 4.6 58 

 

3.2. Optical losses will be mostly the same as in France: 
• 15-42% “aperture loss”: no difference, same optical construction. 
• 0% shadowing losses: this depends on the site: shadows can occur because of 

buildings or vegetation in the surroundings. 
• 0% blocking losses. 
• (5 to) 10% spillage losses: similar, depending on the construction quality of the 

Scheffler concentrator. 
• 15% reflection losses: from the primary reflector, assuming the same material 

reflectivity. The properties of materials might change if cheaper mirrors are used. The 
dirtiness of mirrors can be different because of local climate conditions (for example 
less dust or cleaner rain), or the frequency of maintenance (for example more 
frequent cleaning). This modifies the effective reflection of the mirrors.  

• 5 (to 10%) spillage losses: similar, depending on the construction quality of the 
Scheffler concentrator. 

• 15% reflection losses: from the secondary reflector, to be adjusted according to 
material reflectivity and cleanness. 

• 10% absorption losses: on the absorbing surface of the boiling tank. The material 
properties might vary depending on the black paint/material used. 
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So the same optical efficiency 𝜂𝜂𝑜𝑜 can be considered: 
𝜂𝜂𝑜𝑜 = 𝜂𝜂𝑐𝑐𝑜𝑜𝑒𝑒  ·  (1 − 0.1)  ·  (1 − 0.15)  ·  (1 − 0.05)  ·  (1 − 0.15) · (1 − 0.1) 
𝜂𝜂𝑜𝑜 = 𝜂𝜂𝑐𝑐𝑜𝑜𝑒𝑒  ·  0.9 ·  0.85 ·  0.95 ·  0.85 ·  0.9 
𝜂𝜂𝑜𝑜 = 𝜂𝜂𝑐𝑐𝑜𝑜𝑒𝑒  ·  55,6% 

 
So throughout the year, the global estimated optical efficiency 𝜂𝜂𝑜𝑜 varies as shown in Table 
11. 
The solar energy absorbed on the boiling tank is calculated directly from the monthly 
average daily DNI and the optical efficiency, with a Scheffler concentrator of Ssr=8m²: 

𝐸𝐸𝑒𝑒𝑎𝑎𝑒𝑒 = 𝐷𝐷𝐷𝐷𝐷𝐷. 𝜂𝜂𝑜𝑜 . 𝑆𝑆𝑆𝑆𝑆𝑆  

Table 11: Optical efficiency and useful solar energy (absorbed on the surface of the boiling tank) in a 
monthly average day for Tacna, Peru. 

 Estimated daily Direct 
Normal Irradiation 

DNI 
(kWh/m²/day) 

Optical 
efficiency 

𝜼𝜼𝒐𝒐  
(%) 

Solar energy absorbed on the 
absorbing surface of the 

boiling tank  
𝑬𝑬𝒂𝒂𝒂𝒂𝒂𝒂  

(kWh/day) 

January 6.41 32.7 16.76 

February 5.98 35.4 16.95 

March 7.12 39.6 22.57 

April 8.48 43.8 29.71 

May 8.62 46.6 32.10 

June 8.67 47.3 32.79 

July 8.67 47.3 32.79 

August 8.77 45.2 31.69 

September 9.04 41.7 30.15 

October 9.18 37.5 27.56 

November 9.42 34.1 25.67 

December 8.08 32.0 20.66 

 
 

4. The thermal efficiency of the distillation system will be estimated through calculation. 
4.1. Figure 19 represents the geometry and principle of the distillation unit. The schema 
indicates the radiative energy fluxes. In the present study, the focus will be on the thermal 
balance of the boiler. 

• We assume the boiler is composed of 2 surfaces: 
o the dark surface receiving solar power (disk of 0.4 m diameter): Sbottom = 

π.D²/4 = 0.126 m² 
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o the boiler’s insulated surface (vertical cylinder of 0.8 m height and top cone of 
0.2 m height, with 0.4 m internal diameter and 0.06 m thickness of insulation) 
 𝑆𝑆𝑇𝑇𝑜𝑜𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 = 0.8 ∙ 𝜋𝜋 ∙ 0.4 + 0.2 ∙ 𝜋𝜋 ∙ 0.4

2
= 1.13 𝑚𝑚² 

 𝑆𝑆𝑇𝑇𝑜𝑜𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝑒𝑒𝑆𝑆𝑒𝑒𝑒𝑒𝑒𝑒 = 0.8 ∙ 𝜋𝜋 ∙ (0.4 + 0.06 ∙ 2) + 0.2 ∙ 𝜋𝜋 ∙ 0.4+0.06∙2
2

= 1.47 𝑚𝑚² 
 

• The energy fluxes in the system in steady-state operation, with boiling water in the 
boiler, are shown on the equivalent electrical circuit in Figure 19. Infrared losses 
through the insulated external surface are neglected. 
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Figure 19: Equivalent electric circuit of the energy balance in the boiler and schema of the boiler 

 

• The equations of the simplified energy balance of the boiler can be written as follows: 

𝑃𝑃𝐶𝐶𝑜𝑜𝑒𝑒𝑑𝑑𝑑𝑑𝑐𝑐𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒−𝐶𝐶𝑜𝑜𝑒𝑒𝐶𝐶𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒𝑇𝑇𝑜𝑜𝑇𝑇 =
𝑇𝑇𝑒𝑒𝑒𝑒 − 𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝑇𝑇𝑜𝑜𝑇𝑇
𝑅𝑅𝐶𝐶𝑜𝑜𝑒𝑒𝑑𝑑𝑑𝑑𝑐𝑐𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒𝑇𝑇𝑜𝑜𝑇𝑇

=
𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝑇𝑇𝑜𝑜𝑇𝑇 − 𝑇𝑇𝑒𝑒𝑒𝑒𝑎𝑎
𝑅𝑅𝐶𝐶𝑜𝑜𝑒𝑒𝐶𝐶𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒𝑇𝑇𝑜𝑜𝑇𝑇

=
𝑇𝑇𝑒𝑒𝑒𝑒 − 𝑇𝑇𝑒𝑒𝑒𝑒𝑎𝑎

𝑅𝑅𝐶𝐶𝑜𝑜𝑒𝑒𝑑𝑑𝑑𝑑𝑐𝑐𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒𝑇𝑇𝑜𝑜𝑇𝑇 + 𝑅𝑅𝐶𝐶𝑜𝑜𝑒𝑒𝐶𝐶𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒𝑇𝑇𝑜𝑜𝑇𝑇
 

𝑃𝑃𝐶𝐶𝑜𝑜𝑒𝑒𝐶𝐶𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒𝐶𝐶𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒 =
𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝐶𝐶𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒 − 𝑇𝑇𝑒𝑒𝑒𝑒𝑎𝑎
𝑅𝑅𝐶𝐶𝑜𝑜𝑒𝑒𝐶𝐶𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒𝐶𝐶𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒

 

𝑃𝑃𝑇𝑇𝑒𝑒𝐼𝐼𝑆𝑆𝑒𝑒𝑆𝑆𝑒𝑒𝑑𝑑𝐶𝐶𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒 = 𝜖𝜖 ∙ 𝑆𝑆𝐶𝐶𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒 ∙ 𝜎𝜎 ∙ �𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝐶𝐶𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒4 − 𝑇𝑇𝑒𝑒𝑒𝑒𝑎𝑎4� 

 

Tin=100°C 
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𝑃𝑃𝐶𝐶𝑜𝑜𝑒𝑒𝑑𝑑𝑑𝑑𝑐𝑐𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒𝐶𝐶𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒 = 𝑃𝑃𝑆𝑆𝑜𝑜𝑒𝑒𝑒𝑒𝑆𝑆𝐶𝐶𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒 − 𝑃𝑃𝑇𝑇𝑒𝑒𝐼𝐼𝑆𝑆𝑒𝑒𝑆𝑆𝑒𝑒𝑑𝑑𝐶𝐶𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒 − 𝑃𝑃𝐶𝐶𝑜𝑜𝑒𝑒𝐶𝐶𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒𝐶𝐶𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒

=
𝑇𝑇𝑇𝑇𝑇𝑇𝑒𝑒𝐶𝐶𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒 − 𝑇𝑇𝑒𝑒𝑒𝑒
𝑅𝑅𝐶𝐶𝑜𝑜𝑒𝑒𝑑𝑑𝑑𝑑𝑐𝑐𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒𝐶𝐶𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒

 

𝑃𝑃𝑈𝑈𝑒𝑒𝑒𝑒𝐼𝐼𝑑𝑑𝑒𝑒𝑈𝑈𝑜𝑜𝑆𝑆𝑈𝑈𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒
= 𝑃𝑃𝑆𝑆𝑜𝑜𝑒𝑒𝑒𝑒𝑆𝑆𝐶𝐶𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒 − 𝑃𝑃𝑇𝑇𝑒𝑒𝐼𝐼𝑆𝑆𝑒𝑒𝑆𝑆𝑒𝑒𝑑𝑑𝐶𝐶𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒 − 𝑃𝑃𝐶𝐶𝑜𝑜𝑒𝑒𝐶𝐶𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒𝐶𝐶𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒
− 𝑃𝑃𝐶𝐶𝑜𝑜𝑒𝑒𝑑𝑑𝑑𝑑𝑐𝑐𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒−𝐶𝐶𝑜𝑜𝑒𝑒𝐶𝐶𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒𝑇𝑇𝑜𝑜𝑇𝑇 

with the energy fluxes (powers) and temperatures defined in Figure 19 and: 

ε=0.9  the infrared emissivity of the bottom surface of the boiler, assuming it is a simple black 
painting, without selective properties. Selective coatings have high absorptivity in the solar 
wavelengths’ range and small emissivity in the infrared range. A regular black paint is likely 
to have high absorptivity in both ranges in wavelengths. So, high absorptivity means high 
emissivity in the infrared, because absorptivity = emissivity at a given wavelength (see 
Kirchhoff’s laws). 

σ=5.67 . 10-8 W.K-4.m-2 the Stefan-Boltzmann constant. 

 
• The thermal resistances of this simplified thermal model of the boiler are: 

o As a rough estimate for conduction, we will consider the average surface area 
between internal and external surfaces: . 𝑆𝑆𝑇𝑇𝑜𝑜𝑇𝑇𝑇𝑇𝐶𝐶𝑒𝑒𝑆𝑆𝑒𝑒𝑇𝑇𝑒𝑒 = 1.3 𝑚𝑚² 

𝑅𝑅𝐶𝐶𝑜𝑜𝑒𝑒𝑑𝑑𝑑𝑑𝑐𝑐𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒𝑇𝑇𝑜𝑜𝑇𝑇 =
0.06 𝑚𝑚

0.04 W
m. K ∙ 1.3 m²

= 1.15 𝐾𝐾/𝑊𝑊 

o For conduction in the lower part, the surface area is 𝑆𝑆𝐶𝐶𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒 = 0.126 𝑚𝑚² of 
metal: 

𝑅𝑅𝐶𝐶𝑜𝑜𝑒𝑒𝑑𝑑𝑑𝑑𝑐𝑐𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒𝐶𝐶𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒 =
0.002 𝑚𝑚

40 W
m. K ∙ 0.126 m²

= 3.98 ∙ 10−4 𝐾𝐾/𝑊𝑊 

o For convection out of the insulated surface 

𝑅𝑅𝐶𝐶𝑜𝑜𝑒𝑒𝐶𝐶𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒𝑇𝑇𝑜𝑜𝑇𝑇 =
1

htop ∙ 1.47 m²
 

with htop (W.m-2.K-1) considered similar on the vertical wall and on the top cone. 

The convection coefficient in natural convection for a vertical wall and high Grashof numbers 
is determined as follows, using the adequate correlation as presented in Table 12: 

𝐷𝐷𝑁𝑁𝑒𝑒𝑜𝑜𝑇𝑇 = 0.021 ∙ (𝐺𝐺𝑎𝑎𝑃𝑃𝑎𝑎)0.4 

With Prandtl number  Pr = 0.7  and Grashof  number defined from geometry and properties 
of the fluid: 
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𝐺𝐺𝑎𝑎 =
𝑎𝑎𝑔𝑔�𝑇𝑇𝑒𝑒𝑇𝑇𝑒𝑒𝑇𝑇𝑜𝑜𝑇𝑇 − 𝑇𝑇𝑒𝑒𝑒𝑒𝑎𝑎�𝑚𝑚3

𝜐𝜐2
 

where: g=9.81m/s²     𝑔𝑔 = �𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒+𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎�
2

    L=0.8 m height of the cylinder    and ν=15.5 . 10-6 
m²/s air viscosity. 

ℎ𝑒𝑒𝑜𝑜𝑇𝑇 =
𝑚𝑚 ∙ 𝐷𝐷𝑁𝑁

𝑘𝑘
 

where k = 0.026 W/(m.K)  the thermal conductivity of the fluid and L=0.8 m. 

h depends on the temperature of the external surface, which will be calculated while 
resolving the equations. 

o Similarly, the convection on the bottom surface will be determined as follows: 

𝑅𝑅𝐶𝐶𝑜𝑜𝑒𝑒𝐶𝐶𝑒𝑒𝑐𝑐𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒𝐶𝐶𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒 =
1

hbottom ∙ 0.126 m²
 

with hbottom (W.m-2.K-1) convection coefficient in natural convection for a hot horizontal wall 
facing downward. It is determined as follows, using the adequate correlation as presented in 
Table 12: 

𝐷𝐷𝑁𝑁𝑒𝑒𝑜𝑜𝑇𝑇 = 0.27 ∙ (𝐺𝐺𝑎𝑎𝑃𝑃𝑎𝑎)0.25 

With Prandtl number  Pr = 0.7  and Grashof  number defined from geometry and properties 
of the fluid: 

𝐺𝐺𝑎𝑎 =
𝑎𝑎𝑔𝑔(𝑇𝑇𝑒𝑒𝑇𝑇𝑒𝑒𝐶𝐶𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒 − 𝑇𝑇𝑒𝑒𝑒𝑒𝑎𝑎)𝐷𝐷3

𝜐𝜐2
 

where: g=9.81m/s²     𝑔𝑔 = (𝑇𝑇𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑎𝑎+𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎)
2

    D=0.4 m size of the bottom disk    and ν=15.5 
x10-6 m²/s air viscosity. 

ℎ𝑎𝑎𝑜𝑜𝑒𝑒𝑒𝑒𝑜𝑜𝑒𝑒 =
𝐷𝐷 ∙ 𝐷𝐷𝑁𝑁

𝑘𝑘
 

where k = 0.026 W/(m.K)  the thermal conductivity of the fluid and D=0.4 m. 

h depends on the temperature of the external surface, which will be calculated while 
resolving the equations. 
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Table 12: Useful correlations for natural convection from the literature 

 

 
• Resolve the energy balance of the boiler. 

The excel spreadsheet in resource file shows the resolution of the system. The balance is 
found by solving equations of Pcond-convTop which gives TextTop and then equations of PcondBottom 
which gives TextBottom. A view of the excel file is shown in Figure 21, on the last page. 

 
• Figure 20 gives the temperatures and the heat fluxes in the system. 

 
Figure 20: Schema of the energy balance of the distillation boiler with results of the energy balance for 

average radiation conditions 

 

• It can be seen on Figure 21 that the thermal losses calculated are very low and 
represent only 5% of the solar power absorbed on the bottom of the boiler. With an 
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absorbed solar power of 2984W, which should be the average according to solar 
resource in Tacna, the model predicts: 

o 52 W of thermal losses by conduction and convection through the insulated 
part of the boiler, 

o 75 W of radiative losses by infrared,  
o 24 W of convection losses from the bottom surface. 
o 2832 W of useful power.  

 
4.2. The thermal efficiency of the boiler is then 95% (=2832W/2984W). This is very optimistic 
in comparison to the 74% used from literature in the first case (class activity). This simple 
thermal balance obviously underestimates the losses, in comparison to results obtained by 
Anjum Munir in his PhD (Munir 2010). 
This may be due to the simplified geometric configuration that neglects the discontinuities in 
the insulation. The temperature of the bottom surface is also calculated considering a perfect 
heat transfer in the boiler, so that the internal wall of the bottom surface is at 100°C, the 
same temperature as the boiling water. The convection coefficient in boiling water is very 
good, but the temperature of the bottom surface of the boiler might be higher in reality. 
Additionally, the hypothesis has been made using natural convection around the boiling tank. 
If there is any wind, the situation changes to forced convection of air around the tank. This 
can raise the losses significantly. 
To be more realistic and not overestimate the production capacity of the system, the value of 
74% thermal efficiency will be used in the following. 
 
5. For fresh oregano, experimental results gave 27.9 mL/10kg of oregano oil with 3.36 kWh 
energy consumption using chopped oregano and 6.46 kWh with unchopped oregano. 
5.1. So the efficiency of the distillation 𝜂𝜂𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑜𝑜𝑒𝑒𝑒𝑒 = 27.9𝑒𝑒𝑚𝑚

3.36𝑘𝑘𝑘𝑘ℎ
= 8.3𝑚𝑚𝑚𝑚/𝑘𝑘𝑊𝑊ℎ. 

5.2. In Tacna, 1250 small farmers cultivate 1300 hectares of oregano. This means a 
producer cultivates roughly 1 ha (« Tacna, primer productor de oregano del Perú » 2015). 
Additionally, the production is especially good in Tacna, with 3400 kg of dried oregano per 
hectare, or 16000 to 17000 kg of fresh oregano per hectare (« Producción de orégano 
(página 2) - Monografias.com » 2015). So a small farmer can produce up to 17000 kg of 
fresh oregano per year on a hectare of land dedicated to this plant. This production is 
therefore a potential of 47.4 L (= 17000kg . 27.9mL/10kg) of essential oil of oregano. 
5.3. Based on previous calculations, what quantity of oregano can be processed yearly with 
the 8 m² solar concentrator? How much essential oil can be extracted in a year? Suggest the 
reasons why the use of the system should be promoted.
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Table 13: Useful solar energy (absorbed on the surface of the boiling tank) and useful thermal energy 
for distillation in a monthly average day for Tacna, Peru. + Essential oil yield achievable with solar 

concentrating distillation technology 

 Solar energy 
absorbed on the 

absorbing surface 
of the boiling tank 
𝑬𝑬𝒂𝒂𝒂𝒂𝒂𝒂     (kWh/day) 

Estimated 
Thermal energy 

useful for 
distillation 

Eth = 0.74 ∙ 𝑬𝑬𝒂𝒂𝒂𝒂𝒂𝒂 
(kWh/day) 

“useful” work days 
per month (assuming 

5 days work/week 
and 80% of solar 

hours used) 
(day/month) 

Essential oil production 
 

(𝜼𝜼𝒆𝒆𝒂𝒂𝒂𝒂𝒆𝒆𝒆𝒆𝒕𝒕𝒆𝒆𝒂𝒂𝒆𝒆 𝒐𝒐𝒆𝒆𝒆𝒆 = 𝟖𝟖.𝟑𝟑 𝒆𝒆𝒎𝒎/
𝒌𝒌𝒌𝒌𝒉𝒉) 

 
(mL/month) 

January 16.8 12.4 18 1820 

February 17.0 12.5 16 1670 

March 22.6 16.7 18 2460 

April 29.7 22.0 17 3130 

May 32.1 23.8 18 3490 

June 32.8 24.3 17 3450 

July 32.8 24.3 18 3570 

August 31.7 23.5 18 3450 

September 30.2 22.3 17 3180 

October 27.6 20.4 18 3000 

November 25.7 19.0 17 2700 

December 20.7 15.3 18 2250 

Total    34160 

 
Making the most of the solar resource in the region of Tacna in Peru, the total production of 
oregano essential oil can reach approximately 34 L in a year. This would correspond to the 
processing of 12 200 kg of fresh oregano, which corresponds to 72% of a small farmers 
production. In regions less productive for oregano, the entire production could be processed 
using a single solar distillation unit. Another way would be to arrange the time schedule to 
use any hour of sun to distillate. A producer could also choose to distillate only part of his 
production. According to the potential added value distillation can bring to the product (see 
Appendix A. for a small note on this economic issue) it would help the producer to improve 
his income significantly. 
So in the sunny region of Tacna, the combination of oregano production and solar 
processing would be very profitable.  
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FURTHER SUGGESTED MATERIAL 
 

• MANUAL OF CONSTRUCTION OF SCHEFFLER SOLAR CONCENTRATOR  
Ruelas, José, Gabriel Pando, Baldomero Lucero, et Juan Tzab. 2014. « Ray Tracing Study 
to Determine the Characteristics of the Solar Image in the Receiver for a Scheffler-type Solar 
Concentrator Coupled with a Stirling Engine ». Energy Procedia, 2013 ISES Solar World 
Congress, 57: 2858-66. doi:10.1016/j.egypro.2014.10.319. 
 

• DOCTORATE ON SOLAR DISTILLATION SYSTEM USING SCHEFFLER SOLAR CONCENTRATOR 
Anjum Munir. 2010. « Design, Development and Modeling of a Solar Distillation System for 
the Processing of Medicinal and Aromatic Plants ». Witzenhausen: Universität Kassel / 
Witzenhausen. http://kobra.bibliothek.uni-kassel.de/bitstream/urn:nbn:de:hebis:34-
2010081033973/3/DissertationMunir.pdf 
 

• MONOGRAPHY ON OREGANO PRODUCTION IN PERU, 2012 
Spanish versión (in a web page): 
« Producción de orégano - Monografias.com ». Accessed January 18. 2015. 
http://www.monografias.com/trabajos57/produccion-oregano/produccion-oregano.shtml  
« Producción de orégano (página 2) - Monografias.com ». Accessed January 18. 2015. 
http://www.monografias.com/trabajos57/produccion-oregano/produccion-oregano2.shtml  

 
English version (without figures and tables): 
« Production of oregano | Akimoo ». Accessed January 17. 2015. 
http://www.akimoo.com/2012/production-of-oregano/  
 

• EXCEL FILE WITH THERMAL MODEL OF THE SOLAR DISTILLATION UNIT  
See the annexed file. 
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Figure 21: View of Excel file with energy balance of the solar boiler 
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APPENDIXES 

• ADDITIONAL THOUGHTS 
FURTHER REFLECTIONS ON THE INEQUALITY OF REVENUES AND THE FAVORABLE POSITION OF 
EDUCATED PEOPLE 
As an engineer, what salary would you accept to work for as a miner? In reality, the 
“unspecialized” jobs are paid at a much lower rate, regardless of their difficulty. In this sense, 
it appears educated people exploit the uneducated people. Education is important, but is it 
fair that being educated gives you so much more economical power? 

EFFECT OF THE ALTITUDE IN THE DISTILLING SITE 
It is interesting to discuss the effect of altitude. In the mountain, the boiling temperature of 
the water will be lower than 100°C. This is favorable from the energy point of view, but one 
should investigate the effect of this on distillation efficiency in terms of extraction of essential 
oil. 

ECONOMIC ANALYSIS 
A quick economic analysis shows the important added value gained by the oregano through 
the distillation process. 

Table 14: Economical analysis of oregano: dried or essential oil 

Essential oil energy 
consumption 

8.30 mL/kWh 

Essential oil yield 27.9 mL/10kg fresh 

oregano 17000 kg fresh/ha 

oregano 3400 kg dry/ha 

dry oregano, at the farm, 
value 

1 $/kg 

dry oregano, exportation, 
value 

2 $/kg 

dry oregano, value 6800 $/ha 

essential oil 47.43 L/ha 

essential oil (source: 
youngliving) 

2400 $/L 

essential oil, value 113832 $/ha 

16.74 times more added value in essential oil, than in dry oregano! 

33.48 times more added value in essential oil, than in oregano on the farm! 
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OTHER SOLAR APPLICATIONS IN THE SOUTH OF PERU 
Solar energy is well developed in the South of Peru: Arequipa is a city where many rooftops 
are equipped with a solar thermal collector for domestic hot water. 

The Scheffler reflector is also currently used for various applications related to food 
processing, including roasting of coffee or cacao. The economic opportunity the technology 
provides seems to be utilized. 

• SOLAR RADIATION IN PROVENCE, SOUTH OF FRANCE: DATA FROM PVGIS. 

• USEFUL MAPS OF PERU. 
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Map of solar resources of Peru with main cities (http://4.bp.blogspot.com/-
XVKsTdi8RUg/UIkrONVliAI/AAAAAAAABQI/Nm810PNb4VY/s1600/Mapa+solar+de+Per%C3%BA.jpg 
) 
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« SolarGIS: Free solar radiation maps download page - GHI ». 2015. Consulté le janvier 

18. http://solargis.info/doc/free-solar-radiation-maps-GHI. 
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« Free download of solar radiation map - DNI: SolarGIS ». 2015. Consulté le janvier 18. 
http://solargis.info/doc/free-solar-radiation-maps-DNI#P. 

 

 

Maps of the provinces in Tacna 
(http://www.tvsurperu.com/informacion/tacna/mapa_departamental.jpg ) 
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