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Summary 

 
This project was made for Unidad Multidisciplinaria de Docencia e Investigación (UMDI-
UNAM) in Sisal, it aims to provide information regarding the use of energy as well as 
alternative power supply. Except for some site measurements all work was realized at the 
Centro de Investigación en Energías (CIE-UNAM) in Cuernavaca, Mexico during the first 
half of 2008.  
 
The study investigates the use of wind and solar technologies to supply the estimated power 
demand of an intensive aquaculture facility operating in Sisal, Yucatán. The facility is a 
part of the laboratories of UMDI and used for the growing of octopi. The energy 
demanding processes were characterized and an annual power demand on the basis of hours 
was created. 
 
Subsequently, an evaluation of the wind and solar resource was conducted using one year’s 
wind data from the precise location and one year of solar data from a nearby site. Having 
evaluated the resource, the annual energy production of wind turbines and photovoltaic 
(PV) panels of different capacities were sized to supply the annual energy demand of 
octopus culture facility.  
 
As the power demand evaluation indicated high thermal loads, a supplying strategy 
considering solar thermal energy for parts of the demand was implemented. The use of an 
absorption chiller machine was studied, intended to cover the air conditioning 
requirements. This approach aimed to lower the electricity demand and ease the pressure on 
the wind turbines and PV modules.     
 
Having calculated first approximations of wind turbine and PV capacity as well as 
considered parts of the energy demand supplied by thermal energy, these applications were 
integrated to a diverse system together with conventional alternatives such as diesel 
generators, batteries and the electrical grid. System configurations were optimized using 
HOMER (Hybrid Optimization Model for Renewable Energies), in which it is possible to 
modulate hybrid system in operation. Systems are ranked by the software according to their 
cost-effectiveness. The payoff time of the four most interesting system configurations was 
calculated intending to present a long term alternative to the electrical grid.     
 
Finally, a short risk analysis was made since Sisal is located in the tropical area receiving 
strong annual winds. A brief assessment of the situation was done based on more than four 
decades of wind data.   
 
Results indicated interesting wind and solar resources with an annual average wind speed 
of 5.8m/s at 20m height and an annual global solar radiation of 2160kWh/m2 for a fixed 
plane of optimum tilt.  
 
Once studying hybrid systems in HOMER, wind power evolved as the most favorable 
technology for electricity production when dominating the annual energy generation. 
However, as the wind is irregular by nature, a large storage capacity or auxiliary power 
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input was required to maintain a continuous supply. This issue was best solved using a grid 
connection which already exists at the site and can provide low-cost and secure auxiliary 
input. Hence, the overall best proposal was identified as being a wind power/electrical grid 
hybrid system with an energy production cost of 0.075US$/kWh and a payoff time of five 
years.  
 
It is however ultimately hard to safely recommend the installation of wind turbines. 
According to historical wind records a turbine could experience several occasions of wind 
speeds higher than those recommended during its expected lifetime.  
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Wo  most suitable turbine capacity based on annual energy demand [W] 
z0 surface dependent factor, log wind profile [m] 
 
Greek symbols 

 

α  wind power law index [-] 

sα  solar altitude [º] 

β  plane tilt [º] 

γ  azimuth angle [º]  

sγ  solar azimuth angle [º] 

δ  declination [º] 
η  efficiency [%] 

PVη  photovoltaic module efficiency [%] 

θ  angle of incidence [º] 

zθ  zenith angle [º] 

ρ   density [kg/m3] 

σ  standard deviation [ms-1] 

φ   latitude [º] 

ω  hour angle [º] 
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Introduction 
 
The village of Sisal can be found on the Yucatán peninsula of México (Fig. i). It is located 
on the coast of the Gulf of México, 45km north-west of the state capital Mèrida. Fifty 
kilometers south-west, along the coast, lays the city of Celestún and 40km eastwards the 
important port of Progreso. In 2003 the Universidad Nacional Autónoma de México 
(UNAM) established a research center in Sisal called Unidad Multidisciplinaria de 
Docencia e Investigación (UMDI), as a part of the Science Department. The 
multidisciplinary center includes offices, lecture halls as well as laboratory areas where 
parts of the research have been focused on aquaculture.  

 

 
Figure i. The Yucatan peninsula of Mexico. 

 
Aquaculture is the growing of aquatic species in basins. This can be done in a great 
diversity of sizes ranging from a few species per water tank to artificial lakes with many 
thousands of animals. Principally, aquaculture can be divided into intensive and extensive 
production where the first indicates much higher production rates than the latter. More so, 
intensive aquaculture normally requires high initial investment and the need for continuous 
environmental control, since stocking densities are high and there are many critical points 
in the production chain and the lifecycles of the species. As control systems grow in 
complexity, the continuous power requirements to operate equipment such as pumps, 
blowers, feeders, chillers and heaters increase and become one of the main expenses.  
 
Until today, electricity production worldwide has to a vast extent been based on the 
combustion of fossil fuels or nuclear power, both in centralized plants. This way of 
generating electricity is on a long term neither effective nor sustainable [Twidell and Weir, 
2006]. Transporting and transforming electricity is connected to problematic efficiency 
losses and high quality energy is used for low quality jobs like heating and cooling. Further 
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more, phenomena like global warming due to greenhouse gas emissions has received the 
world’s attention since the effects climate change are becoming unavoidably visible.  
 
Electricity generation in Mexico is primarily based on thermoelectric plants, (Fig. ii) 
burning fossil fuels such as diesel and natural gas [CFE, 2008]. Other types of energy 
sources are hydroelectric, nuclear and carbon based power plants, a very small fraction 
comes from wind power. The country’s total annual energy consumption has increased 
during the last decades, especially through the use of natural gas and coal (Fig. iii). In the 
same time the extraction of fossil fuels is peaking (Fig. iv) with elevated energy prices as 
result. This could lead to severe adverse effects for countries as México since the power 
generation and transport system is largely dependent on fossil fuels. Energy for power 
generation and transport is fundamental for trade and industrial growth as well as for basic 
processes such as water treatment and distribution. A future scenario is conceivable in 
which energy prices increase until alternative solutions become essential for the society to 
function.  

 
Figure ii. Mexican power production by sector in 2008. (Adopted from www.cfe.gob.mx, 2008). 

 

 
Figure iii. Consumption of hydrocarbons for electricity generation in México from 1986 to 2006. 



 

 3 

 

 
Figure iv. Projected global oil and natural gas production with the Hubbert curve. 

 
Many countries are realizing changes in the way they generate energy; for example in parts 
of Denmark 50% of energy necessities are supplied by wind energy [Benitez, et al., 2008] 
and Iceland covers 89% of its residential heating and hot water requirements with 
geothermal energy [Energy Statistics in Iceland, 2005]. Countries such as Canada, Poland, 
Turkey, New Zealand and Taiwan all installed more than 100MW in wind power capacity 
during 2007 [home.wxs.nl/~windsh/, 2008]. World wide, sustainable energy is evolving as 
a solution and alternative to the burning of fossil fuels.  
 
The advantage, and on the other hand, the challenge of applications such as wind turbines 
and solar panels is its source of energy. As the energy source is naturally accessible in the 
environment, operation costs decline but the operation itself become inevitably dependent 
on the presence of the source. This generates a situation of immediate source dependence 
which is hard to accept. What conventional energies can offer, and what society throughout 
the past half century has gotten used to is reliability. The awareness of knowing that energy 
will be present on a future date is fundamental for every industrial process. But no one can 
guarantee future environmental conditions based on historical information.  
 
Many sustainable energy technologies are characterized by high initial costs, making them 
hard to be considered as common possessions, i.e. items anyone could purchase for 
domestic use. This generally limits the distribution of technology to governments, 
organizations and corporations. When sustainable energy technologies can provide a 
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trustworthy output with an acceptable initial investment; then it will be ready for the 
common public and transform to the corner stone of the future energy world.   
 
As many other industries, intensive aquaculture requires absolute control of its energy 
supply. The specie’s sensitive environmental requirements do not allow interruptions or 
hasty variations. No aquaculture facility is equal, although most share common conceptual 
designs. Some of the largest aquaculture research facilities in México can be found at the 
laboratories of the UMDI. They provide a good model to base initial calculations on, power 
demand and eventual solutions could later be escalated to other volumes and areas.  
 
This project focuses on one typical aquaculture facility of the UMDI. It uses the facility’s 
present processes and power demands as a reference, and investigates alternative energy 
strategies to maintain any similar aquaculture facility. The energy sources examined are 
solar and wind power, using resource data from the region. A characterization of the power 
demand is firstly done (Chap.1), followed by an evaluation of the wind and solar resource 
(Chap.2). Based on the existing resource, output capacities are calculated for wind turbines 
and photovoltaic modules in order to meet the annual energy demand of the aquaculture 
facility (Chap.3). A non-electrical strategy is applied where parts of the thermal loads are 
supplied by an absorption chiller machine (Chap.4). The investigated components are 
integrated under ordinary operational conditions to find the most cost-effective system 
design (Chap. 5). Finally, a short risk analysis is done concerning hurricane winds 
(Chap.6).    
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1     Power demand characterization of the aquaculture unit  

1.1   Introduction 

 
In the aquaculture facilities of UMDI species such as fishes, octopuses or shrimps, can be 
cultivated and studied. Among the species of interest is the Octopus Maya. One entire 
aquaculture facility is devoted for studies on this specie in different stages of life. Meaning 
that the equipment throughout this octopus culture unit will not be the same everywhere, 
however the basic processes are alike. Most aquatic species require specific environmental 
conditions, such as temperature and salinity. In intensive aquaculture these are conditions 
which are continuously controlled and kept inside certain intervals to provide the 
appropriate environment. Not only to ensure that the specie can be cultivated but to support 
growth and reproduction. 
 
In our work, we considered the use of sustainable energy sources in order to diminish the 
energy consumption from the electrical grid. However, to supply or even modify the power 
demand a basic understanding of the facility in Sisal is required; this was accomplished by 
studying the energy demanding processes existent in the octopus unit. This chapter aims to 
shortly describe the processes typical for a small aquaculture facility and structure the 
demand so it can be analyzed. The objectives are as follows: 
 

• Describe the processes related to energy consumption of the octopus culture unit at 
UMDI in Sisal 

• Estimate the power demand under typical climate and operation conditions on an 
hourly basis. 

1.2   Method 

 
The first step was to get familiarized with the octopus culture unit through the observation 
of processes and with the assistance provided by the personnel and researchers. The 
equipment and water tanks were counted, measured and classified by their corresponding 
function. The equipment’s electrical power consumption was measured with a power 
quality analyzer (Fluke 43B). This instrument gave an instantaneous value of the power 
demand which later had to be adjusted since not all equipment operated continuously. The 
electricity consumption of seven devices, five small heaters and two pumps, was not 
measured; their power demand was estimated based on similar equipment. In Appendix C 
the power demand of all measured and estimated equipment is presented in detail. 
  
The data used to represent the climate conditions was limited to ambient temperature only, 
the direct effect of wind, precipitation or solar radiation was not considered. A record of 
monthly average temperatures from Sisal was used to estimate the long term variations. 
Data was taken from historical recordings between 1961 and 2006, obtained from Comisión 
Nacional del Agua (CNA) in Mérida.    
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1.3   Results 

1.3.1 The octopus culture unit 

 
In figure 1.1 the overall marine aquaculture research park of the UMDI can be seen. On the 
far left hand side, parts of the offices and laboratories are present, and from the center to the 
upper right corner of the figure 1.1 several aquaculture units of different research fields. 
The octopus culture unit can be found at the bottom of the picture enclosed by broken lines. 
The black cylindrical water reservoirs represent the water inlet to the unit and the 
underground water outlet is embodied by the arrow on the right hand side. In total the 
octopus unit holds 106 water tanks of different sizes with an overall water volume of 
34.5m

3
; it is almost 13m long and uses around 40 electricity consuming devices, not 

including the lights. Table 1.1 and 1.2 show short summaries of the sizes and equipment of 
the octopus unit, in Appendix A, B, C and D more extended data can be found together 
with a basic layout of the tanks and equipment.      
 

 
Figure 1.1. Overview of the marine aquaculture research park of the UMDI in Sisal, the octopus culture unit is 
enclosed by broken lines. 
 

 

   
Table 1.1. Approximate sizes and properties of the octopus culture unit in UMDI-Sisal. 

Long 12.8m 
Wide 3.0m 
High 3.0m 

Number of tanks 106 
Volume of water 34.5m3 
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Table 1.2. Type and number of equipment existent in the octopus culture unit in UMDI-Sisal. 

Equipment Number of units 

Pumps 14 
UV-filters 8 

Lights (fluorescents) 30 
Heaters 5 

Heater/chiller (combined) 1 
Chillers 7 

Air conditioners 6 
Oven 1 

Ozone filter 1 

 

1.3.2 Tank environment control 

 
The fundamental environmental needs for most aquatic species in aquaculture are: an 
adequate level of dissolved oxygen, temperature, salinity and pH values. Low dissolved 
oxygen levels quickly provoke severe physiological stress to the animals. Temperature 
regulates most physiological processes and should be kept steady when hasty temperature 
variations will be harmful. Salinity is related to food consumption as well as conversion 
efficiency and therefore to the growth of the animals. The pH value is important on a longer 
term as an unclean tank environment can turn the water toxic.  
 
In the octopus culture unit, the oxygen level is maintained by continuously changing the 
water in the tanks and by aerating blowers. The changing of water in the tanks is done 
through a loop system, circulation the same water through a number of equipment before 
returning it to the tank again. When the water is in movement transference of oxygen 
occurs at the water’s surface, between the droplets and the air, thus elevating the oxygen 
concentration. Good water circulation as well as aeration helps to keep the water mixed, 
avoiding temperature and salinity stratification in the tank. On its travel, the circulating 
water passes through chillers and heaters in order to regulate its temperature (Fig. 1.2), 
these thermal processes are controlled by a thermostat. The water also passes a number of 
filters; in the octopus unit there exist four different types. Two are biological filters of 
different type that use populations of microbes feeding on the nutrients in the water (Fig. 
1.2); these do no consume electricity directly. The other two, an ultraviolet (Fig. 1.2) and 
ozone filter, do consume electricity. Since the same water (sea water) is reused in the loop 
system no automatic control is done on the salinity levels, it is however regularly examined 
by manual sampling. The pH value is regulated by the filters and in some areas by 
exchanging the water with an outside source. Water exchange is done twice a day after 
feeding when the water is heavy from suspended solids (90% feces and food remains). This 
is done by introducing water from an outside source while draining approximately 20% of 
the tank’s water content (from the upper level, see section 1.3.3).  
 
For this work oxygen is the most critical environmental condition. Salinity and pH values 
are not foreseen too change dramatically during a power black out, neither will the water 
temperature be vital on a shorter period due to its heat storage capacity. On the other hand, 
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dissolved oxygen concentrations could rapidly decrease towards critical levels when the 
animals continue respiring. This makes pumping the single most important energy 
demanding process of the octopus culture unit.                 
 

 
Figure 1.2. Fundamental equipment required to operate a water tank assembly in intensive aquaculture: a 

pump, temperature regulator and filters. Taken from the octopus culture unit in UMDI-Sisal. 

 

1.3.3 A typical aquaculture arrangement in the octopus unit  

 
In the octopus culture unit one set of equipment, integrated by a pump, filters and 
temperature regulators can be used for several tanks; all these components together can be 
called an arrangement. A schematic of a typical arrangement in the octopus unit is 
presented in figure 1.3. The typical arrangement consists of a certain number of smaller 
tanks placed above one large collector tank. The tanks of the upper level are used to keep 
the species, there blowers aerate the water and the water surface level is controlled by a 
pipe. On the side, a pump is circulating the water through a number of filters and heater 
and/or chillers before the water returns to the upper tanks again. The same pump also 
operates the blowers. Two times per day water is extracted from the upper tanks using a 
hose to clean the tank bottom of feces and food remains. This is done without electrical 
equipment, taking advantage of the siphon effect. Once having cleaned the tanks, new 
water is pumped into the collector tank on the lower level from the outside reservoirs.   
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Figure 1.3. Schematic of the components constituting an intensive aquaculture arrangement in UMDI-Sisal, 

the curved arrows indicate the direction of the water flow. 
 

1.3.4 Estimation of annual hourly power demand 

 
The annual hourly power consumption and annual energy demand of the octopus culture 
unit are the parameters of study of our work. Once the electricity consumption has been 
estimated, it is possible to explore alternative strategies to satisfy the power demand; this is 
what following chapters will do. 
 
Identifying some characteristic days for the study 
 
The electrical power consumption of the equipment was measured instantaneously; 
therefore estimations of the daily as well as the annual utilization had to be done. The year 
was divided into three levels of consumption depending on the ambient temperature (Fig. 
1.4). The consumption level in January and December where classified as low, in February, 
Mars, October and November it was categorized as medium, and in the months from April 
to September as high. The reason for this type of classification is that a large proportion of 
the equipment is intended for cooling water and spaces. In other words, an increased power 
demand is expected during the warmer periods.  
 
Since UMDI is a research centre it follows the semester system like any other academic 
institution, yet for simplifying reasons the facility was assumed to be running throughout 
the year with no exception for holidays.      
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Figure 1.4. Monthly average ambient temperature in Sisal between 1961 and 2006, divided in three levels of 

consumptions. In each level the equipment of the octopus culture unit is expected to operating similarly. 

 
A daily characteristic usage pattern for all electrical equipment was developed for the 
different consumption levels of the year. The day was divided into 5 stages depending on 
ambient temperature and working hours where in every stage the equipment is expected to 
function similarly,

1
 e.g. all lights constantly turned on between 8 AM to 6 PM. The five 

time stages of the day were defined as follows:  
 

• 00:00-07:59 (eight hours) 

• 08:00-10: 59 (three hours) 

• 11:00-17: 59 (seven hours) 

• 18:00-20: 59 (three hours) 

• 21:00-23: 59 (three hours) 
 
In table 1.4 the estimated daily characteristic usage pattern is presented. It is based on the 
idea that some equipment are continuously operating throughout the day, (all UV-filters 
and pumps except pump 3) while others vary. The water heaters and chillers are assumed to 
be turned on automatically when the water temperature goes above or below a certain 
threshold value. For example “All heaters small” only operate between midnight and 8 AM 
during the cooler months and “All chillers” are always running around midday when the 
ambient temperature peaks. Some equipment are turned on and of manually by the 
personnel like the lights and the oven. One pump (pump 3) is in total used for only one 
hour per day.  
 
 
 

                                                   
1 Except for one pump (pump 3) used 2 times per day to import water from the outside reservoirs after having 
extracted water with the siphon 
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Characteristic air conditioning power demand 
 
According to the personnel operating the octopus unit, the air conditioning (AC) is turned 
on during working hours through the cooler months, while during the warmer months 
(April to September) it is running 24 hours a day. However since the AC is working in 
cycles its consumption pattern needed special attention. An air conditioner works in phases, 
mainly depending on the temperature and size of the space it is cooling. These different 
phases do not consume power equally. An assumption was made that the air conditioners of 
the octopus unit only worked in a two-phase cycle, where they were either turned on or 
turned of. Another assumption was that the length of the cycles would not present changes 
throughout the day. During operation the power consumption was expected to be its 
measured instantaneous value. For the three different periods of the year the estimations 
made on the cycles can be seen in Table 1.3. The table begins with the two-phase cycle 
expressed in minutes and ends up with a run factor that is multiplied with the measured 
power consumption (18.24kW) to get an estimation of an average power demand per hour. 
This demand can now be used as any other of the hourly power demands, but it must no be 
forgotten that the peak power demand is the measured instantaneous value even though for 
most calculations the hourly average is used. For energy calculations longer than an hour 
no consideration is taken regarding the averaged AC demand. This makes sense since 
calculating with the averaged AC demand, or the actual AC demand including the operation 
cycle will yield the same energy amount for any full hour. However, caution must be taken 
when doing calculations involving peak power demands, as will be seen in the system 
operation calculations in chapter 5.       
 
Table 1.3. Estimations of operating time for the air conditioner and development of a run factor determining 
the averaged AC power demand. 

Consum. 
level 

Turned on 
[min] 

Turned of 
[min] 

Cycles/hour 
[#/h] 

Run time/hour 
[min/h] 

Run factor 
per hour [-] 

Averaged AC power 
demand [kW] 

Low 10 10 3.00 30.00 0.50 9.12 
Medium 15 8 2.61 39.13 0.65 11.90 

High 20 5 2.40 48.00 0.80 14.59 
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Table 1.4. Estimated daily power consumption pattern during the three consumptions of the year for the 
octopus culture unit at UMDI in Sisal, see section 1.3.4. 

  
Consumption level: 

Low 
Consumption level: 

Medium 
Consumption level: 

High 

  Mon-Fri Sat-Sun Mon-Fri Sat-Sun Mon-Fri Sat-Sun 

Time of 
the day 

Equipment 
operating 

Power 
[kW] 

Power 
[kW] 

Power 
[kW] 

Power 
[kW] 

Power 
[kW] 

Power 
[kW] 

00:00-
07:59 

All pumps (not 
Pump 3) 9.55 9.55 9.55 9.55 9.55 9.55 

 All UV-filters 0.16 0.16 0.16 0.16 0.16 0.16 

 All heaters small 2.00 2.00 0 0 0 0 

 All chillers 0 0 0 0 3.79 3.79 

 Heater/chiller 0 0 0 0 1.74 1.74 

 AC 0 0 0 0 14.59 14.59 

08:00-10: 
59 

All pumps (not 
Pump 3) 9.55 9.55 9.55 9.55 9.55 9.55 

 All UV-filters 0.16 0.16 0.16 0.16 0.16 0.16 

 All chillers 0 0 0 0 3.79 3.79 

 Heater/chiller 0 0 0 0 1.74 1.74 

 AC 0 0 11.90 0 14.59 14.59 

 Oven 3.22 0 3.22 0 3.22 0 

 Lights 1.77 1.77 1.77 1.77 1.77 1.77 

11:00-17: 
59 

All pumps (not 
Pump 3) 9.55 9.55 9.55 9.55 9.55 9.55 

 All UV-filters 0.16 0.16 0.16 0.16 0.16 0.16 

 All chillers 3.79 3.79 3.79 3.79 3.79 3.79 

 Heater/chiller 1.74 1.74 1.74 1.74 1.74 1.74 

 AC 9.12 0 11.90 0 14.59 14.59 

 Oven 3.22 0 3.22 0 3.22 0 

 Lights 1.77 1.77 1.77 1.77 1.77 1.77 

 Pump 3 (1 h) 0.76 0.76 0.76 0.76 0.76 0.76 

18:00-20: 
59 

All pumps (not 
Pump 3) 9.55 9.55 9.55 9.55 9.55 9.55 

 All UV-filters 0.16 0.16 0.16 0.16 0.16 0.16 

 All chillers 0 0 0 0 3.79 3.79 

 Heater/chiller 0 0 1.74 1.74 1.74 1.74 

 AC 0 0 0 0 14.59 14.59 

21:00-23: 
59 

All pumps (not 
Pump 3) 9.55 9.55 9.55 9.55 9.55 9.55 

 All UV-filters 0.16 0.16 0.16 0.16 0.16 0.16 

 All chillers 0 0 0 0 3.79 3.79 

 Heater/chiller 1.74 1.74 1.74 1.74 1.74 1.74 

 AC 0 0 0 0 14.59 14.59 
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Considering characteristic weeks  
 
When estimating the power demand, differences were made between weekdays and 
weekends. Consequently, the shortest amount of time possible to define as one cycle 
became a week. For each of the three consumption levels of the year a characteristic week 
was established, assuming to repeat itself throughout the respective period. In figure 1.5 the 
power demand for a characteristic week can be seen for all three consumption levels, in 
table 1.5 a summary of this data is presented. As seen in figure 1.5, the power demand 
seems to peak around noon, during the hot working hours of the day. Throughout the 
summer months the power demand is uninterruptedly high, varying between approximately 
30 and 35 kW. For the other periods of the year the gap is much larger, in the order of 9 to 
32 kW (consumption level: Medium) and 9 to 29 kW (consumption level: Low). The total 
annual energy demand for the octopus unit using the described method was estimated to 
216.8 MWh.    
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Figure 1.5. One week’s estimated power demand of the octopus culture unit for a Low, Medium and High 
consumption level. The weeks are characteristic for the respective period which themselves are defined by 

ambient temperature, see section 1.3.4. 

 
Table 1.5. Electrical energy consumption of the octopus culture unit, see section 1.3.42. 

Consumption level Energy per week [kW h] Number of weeks Energy [MW h] 

Low 2822.1 9+1day 25.8 
Medium 3026.2 17 51.4 

High 5366.4 26 139.5 
Total  52+1day 216.8 

                                                   
2
 Since the weeks do not exactly fit in months there are a few days of overlap between the changing of 

consumption level. Through all situations like this the week was finished in its original level and a new week 
begun as soon as possible.  
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1.3.5 Estimation of annual power demand per equipment type 

 
A further line of interest lies in the energy consumption per equipment type. It has earlier 
been seen that each piece off equipment in the octopus unit has a special purpose, e.g. some 
are meant to do thermal jobs while others are moving water and blowing air. A detailed 
separation of the load types is important, especially since this work aims to supply the 
power demand with sustainable energy sources, allowing a variety of strategies to be 
considered. As the loads types diverge, different supplying alternatives become interesting. 
To examine the individual contributions to the total demand, the annual energy 
consumption per type off equipment was summed and can be seen in table 1.6. The 
constantly working pumps constitute the largest annual energy demand, followed shortly by 
the AC. As a whole, the cooling and heating of water and spaces dominate, constituting 
52.2% of the total consumption, where the AC alone represents 35.9 % of the total annual 
energy demand.  
 

 
Table 1.6. Estimated annual energy demand by type off equipment, see section 1.3.5. 

Equipment Energy demand [MWh] Contribution to demand [%] 

Pumps 83.7 38.6 

AC 77.8 35.9 

Chillers 21.4 9.9 

Heat/chill 12.3 5.7 

Oven 11.8 5.4 

Lights 6.5 3.0 

Heaters 1.7 0.8 

UV filters 1.4 0.6 

Pump 3 0.3 0.1 

Total 216.8 100.0 

1.3.6 Estimation of true peak power  

 
When the hourly power demand was developed, the AC consumption was averaged per 
hour although it cycles are shorter. This means that the estimated power demand would 
illustrate a lower peak power than what was actually real. Hence, an estimation of the true 
peak power is required.  
 
In table 1.4 an estimated daily consumption pattern is presented. It shows the power 
demand per type of equipment for five periods throughout the day. Summing the power 
demands for each respective period would give the total demand for every stage. For the 
periods including the AC usage, their AC power consumption was subtracted from the total 
demand and the true AC demand (18.24kW) added. By doing this, it was found that the true 
total peak power for all consumptions was 39kW. 
 
For calculations in subsequent chapters it is important to know by how much the true power 
demand would affect the total averaged demand. This can be calculated by searching the 
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characteristic weeks for the highest difference between the total averaged demand and a 
total demand including the true AC peak power (and not the AC average demand). A 
maximum difference was found in the months classified as having a low consumption level, 
where the power increase was 31.0%. That is, if using the hourly power demand, the 
highest increase in peak power due to the averaging of the AC demand is 31.0%.        

1.3.7 Comparison and sensitivity of the estimated power demand 

 
In order to verify whether the estimation of the octopus unit’s power demand seems 
reasonable, a comparison was made with an annual electricity bill of the UMDI. It should 
be said that this is a very rough comparison since the UMDI comprises various buildings 
for different purposes and the relation between electricity demands and number of facilities 
is not necessarily linear. In addition it is possible that modifications could have been made 
in the existing facilities during the time period which would affect the comparison. Figure 
1.6 presents the relationship between the monthly estimated energy demands of the single 
octopus unit in comparison to the energy consumed by the entire UMDI according one 
year’s electricity bill.3 In general the demands comport in the same manner with high 
energy consumptions during the warmer months; although the estimated demand of the 
octopus unit is much more stable. Throughout the year the octopus represent between 19.9 
and 36.7% of the total monthly electricity demand, having in mind that the octopus unit is 
estimated to be operating without interruptions regarding holidays.  

0

10

20

30

40

50

60

70

80

J
a
n

F
e
b

M
a
r

A
p
r

M
a
y

J
u
n

J
u
l

A
u
g

S
e
p

O
c
t

N
o
v

D
e
c

E
n

e
rg

y
 c

o
n

s
u

m
p

ti
o

n
 [

M
W

h
] 

UMDI Ocopus culture unit

 
Figure 1.6. Comparison between the monthly electricity demand of the octopus culture unit (estimated) and 

the energy registered from one year’s electricity bill of the entire UMDI. 
 

It is of further interest to examine how the estimated power demand responds to changes; 
this was investigated by varying the operating hours for the thermal equipment. The effect 
of only varying these equipment was studied since they stand for more than 50% of the 
annual energy demand while another 40% is represented by the constantly operating 
equipment. If any large changes in the annual demand are expected, they should be based 

                                                   
3 The energy consumption of the electricity bill is taken from the period of September 2006 to August 2007. 
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on the operating hours of the thermal equipment. By increasing, and thereafter decreasing 
the operating hours of all thermal equipment by three hours, the annual energy demand rose 
in the first case by 5.2% while in the second case it declined by 9.0%. 

1.4   Conclusions of the Chapter 

 
The energy demanding processes in the octopus culture unit has been described and 
analyzed, and an hourly annual power demand has been proposed in order to obtain an 
estimated representative behavior of the electricity consumption of the unit. It has been 
stated that the pumping of water is the most vital power demand since it controls the 
oxygen level of the water. More so the oxygen requirement is continuous, meaning that the 
pumps need to be constantly operating 24 hours a day. Because of this continuity and high 
power consumption, pumping is the most energy consuming activity in the octopus unit. 
However as a group process, the cooling and heating of water and spaces contribute to 
more than half of the total annual energy demand, where the AC alone stands for 35.9%.  
 
The estimated monthly energy demand of the octopus unit stands for between 19.9 and 
36.7% of the energy expenditure of the entire UMDI. The annual energy demand is 
estimated to 216.8MWh. It can be expected to rise and decrease with respectively 5.2 and 
9.0% when increasing and decreasing the operation hours of the thermal equipment with 
three hours.  
 
The high demand of the thermal loads along with their relatively minor need for continuity 
make them interesting targets when considering a non-electrical supplying strategy. 
Chapter 4 will investigate the possibility of replacing the current electrical air conditioners 
with AC units powered by thermal solar energy. The rest of the power demand will be 
supplied with electrical energy without considering any new investments in equipment 
operating in the octopus unit. Hence the next two chapters will focus on electricity 
production through wind and solar power generation beginning with an analysis of the 
present wind and solar resources.  
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2     Wind and solar resource evaluation 

2.1   Introduction 

 
The wind resource of the state of Yucatán has not been evaluated as thoroughly as in other 
states of México that possibly hold a more obvious potential. Consequently, the 
development of wind power farms has followed the same pattern. In the State of Yucatán 
there exists no power generation as in, for example, La Venta I and II in the State of 
Oaxaca or Central Eólica de Guerrero Negro, in the State of Baja California Sur. Yet, there 
are anemometric towers installed in a number of locations throughout the state, and with 
them, a wind resource data base is being built. In Sisal a measuring tower was installed in 
2005 in the direct vicinity of the UMDI. The tower offers interesting data since it is 
standing directly were the turbines are though to be installed. In this chapter one year of 
data, taken from the anemometric tower in Sisal, is analyzed to characterize the wind 
resource. Located on the Yucatán peninsula Sisal is in an area called the hurricane zone, 
meaning that every year there are strong winds passing the region. This will however be 
treated separately in chapter 6 since extreme circumstance are of no interest to this part of 
the study.    
 
With a latitude of 21ºN, solar applications constitute an interesting alternative for Sisal. 
Especially since the power demand peaks occur during the sunniest hours of the day and 
the days are relatively uniform throughout out the year. The solar resource depends 
basically on two factors, the latitude and the properties of the atmosphere. As can be seen in 
the solar radiation world map in figure 2.1 there is a tendency for stronger solar resource 
closer to the equator. This is because the intensity received by a surface such as the earth is 
in relation to the radiation’s angle of incidence. But solar resource also depends on the 
atmospheric conditions. Before the sun rays reach the earth’s surface it has to pass the 
atmosphere. The intensity is reduced along the way depending on the amount and type of 
molecules. Locations with “dry” air, such as deserts have strong solar resource because the 
atmosphere contains relatively few particles.  
 
The objectives of this chapter are to:  
 

• Create a general picture of the wind and solar resource in Sisal  

• Establish the mathematical expressions required to calculate the power generation 
with wind turbines  

• Determine how much solar energy an all-year fixed plane receive annually, for a 
horizontal as well as tilted surface 
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Figure 2.1. World insolation map, units are in kWh/m2&day.  (Taken from 

http://howto.altenergystore.com/Reference-Materials/Solar-Insolation-Map-World/a43/, 2008). 
 

2.2   Method 

 
Glossary and nomenclature 
 
There exist a number of terms and symbols to represent solar radiation of different type and 
unit, e.g. “irradiance” is used for instantaneous radiation, “irradiation” for hourly radiation 
and so on. Further more, these terms also have corresponding symbolizing letters. To make 
this text easier to read the term “radiation” will be used for all types of solar radiation 
whether it being power or any energy amount during a time period. The following letters 
and subindices are used  
 

Letters  
G instantaneous radiation [W/m2] 

I radiation per unit time (less than a day) [J/m
2
] or [Wh/m

2
] 

 

Subsidence  

o  extraterrestrial radiation (outside the earth’s atmosphere) 

g  global radiation 

b  beam radiation 

d  diffuse radiation 

T  indicates that the surface is tilted away from the horizontal 

2.2.1 Wind data 

 
The wind data has been collected from a single tower (Fig. 2.2) recording at two heights; 
specifically 20 and 40m above ground level. In January 2005 the tower was installed but 
proper data only exists from February 2006. Up to current date the latest data has not been 
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made available; which makes a time period of exactly one year, from February 2006 to 
January 2007 available for investigation.  
 
The data is taken with a frequency of 1Hz (one measurement per second) but what is 
recorded is an average of these data every 10 minutes with the standard deviation of that 
time period. The azimuth angle of the wind was measured with a wind vane (Fig. 2.3) and 
the wind speed was registered by cup anemometers (Fig. 2.4), see table 2.1 for facts about 
the measuring tower.  
 
Through out the year the data is continuous and keeps within reasonable boundaries 
indicating no major technical difficulties or local extreme winds. 
 
Table 2.1. Facts regarding the anemometric tower in Sisal 

Sisal, Yucatán 

Station YC01 
Longitude 90º 02’ 53” West 
Latitude 21º 09’ 53” North 
Site elevation 0 meters above ground level (m.a.g.l) 
Measurements heights 20m and 40m 
Measuring equipment NRG System and Campbell 
Wind direction NRG 200 P 
Wind speed Cup Anemometers Maximum # 40 
Data logger Campbell model CR10X 
Initial date of measure 1 February 2005 
Site Faculty of Science, UMDI-UNAM, Sisal 
Municipality Hunucmá 
State Yucatán 
Station proprietor Instituto de Investigaciones Eléctricas (IIE) 

 

 
Figure 2.2. The anemometric tower in Sisal and its surrounding. (Taken from Instituto de Investigaciones 

Eléctricas, 2008). 
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Figure 2.3. Wind vane measuring wind direction, installed in the anemometric tower in Sisal.  

 

 
Figure 2.4. Cup anemometer measuring wind speed, installed in the anemometric tower in Sisal. 

2.2.2 Solar radiation data  

 
Solar data from the CNA measuring station in Celestún has been used since no such 
recordings currently exists from Sisal. The data recorded is global radiation per square 
meter (W/m2) and displayed as a 10 minute average from measurements taken every 
second. One year has been analyzed with approximately 1% of the total data missing, these 
were estimated using averages between bordering values. Even though the data is not 
recorded in Sisal this should make an insignificant difference since the sites are very 
closely located and both are situated directly by the coastline. 
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2.2.3 Theory of wind resource characterization   

 
In order to draw conclusions from the recorded wind data, a statistical and numerical 
approach was applied. If not considering any exceptional or extreme circumstances one 
wants to estimate the following:  
 

• Which wind speeds are the most common (wind speed frequency)?  

• Which directions are the most common (wind direction frequency)? 

• How does altitude affect the current wind speed? 

• How does wind speed vary during a period of time, like a day or throughout the 
year?  

  
The Weibull probability distribution function 
 
An extremely wide description of the wind speed is the mean value together with its 
standard deviation. The mean wind speed is mostly useful as an indicator of what to expect 
from the site and is used only for certain calculations, as in equation 2.1. A far more 
important tool is the Weibull probability distribution function (PDF). It is a statistical 
analysis function, much like a normal distribution function based on the probability of the 
occurrence of wind speeds. Yet, the Weibull PDF has two parameters forming or displacing 
the symmetry of the function; c [m/s] the Weibull scale parameter and k [-] the Weibull 
shape parameter. The Weibull PDF is defined as [Rohatgi and Nelson, 1994],  
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where v  [m/s] is the wind speed and c and k are, as described before, the Weibull scale and 
shape parameters. The scale and shape parameters are calculated using the following 
functions [Idem]: 
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where V [m/s] is the average wind speed and σ [m/s] its standard deviation. The function 
Γ is simply used as a help integral to solve the equation, defined as [Idem]: 
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where t [s] is time and z [m] is height. 
 
The Weibull PDF is essential for wind power calculations. It provides the information 
needed to visually reflect over the wind frequency distribution but more importantly to 
calculate the wind power density and the energy production of a wind turbine. The Weibull 
PDF also helps us to choose a wind turbine with optimal cut-in speed (the wind speed at 
which the turbine starts to generate usable power), and cut-out speed (the speed at which 
the turbine hits the limit of its alternator and can no longer put out increased power output 
with further increases in wind speed). These factors will be discussed more thoroughly in 
the chapter 3.            
    
Wind rose graph 
 
The wind direction frequency is often presented in a rose graph, or wind rose graph, that 
makes it easy to see the dominant directions. The wind direction is recorded in degrees 
where north constitutes the starting point of a 360º circle, counting clockwise. Creating a 
wind rose graph is done by software that collects the data and organizes it; commonly no 
numerical calculations are done using the data from the wind rose graph. The usefulness of 
the wins rose graph lies in its ability to clearly display variations in wind direction. 
Consistent flows in few directions make it easier to capture the wind energy while frequent 
variations might complicate the positioning of the rotor. To function properly, the rotor of a 
wind turbine has to be directly facing the wind.        
 
The effect of altitude on wind speed 
 
The effect of altitude on wind speed can be estimated using a number of functions. The two 
functions seen in this study have similar structures, they use heights and wind speeds of 
two points combined with a factor depending on the topography and surface type around 
the measuring tower. One point, which has a known wind speed and height, is used as a 
reference point to estimate the wind speed at a higher height. The obvious advantage of 
these formulas is that it becomes possible to estimate the wind speeds for higher heights 
using data from lower ones. The first of two formulas used is the wind power law, 
expressed as [Manwell, et al., 2004]:  
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where
Bv  [m/s] is the wind speed at height 

Bh  [m] and 
Av  [m/s] is the wind speed at height 

Ah  [m], α  [-] is the wind power law index, usually 1/7 or 0.14 depending on the 

surrounding surface. The second formula commonly used is the log wind profile, defined as 
[Idem]: 
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where v(hB) [m/s] is the wind speed at height hB [m] and v(hA) [m/s] is the wind speed at 

height hA [m], 
oz  [m] is this formula’s surface dependent factor.   

 
It is important to indicate that both the wind power law and the log wind profile use 
theoretical relationships to reach estimations of wind speeds at higher elevations, i.e. 
extrapolated values are not, and shall not be treated as if measured. 
   
Wind speed during a time period 
 
The wind speed divided over a period of time, like the 24 hours of a day, or the months of a 
year gives the full spectra of wind speeds, and thus when to expect highs and lows in the 
energy availability to appear. This is an important aspect since the end-user in sustainable 
energy systems most often is dependent on the energy source available at the moment.  
 
Power of the wind 
 
Having characterized the winds of the site it is of further interest to estimate the power it 
carries. This is done by using the formula describing the power of the wind [Rohatgi and 
Nelson, 1994], in this case power per unit area:   
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where )(vP  [W] is power passing through the surface area A  [m2], ρ  [kg/m3] is air 

density and v  [m/s] the wind speed.     
  
Using the Weibull PDF and the wind power formula the integral in equation 2.8 describes 
the total wind power density or in other words the existing wind power per unit area 
[Jaramillo, et al., 2004],   
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where as in equation 2 and 3 the function 
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4 The three variable changes of (v/c=a), (ak=t) and (z-1=3/k) are made from the combined Weibull and wind 

power formulas to reach the Γ standard integral  
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Finally the wind energy density during the period t [h] is expressed as: 
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where E [J] is the energy existent during the period, for a year 8766=t h.   

2.2.4 Theory of solar resource characterization 

 

The amount of radiation reaching the plane can be described by using estimating equations 
or recorded data. The latter is preferred since not only the earth’s rotating motions affects 

the local incoming radiation but also the atmosphere. Equations for estimating radiation on 
a plane use standards for atmospheric conditions, but it may be hard to find appropriate 

values for specific locations in the literature.  
 

The extraterrestrial solar radiation Gsc is approximately 1367 W/m
2 

[Duffie and Beckman, 
1991], and is essential for all types of solar calculations. It has an intensity variation of 
1.7% since the earth’s trajectory around the sun is slightly elliptic [Idem]. For calculations 
concerning applications meant to be installed on earth the extraterrestrial radiation is 
usually treated as a fixed value. This makes sense as the earth-sun trajectory variation in 
comparison to variations due to fluctuating atmosphere conditions is very low.  
 
Global, diffuse and direct radiation on a horizontal plane 
 
When the sun beam enters the atmosphere it is modified by the particles it encounters 
during its travel. The incoming radiation received by a plane can therefore be described as 
constituting of two components, beam radiation, Gb [W/m

2
] and diffuse radiation, Gd 

[W/m2]. Beam radiation is the direct sun ray that reaches the aperture collecting plane with 
a definite angle while diffuse radiation represents the disperse radiation moving in 
uncertain directions. These two components together embody the total, or global radiation, 
Gg [W/m

2
], where  

 

dbg GGG +=          (2.10)    

        
Plotting the recorded global radiation for a year will indicate, on a general basis, how much 
solar radiation that reaches the plane throughout the period. Another way to process the 

data is to describe the radiation received by the plane on a characteristic day per month. 
This makes it easier to analyze results when doing calculations on solar applications, since 

the resource is relatively stable and cyclic. Using the data from Celestún, a characteristic 
day of every month was calculated by creating an Excel program which takes the value of 

each respective time step and averages it. For example, the program takes the average of all 
solar radiation measurements for the month of June between 06:00-06:10, then the same for 

06:10-06:20, and so forth.          
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Incoming radiation equations 
 
The capability to describe the position of the sun corresponding to an inclined surface is 
fundamental for solar calculations. As said before, the solar energy received by a surface is 
dependent on the radiation’s angle of incidence. In figure 2.5, incoming beam radiation is 
drawn as lines. By comparing the two equally long surfaces of A and B, it becomes clear 
that surface B is collecting more solar radiation than surface A. The aim of this section is to 
explain the parameters constituting the general expression (Eq. 2.12) of the solar radiation’s 
angle of incidence, entirely depending on the position of the sun and the revolving motions 
of the earth. 

S
ur

fa
ce

 B

 
Figure 2.5. Shown is the difference in capacity between two equal surfaces to collect solar radiation 

depending on plane tilt. 

  

The earth rotates around the sun in a slightly elliptic orbit of approximately 365 days per 
revolution, always staying in the same plane (Fig. 2.6). But the earth also spins around its 

own axis with about 24 hours per lap. The axis is however tilted 23.5º meaning that the 
rotation is not perpendicular to the earth-sun plane. When the earth rotates around the sun 

the declination changes depending on time of year from 23.5º in the summer solstice to       
-23.5º in the winter solstice (northern hemisphere) and being 0º in the spring and autumn 
equinoxes [Idem].  

 
Figure 2.6. The earth’s rotation around the sun, seasons are marked for the northern hemisphere. (Taken from 

www.nationsonline.org/oneworld/earth.htm, 2008). 

 
To easier understand the calculations, one uses the plane surface as starting point and 
describes the position of the sun in relation to the plane. Figure 2.7 shows a definition of 
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the relation between a tilted surface and the position of the sun for any hour and time of the 
year.   

 
Figure 2.7. Zenith angle

zθ  , solar altitude
sα , plane tilt β , azimuth γ and solar azimuth

sγ  angle for a tilted 

surface. Taken from Duffie and Beckman, 1991. 

 
where  

• the angle of incidenceθ  is the angle between the normal of the tilted plane and the 

beam radiation (not marked in the picture) 

• the zenith angle 
zθ is the angle between the normal of the horizontal and the beam 

radiation 

• the solar altitude 
sα (=90º-θ ) is the complement to the angle of incidence 

• the azimuth angleγ  is the angle between the projection of the beam radiation on the 

horizontal and the horizontally positioned normal of the plane in question, defined 

positive westwards and negative eastwards; 180180 ≤≤− γ  

• the solar azimuth angle sγ  is the angle between direction south and the projection of 

the sun beam on the horizontal, positive westwards and negative eastwards 

• the hour angle ω  describes the earth’s rotation around it own axis defined as the 

angular displacement east or west of the local meridian (longitude) moving 15º per 
hour, morning is positive and afternoon negative.  

• The plane tilt β  is the angle between the plane and the horizontal,  0º< β < 90º for 

surfaces facing the equator and 90º< β <180º for surfaces turned away from the 

equator 
 

Using rotation matrices in three dimensions based on the relation between the tilted plane 
and the earth’s rotation around itself and the sun, it can be found that [Idem]: 

  

ωφδφδθ coscoscossinsincos +=z
, and      (2.11) 
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            (2.12)             

 

where all symbols are as earlier described, additionallyδ is declination and φ  is latitude.5     

 
Clearness index  
 
The clearness index KT [-] is a value representing how much of the initial extraterrestrial 
radiation that is lost due to its travel through the atmosphere. Hence, it describes 
atmospheric conditions such as cloudiness. The clearness index is defined as the following 
ratio [Idem]:  
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where Io [J/m2] is the extraterrestrial radiation and I [J/m2] the radiation measured on the 
earth’s surface. The extraterrestrial radiation on a fixed surface is expressed as [Idem]: 
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where 1ω  and 2ω are the hour angles at the beginning and the end of the time period in 

question. The symbol n [-] is the Julian day, a positive integer representing the time of year 

starting on January 1st where 1=n  and increasing consecutively until December 31st 

where 365=n .   

2.2.5 The effect of tilting the plane 

 
Radiation data is usually measured by a horizontally placed collector, thus all estimations 
of incoming radiation have been done assuming this. But naturally, since the earth is 
rotating, for every moment there should be a unique optimal position for the plane.  
 
There are many ways of minimizing the angle of incidence; e.g. using automatic sun 
tracking devises or by manual corrections. Yet, in this evaluation only fixed planes are 
considered. The positioning of all-year fixed planes is related to when the energy is 
required. Figure 2.8 shows a horizontal surface at the latitude of Sisal and the position of 

                                                   
5 Putting the inclination β =0 in equation 2.12 will give equation 2.11 
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the sun at noon in December and in June. Since the earth is spinning eastwards, the sun will 
appear to be moving in and out of the picture. If the energy needs are highest during the 
winter months a plane titled towards south would be recommendable. On the other hand, if 
the requirements are highest during the summer months a tilt close to the horizontal would 
be better. Usually, an annual energy maximum is obtained with a plane tilt close to the 
value of the local latitude.  

 
Figure 2.8. The position of the sun seen from a horizontal surface at the latitude 21ºN at noon in December 

and June. 

 
An instrument to estimated the radiation on the tilted plane is the geometric factor Rb [-] 
(Eq. 2.15), expressed as the ratio between beam radiation on a titled surface Gb,T  [W/m2] to 
that on a horizontal surface [Idem]. By multiplying Rb with the horizontally recorded data 
an estimation of the received radiation on the tilted surface is obtained (Eq. 2.16).  
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bbTb GRG =,           (2.16) 

 
Using tabulated data from Duffie and Beckman (1991) the graph in figure 2.9 was 
developed, it shows monthly Rb ratios as a function of latitude and plane tilt. For latitude 
20ºN, monthly average Rb values are plotted for 10 different plane tilts between -10 and 
45º6. This shows how steeper plane tilts (south, towards the equator) gives higher radiation 
levels in the winter but lower in the summer in comparison to the horizontal. 

                                                   
6 The negative angle indicates a rotation northwards since Sisal is in the northern hemisphere. This relation 
would be the opposite for a location in the southern hemisphere  
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Figure 2.9. Rb for different plane tilts throughout the year, see section 2.2.5. 

2.3   Results-wind and solar energy in Sisal  

 

The annual mean wind speed was calculated to be v = 5.75m/s at 20m and v = 6.84m/s at 
40m with a standard deviation of σ = 2.64 and 2.72m/s respectively. In figure 2.10 the 
wind frequency and the Weibull PDF can be seen for both heights, the corresponding 
Weibull scale and shape parameters are for 20m of height c=6.49m/s and k = 2.32, and for 
40m of height c =  7.69m/s and k = 2.71. In table 2.2 a summary of these data can be seen. 
 

Table 2.2. Annual wind characteristics collected from two heights at the anemometric tower of Sisal. 

 
In figure 2.11 the annual wind rose graph from both measuring heights is depicted, also the 
wind speed is given for the corresponding directions. The annual dominant direction is 
northeast, regarding frequency as well as strength. In figure 2.12 the annual daily direction 
distribution is presented, this graph shows that the wind is consistently blowing in a 
northeast to southeast range with no major changes between night and day.  
 
The effect on the wind speed by changing height can be seen in figure 2.13 and 2.14 using 
the two methods earlier described in the text. The figures are products of extrapolations 
from the two measuring heights of 20 and 40m with the calculated surface dependent 

factors, (α  for the wind power law and zo for the log wind profile). The result shows that 
both methods give very accurate results at this height range.  
 

Height 
[m]   

Mean wind 

speedV  
[m/s]   

Standard 
deviation 

σ [m/s]    

Dominant 
wind 

direction  

Weibull scale 
parameter c 

[m/s]   

Weibull shape 
parameter k  

[-]   

Power 
density P/A 

[W/m2]   

Energy 
density E/A 

[MWh/m2]   

20 5.75 2.64 NE 6.49 2.32 199.7 1.75 
40 6.84 2.72 NE 7.69 2.71 299.7 2.63 
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Finally, the wind distribution as monthly averages during one year is presented in figure 
2.15. It shows that wind speeds are highest during the winter and spring with maximum 
monthly averages of 8.1m/s at 40m and 6.6m/s and 20m. From June until September the 
wind resource diminishes to minimums of 5.3m/s at 40m and 4.5m/s and 20m, while in the 
subsequent months a general increase in wind speed is present until the end of the year. It 
can be seen in the figure that wind resource diminishes from June until September with 
minimums of 5.3m/s at 40m and 4.5m/s and 20m. No major difference is observed between 
the wind speed patterns of the two heights.  
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Figure 2.10. Wind speed frequency and the Weibull PDF at 40m (above) and 20m (below). 
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Figure 2.11. Annual wind direction frequency distribution, at 40m (above) and 20m (below). The wind 

direction is defined as coming from the outer circumferences blowing towards the center. 
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Figure 2.12. Daily wind direction frequency distribution, the direction is defined as coming from the outer 

circumferences blowing towards the center. 

Between 00:00-08:00 Between 08:00-19:00 
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Figure 2.13. Vertical wind profile using the wind power law and two measuring points. 
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Figure 2.14. Vertical wind profile using the log wind profile and two measuring points. 
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Figure 2.15. Monthly average wind speed for one year, measured at two heights in Sisal. 

 
In figure 2.16 the global radiation per day for one year is given. Figure 2.17 shows 
characteristic days of every month of the year, presented together with the characteristic 
clearness indices; all on horizontal surfaces.7 Table 2.3 gives the energy received on the 
horizontal surface for the characteristic days of the months. As can be seen the incoming 
solar radiation is relatively similar through out the year with only short periods of 
discontinuity. In the summer months of May, June and July the days of peak radiations can 
be found, where May seems to be the period of strongest incoming radiation. A comparison 
was made with Duffie and Beckman (1991) which presents a world map of daily average 
global radiation from the month of December. Sisal can be found between the lines 
indicating a daily radiation of 300-350 cal/cm2 or 3.5-4.1 kWh/m2 which coincides fairly 
well with the measured data.  
 
Three examples of the daily radiation distribution can be seen in figure 2.18. They are taken 
from characteristic days of respective month of the year, where December has the lowest, 
May the highest and February an intermediate amount of daily solar radiation. The month 
of May not only presents the highest peak radiation levels but also the longest hours of 
measured global radiation.   
 
The annual radiation received by the surface was calculated for six different plane tilts, the 
result can be seen in table 2.4. A plane tilt of 20ºS gives the highest annual energy value 
2160 kWh.    

                                                   
7 The characteristic clearness indices where taken as averages between 09:00-16:00 of every day 
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Figure 2.16. Daily global solar radiation measured on a horizontal surface in Celestún in 2005. 
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Figure 2.17. Global solar radiation and clearness indices on a horizontal surface for characteristic days at 

Celestún in 2005. 
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Table 2.3. Global solar radiation on a horizontal surface during characteristic days of respective month.  

Month Characteristic global solar 
radiation [kWh/day] 

Jan 4.9 
Feb 5.5 
Mar 5.8 
Apr 6.6 
May 6.8 
Jun 6.0 
Jul 5.9 

Aug 6.0 
Sep 5.6 
Oct 4.8 
Nov 4.3 
Dec 4.2 
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Figure 2.18. Global solar radiation during a characteristic day in May, February and December. 

 
Table 2.4. Annual global solar radiation for five different plane tilts. 

Plane tilt 
[º] 

Annual global radiation 
[kWh/year] 

β=-10 1853 
β=0 2022 
β=10 2120 
β=20 2160 
β=30 2091 
β=40 2058 
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2.4   Conclusions of the Chapter 

 
One year of wind and solar data has been studied. The wind data was taken from a single 
tower taking measurements at 20 and 40m. The data analysis indicates continuous wind 
speeds through out the year with monthly average values around 6m/s at 20m of height, 
except for the months from June to September where the resource declines. At a height of 
40m this pattern is similar, showing monthly average wind speeds from 7 to 8m/s, apart 
from the already mentioned period of low resource. The most common wind speed is about 
5m/s at 20m and 6m/s at 40m. These characteristics place Sisal in the border between what 
is called useful electrical power production and minor electrical production (and water 
pumping) according to the Beaufort scale [Twidell and Weir, 2006]. The dominant wind 
directions can be found from the north to east range, regarding quality as well as quantity. 
No differences in wind direction were found from the measurements at the two heights, the 
variance is strictly related to wind speed. Generally, the wind direction through out the day 
is consistent indicating that no complex tracking systems should be required. 
 
For the forthcoming wind power calculations, the Weibull PDF was introduced. It is this 
function that represents the wind characteristics of a region when calculating the energy 
production. Hence the Weibull scale and shape parameters, as well as the mean wind speed 
from both heights, constitute an important part of this chapter’s contribution to the 
following chapters.  
 
The solar resource analysis shows that, for a horizontal plane, the months of April, May and 
June have the strongest radiation levels. The annual energy received by tilted planes was 
investigated for six differently fixed planes; a plane tilted 20°S appears optimal giving an 
annual energy reception of 2160 kWh. The ratio Rb evolves as a useful instrument when 
modifying the radiation inflow depending on when the energy is needed.   
 
The following chapter will investigate electricity production by wind turbines and 
photovoltaic (PV) modules. First capacity approximations are made, using the wind and 
solar resource evaluated in this chapter, in order to meet the annual energy demand of the 
octopus culture unit. Wind turbines and PV modules are expected to provide important 
energy input as the electricity demand of the octopus unit is crucial.    
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3     Wind turbine and photovoltaic electricity production  

3.1   Introduction 

 
Wind energy is today’s fastest growing renewable energy resource [Benitez et al., 2008]. 
The worldwide installed capacity is continuously increasing [Twidell and Weir, 2006] (Fig. 
3.1) with Europe as the leading region [Benitez et al., 2008]. With one of the lowest 
levelized electricity production costs [www.energy.ca.gov], wind power is becoming an 
important factor on the energy market with a total worldwide installed total capacity of 
more than 90GW in 2008 [www.wwindea.org/]. In México wind power plants are starting 
to appear, but they still constitute a minimal fraction of the country’s total energy 
production. According to CFE in 2008, México had an installed wind power capacity of 
85.5MW representing 0.171% of the total energy production of the country.  
 
The world market for photovoltaic (PV) modules is experiencing similar development, with 
a rate of installations increasing rapidly and lowered production costs [Twidell and Weir, 
2006]. In 2007, Solarbuzz reported world market growth of 62% over the previous year 
adding to a total world installed PV capacity of 2.8GW [www.solarbuzz.com]. Almost half 
of the PV capacity is installed in Germany [Idem]. The initial cost for PV modules has 
historically been high and even though it has declined with increasing competition and 
cheaper materials it still remains one of the most expensive energy producing alternatives 
[www.energy.ca.gov]. Consequently, PV modules have been used to a large extend in 
remote sites where a grid connection would be expensive. On the other hand PV modules 
have a great advantage of being discreet, easily acceptable and require very little 
maintenance. More so, when the power demand of the octopus culture unit was analyzed it 
was found that power consumption notably increased during the hottest hours of the day. 
PV modules powered by solar radiation could provide useful electricity generation since 
their production behavior is synchronized with the demand pattern. This could lower the 
energy storage requirements, and hence the system sizes and costs, while at the same time 
increase supplying efficiency.  
  

 
Figure 3.1. Worldwide installed wind power capacity per year, in MW. (Taken from 

http://home.wxs.nl/~windsh/stats.html, 2008, World Wind Energy Association). 
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The wind and solar evaluation of chapter 2 gave us interesting results; average annual wind 
speeds of 5-6m/s between heights of 20 and 40m and global solar radiation levels of 
2160kWh/m2 per year were found. Having characterized those resources, and in the case of 
wind energy, established the Weibull PDF it becomes possible to calculate the annual 
electricity production. This chapter combines the wind and solar resource information of 
Sisal with the production properties of turbines and PV modules to calculate annual 
electricity generation possibilities.  
 
The turbine and PV module capacities are calculated to be in proportion to an annual 
energy demand, meaning that no concern is taken regarding the power pattern throughout 
the year. This is a simplified way of estimating turbine and PV capacities as it does not take 
in account that for every moment a power demand has to be met. A further analysis in 
operation will be necessary before a final proposal of system components can be made. 
This chapter investigates the theory behind wind power and PV output calculations and 
aims to estimate the capacity required to meet the annual energy demand of the octopus 
culture unit. 
 
The objectives are to calculate:  
 

• Given two wind turbines of different rated capacity, the number of turbines required 
to meet the annual energy demand of the octopus culture unit.  

• Optimum turbine capacity to supply the annual energy demand 

• Given two PV modules of different rated capacity, the number of PV modules 
required to supply the annual energy demand 

3.2   Method 

3.2.1 Solar and temperature data 

 
A continuous year of global solar radiation data was taken from the solar resource 
evaluation in chapter 2. Temperature data is also required for PV output calculations in 
order to determine the conversion efficiency of the modules. The temperature variations in 
Sisal were estimated by combining data from both Celestún and Sisal. We used the average 
temperature of every ten minute interval in Celestún throughout one year, combined with 
the monthly average temperatures of Sisal from 1961 to 2006, both measured by CNA. The 
temperature variations of the characteristic days were constructed from the ten minute 
recordings with the same method as described in section 2.2.4. The daily average 
temperature of every month was thereafter scaled to the corresponding monthly 
temperatures of Sisal. Hence, it was assumed that the temperature variation pattern 
throughout the day were the same for both sites. 

3.2.2 Selecting wind turbines 

 
If not taking in consideration peak power demand, demand pattern or other aspects such as 
economical or social issues, the selection of wind turbines is primary based on the wind 
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characteristics and the annual energy demand. The wind characteristics represent the 
available energy while the energy demand embodies the requirement that has to be fulfilled.    
Wind turbine classification  
 
The wind characteristics define the suitable turbines for the location. Standards have been 
developed where the winds are related to certain class types, the most commonly referred 
systems today are Germanischer Lloyd (GL) and International Electronical Commission 
(ICE) [Jaramillo, et al., 2004]. The wind speed parameters of the GL and ICE system can 
be seen in table 3.1 [Burton, et al., 2001]. 
 

Table 3.1. Wind class parameters according to the ICE 61400-01 standard. 

Parameters Class I Class II Class III Class IV 
Reference wind speed, Uref [m/s] 50 42.5 37.5 30 
Annual average wind speed [m/s] 10 8.5 7.5 6 
50 year return gust speed, 1.4Uref [m/s] 70 59.5 52.5 42 
1 year return gust speed, 1.05Uref [m/s] 52.5 44.6 39.4 31.5 

   
The annual average wind speed broadly indicates what class type might be suitable, so does 
the reference wind speed, which is defined as five times the annual mean wind speed at hub 
height [Idem]. The 50 year and one year gust speeds8 are especially important since they 
generate strong stress to the turbine, however the appropriate turbine should be able to 
handle all criteria. For circumstances where none of the parameters of the standard properly 
describes the situation a fifth or “zero” class is used with its own characteristics. 
     
Having selected a number of turbines of suitable class type, one starts to investigate the 
power generated at the corresponding wind speeds. The following section will need some 
basic understandings of the power curve of a turbine, used when selecting turbines and for 
fundamental calculations, hence follows a brief explanation.  
 
The power curve PW(v) displays the produced power depending on wind speed (figure 3.2). 
The initial speed at which power is produced is called cut-in speed (vI), while optimum 
wind speed, when the turbine is operating at its nominal capacity is called rated wind speed 

(vr). If winds increase the turbine has two types of breaking systems: pitch or stall 
regulation. The first will apply mechanical breaking, leading to lowered power generation. 
The latter adjusts the blades in a manner that will disturb the lift force, i.e. the phenomena 
driving the turning motion of the rotor. This type of braking allows the turbine to continue 
producing electricity on rated capacity even after having passed the turbines rated wind 
speed. All turbines do eventually stop producing electricity if wind speeds become too 
high, this is called the cut-out speed (vo). Hence, the power curve in equation 3.1, adapted 
from Jaramillo et al., 2004 can be expressed as:  
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8 Short periods of sudden intense wind speeds 
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A further important property is the maximum survival wind speed of the turbine. This can 
be expressed as the maximum wind speed experienced by the turbine before severe damage 
can be expected. For medium to large scale turbines this value is around 30m/s [Twidell 
and Weir, 2006].   
 

 
Figure 3.2. Power curve of a wind turbine of 55kW rated capacity, vI  = 4m/s and vo =13m/s. (Taken from 

http://www.energiepge.com/page_produit.php?produit=pge2050, 2008). 

3.2.3 Wind turbine power production 

 
Assuming that no other sources are involved, the turbine should be able to produce enough 
power to meet the annual energy demand ED [kWh], requested by the end user. This can be 
verified using the specification of the turbine, sometimes giving an annual value based on 
the average wind speed. But more accurate is to calculate, from recorded data, the annual 
energy production AEP [kWh], so that AEP ≥  ED.  
 
Calculating the annual energy production involves the wind speeds represented by the 
Weibull PDF and the power curve of the turbine. Those two parameters are integrated 
between the cut-in and cut-out speeds of the turbine and multiplied by the time to transform 
power to energy, as follows [Jaramillo, et al., 2004]: 
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where the 8766=t  hours. The availability factor for the turbine Ka [-] describes the actual 
operating time, which can be disturbed by events such as maintenance. Kp [-] is the 
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turbine’s performance factor related to the mechanical to electrical conversion, it is 
sometimes specified by the manufacturer.  

 
Once the annual energy production has been calculated, the capacity factor CF [-] of the 
turbine can be determined. The capacity factor of a wind turbine expresses the ratio of 
average power output to peak power, given as [Jaramillo, et al., 2004], [Rohatgi and 
Nelson, 1994]: 

 

R

F
E

AEP
C = ,           (3.3)

            
         

tWE RR = ,           (3.4)

             
where ER [Wh] is the rated wind energy (i.e. the energy delivered when the turbine has 
been working at full capacity WR [W] during time t [h]). To get a precise value of the most 
suitable turbine capacity based on the annual energy demand Wo [W], equation 3.5 can be 
used where all units are as described earlier in the text. This value should be reasonably 
close to the turbine capacity first selected but just below, since the first selection was a 
deliberate overestimation.   
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3.2.4 Theory of PV module power production 

 
PV modules constitute of a number cells, (normally between 30 and 72) interconnected on 
a flat panel. Due to the photovoltaic effect an electric current is produced in each cell when 
receiving solar radiation [Sánchez-Juárez, 2008]. The cells are connected in parallel and 
series to produce a required voltage and current. The electricity generation of a PV module 
is greatly dependent on the material of fabrication, where silicon has been most common 
material for commercial applications [Idem]. Only silicon PV modules were considered for 
this study.  
 
In this section equations 3.6 and 3.7 will be used when describing the output of the PV 
module, they are fundamental for the calculation of power P [W], voltage U [V], current I 
[A] and resistance R [Ω].  
 

UIP =           (3.6)   

I

U
R =           (3.7) 

 
For every PV module there is a current-voltage relationship that characterizes the module’s 
power production under standard conditions (these conditions will be explained further on 
in the text). In figure 3.3 a current-voltage and power-voltage relationship can be seen for a 
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typical PV module. The maximum current ISC is obtained by considering the system in 
short circuit, when the load resistance RL and voltage go towards zero. The maximum 
voltage VOC is present when the circuit is open; then the load resistance will crest while the 
current goes towards zero. The power curve (the power-voltage relationship) is calculated 
by multiplying every point on the current-voltage curve. Maximum power output PM is 
present when the current-voltage relationship is optimal, then I=IM and V=VM. It is this 
point (IM,VM) that defines the rated power output of the module. If a PV module has a rated 
capacity of 75W, this means that its nominal power generation will be 75W, and it will only 
produce this amount when operating under standard conditions.  
 

Voltage [V]

Power 

curve

Resistance load 

with gradient  

RL=UM/IM

 
Figure 3.3. Typical current-voltage and power-voltage relationship for a PV module under standard 

conditions. (Taken from Sánchez-Juárez, 2008.) 

 
When the PV module is connected to a resistance load the current-voltage relationship, and 
consequently the power output, will be affected. If the resistance load is optimal, the 
transference of energy from the sun to the load will be maximal [Idem]. This is not always 
the case for commercial applications, although for this study it has been assumed that the 
PV module always will be connected to an optimum resistance load.    
 
Standard test conditions  
 
With standard test conditions comparisons between PV modules become possible. They 
specify: a solar radiation of 1000 W/m2, a cell temperature of 25ºC and an air mass ratio 
(AM) of 1.5 [Idem]. The following section will briefly explain these characteristics.  
 
As any other solar collector a PV module increases its surface temperature during 
operation, but high temperature reduces the generation of electricity. For silicon modules 
one can expect both power and efficiency losses in the order of 0.04% per degree Celsius 
for cell temperatures above 25ºC [Idem].  
 
The air mass ratio, m [-] describes the amount of resistance the solar radiation encounters 
when traveling through the atmosphere. This might depend on quantity of particles as well 
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as the sun’s apparent position in the sky. The air mass ratio is expressed as the relation 
between the radiation’s path through the atmosphere L [km], and the distance of the 
atmosphere d [km], (Eq. 3.8 and Fig. 3.4) [Twidell and Weir, 2007].  
 

d

L
m =           (3.8) 

 

L

 
Figure 3.4. The lengths d [km] and L [km] which are required when calculating the air mass coefficient. 

 

3.2.5 Sizing of PV capacity to supply the annual energy demand 

 
For calculations of PV module output, an adjustment factor CT [-] was introduced due to the 
influence of temperature. In equation 3.9 the adjustment factor is expressed assuming that 
both the efficiency and power losses are 0.04% per degree Celsius. The PV cell temperature 
Tcell [ºC] can be calculated using the empirical expression of equation 3.10 for a wind speed 
of 1 m/s [Sánchez-Juárez, 2008]. The constant C1 is usually defined by manufacturer and is 
here estimated to 0.025 ºCm

2
/W [Idem]. Ta is ambient temperature and GT [W/m

2
] is solar 

radiation incident on the surface. 
 

( )
cellT TC −+= 250004.01          (3.9) 

Tacell GCTT 1+=          (3.10) 

 
For every hourly time step, equation 3.11 was used to calculate the power output PPV  [W] 

of the module with its corresponding efficiency 
PVη [%]. The annual energy production of 

the module was given by integrating equation 3.11, between one and 8766 hours. The 
number of panels required to meet the annual energy demand NPV was calculated using 
equation 3.12 where ED is the annual energy demand. 
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TTTPVPV CGCP η=         (3.11) 

        

∫
=

=

=
8766

1

t

t

PV

D

PV

dtP

E
N          (3.12) 

  



 

 45

3.3   Results-electricity generation 

3.3.1 Wind turbine power generation 

 
For the case of Sisal with an annual energy demand of 216.8 MWh, two turbines were 
investigated; one of them with a rate of 30kW and other of 100kW. The same manufacture 
was used in the comparison to avoid any major design differences depending on fabricant. 
Table 3.2 gives the main characteristics for both turbines. The turbine class was not 
specified by manufacturer; as a result the method based on Sisal’s wind speeds described in 
section 3.2.2 was used to identify turbine class according to the ICE standard. In Table 3.3 
the wind characteristics of Sisal can be seen together with the parameters of the ICE 
standard, indicating that at 20m a class IV turbine is appropriate and at 40m a class III 
turbine is needed. 
        

Table 3.2. Characteristics of the two wind turbines proposed in chapter 2.    

Characteristics 100kW turbine 30kW turbine 

Rated power 100 kW 30 kW 
Hub height 35 m 18/27 m 
Cut-in speed 4 m/s 3 m/s 
Cut-out speed 25 m/s 25 m/s 
Maximum survival speed9 30 m/s 30 m/s 
Rotor diameter 21 m 13 m 
Blades 3 3 
Regulation Stall Pitch 
Economic life  25 years 25 years 

 
Table 3.3. Wind parameters from Sisal at 40 and 20 m of height, used to determine wind class according to the 
ICE standard. 

Parameters Class III 40m height Class IV 20m height 

Reference wind speed, Uref [m/s] 37.5 34.2 30 28.8 
Annual average wind speed [m/s] 7.5 6.8 6 5.8 
50 year return gust speed, 1.4Uref [m/s] 52.5 47.9 42 40.3 
1 year return gust speed, 1.05Uref [m/s] 39.4 35.9 31.5 30.2 
 
The capacity factor and the annual energy production were calculated as described earlier, 
with an availability factor Ka = 98% and a performance factor Kp = 98%. The power curves 
related to each turbine appear in figure 3.5 with their corresponding Weibull PDF.  
 
As can be seen in table 3.4 the capacity factors of both turbines are just above 30%, leading 
to an annual energy production of 270.6MWh for the 100kW turbine and 81.7MWh for the 
30kW turbine. To meet the annual energy demand of 216.8MWh one turbine of 100kW is 
required or three 30kW turbines.   
 
 

                                                   
9 Estimated data, not from manufacturer. 
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Table 3.4. Capacity factor and annual energy production for two different wind turbines using data from Sisal. 

Turbine Height 
[m] 

CF    

[-] 
AEP  

[MWh] 
Turbines needed to meet the 

annual energy demand 
AEP’ 

[MWh] 
100kW 40 30.9 270.6 1 270.6 
30kW 20 31.1 81.7 3 245.1 

 
Finally, a specific value of the turbine capacity required to meet the annual energy demand 

was calculated. By using equation 3.5 and the minor of the two capacity factors it was 
determined that the optimal turbine power is Wo(CF = 30.9) = 91.0kW.        
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Figure 3.5. Weibull PDF and power curve of a 100kw turbine at 40m (above) a 30kW turbine at 20m (below). 
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3.3.2 Photovoltaic power generation 

 
Two commercially available silicon PV modules of different rated capacities were selected, 
one of 75W and another of 110W. The module’s efficiency of transferring solar radiation to 
electricity was calculated by dividing their rated capacity by the solar radiation of the 
standard test conditions (1000W/m2). That is, the 75W module was estimated to have an 
efficiency of 7.5% and the 110W module 11.0%. These values were combined with the 
solar radiation from the resource evaluation and the temperature data from characteristic 
days of every month in order to calculate the annual energy production.  
 
The number of PV modules needed to meet the annual energy demand of the octopus 
culture unit can be seen in table 3.5. The solar radiation data was taken for the plane tilt 
giving the highest annual energy value, i.e. 20ºS for the case of Sisal. It is found that to 
meet the annual demand, about 1361 panels of 75W capacity, or 929 panels of 110W 
capacity is required.  
 

Table 3.5. Number of PV modules required to meet the annual energy demand of the octopus culture unit using 
an optimum fixed plane tilt of 20ºS. 

Rated PV module 
capacity [W] 

Efficiency 
[%] 

Annual energy production 
[kWh/module] 

Number of PV 
modules required 

75 7.5 159.2 1361 
110 11.0 233.5 929 

 

3.4   Conclusions of the chapter 

 
The theory behind electrical power production using wind turbines and PV modules has 
been presented. By combining the Weibull PDF of Sisal for two heights and the power 
curves of two wind turbines the annual energy production for a 30kW and 100kW turbine 
was calculated. The 100kW turbine reached and annual energy production of 270.6MWh, 
while the 30kW turbine generated 81.7kWh annually. To supply the annual energy demand 
of the octopus unit one large turbine is required, or three turbines of the lower capacity. The 
capacity factor for the 100kW turbine is 30.9% while it is 31.9% for the 30kW turbine. The 
higher capacity factor of the smaller turbine indicates that it is capturing available wind 
energy better than the larger turbine. Using a capacity factor of 30.9%, it was found that the 
optimum turbine capacity to supply the octopus unit’s annual energy demand is 91.0kW.  
 
The wind data used for the energy calculations of the 100kW turbine has been taken from 
the 40m height measurements, even though the specification marks the hub height as 35m. 
However, many manufactures present their turbines for an interval of hub heights. A 
100kW turbine at 40m height is a realistic alternative.    
 
The two turbines investigated were from the same manufacturer but did not have similar 
breaking technologies. Seen in figure 3.5, the 30kW turbine maintains its power production 
even when the wind speed surpasses its optimal value; this is a typical characteristic for 
pitch regulated blades. On the other hand the power production of 100kW turbine declines 
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rapidly after reaching its peak performance; a behavior typical for a turbine with stall 
regulation (see section 3.2.2 for discussion of pitch and stall regulation). This difference in 
braking techniques could affect the annual energy production. But as can be seen from the 
Weibull PDF in figure 3.5 there are very little or no wind speeds measurements that will 
test the brakes of the two turbines. 
 
For an all-year fixed plane tilt with annually optimized tilt angle the electricity production 
of a 75W and 110W module was calculated to be respectively 159.2 and 233.5kWh/year. 
Consequently an extremely large number of PV modules are required to supply the annual 
energy demand of the octopus culture unit.  
 
It is possible that more energy would be collected by the PV modules if a sun-tracking 
system had been used. Studies made have shown that sun-tracking can increase the PV 
output with more than 20% [Huang and Sun, 2007], [Al-Mohamad, 2007]. But for such a 
large number of modules as required, a sun-tracking system would be very hard to 
implement and probably not cost-effective. Nevertheless, even if it seems unlikely to 
supply the total demand with PV modules, this does not exclude the technology as provider 
of useful extra input during the day. This aspect will be further studied in chapter 5, during 
the system modulations under continuous operational circumstances.   
 
This chapter examined the electrical energy production, and the next chapter will focus on 
the thermal energy production. High thermal loads were estimated in chapter 1, especially 
for the air conditioning. As a result a non-electrical supplying strategy will be considered, 
using solar thermal energy to power an absorption chiller. This strategy aims to cut the 
electricity energy demand and hence ease the pressure on the wind turbines and PV 
modules. 
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4     Proposal of an absorption chiller system for air conditioning 

4.1   Introduction 

 
The results from the power demand evaluation indicate that approximately half of the 
annual energy requirement is used for temperature regulation of water and spaces. 
Adequate water and air temperature is maintained by electrical equipment. However from 
an energetic point of view, using electricity for heating or cooling is not very appropriate; 
the explanation involves the concept of energy quality or exergy. To understand how 
energy not only has quantity but also quality the following example is presented: imagine a 
piston working in a cylinder performing mechanical work. Because of friction the cylinder 
eventually gets very warm. But if instead the piston was held still and the cylinder heated to 
the same temperature as earlier, the piston would get very warm but it would not start 
working. This means that in this case mechanical energy has a higher quality than thermal 
energy. It also means that heating and cooling with electricity is using high quality energy 
for a job that only needs low quality energy. On the other hand, the advantage of using 
electricity is that high exactitude and precision is easily obtained which in the case of the 
water temperature is crucial.  
 
Based on the above discussion, and the fact that the estimated contribution to the annual 
energy demand of the AC is 35%, a decision was taken to investigate the possibility of 
substituting the electrical air conditioning (AC) demand by using solar thermal energy.  
 
Studies have indicated that one of the most cost-effective ways to use solar energy for 
cooling is through an absorption cooling machine [Kim and Infante Ferreira, 2008], 
[Zambrano, et al., 2004]. This is a commercially available product using hot water as 
energy input to produce a coldwater circuit. A fan unit then provides cold air to the room 
from the coldwater circuit as other conventional air conditioner units. The hot water 
required by the chiller can be taken from a thermotank which stores the thermal energy 
supplied by solar collectors and/or an auxiliary gas boiler (Fig. 4.1). Hence the objective of 
this chapter is to propose a solar collector arrangement, thermotank and auxiliary system in 
order to supply an absorption chiller with hot water within its operational range during a 
predefined time period. 
 

 
Figure 4.1. Schematic of an absorption chiller powered by a thermotank-solar collector arrangement. 
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4.2    Method 

4.2.1 Solar and temperature data 

 
Data for this investigation were: the global solar radiation for a plane tilted between -10 and 
30º, and ambient temperature. In both cases characteristic days of every month were 
considered. The method for estimating the characteristic days of solar radiation and 
temperature is described in section 2.2.4 and section 3.2.1 respectively.  

4.2.2 Principles of an absorption chiller 

 
The absorption chiller showed in figure 4.2 uses a number of circuits were fluids are 
passing and exchanging heat between each other. There are two fundamental ideas to 
clarity when explaining how the chiller works; firstly, fluids have different evaporation and 
condensation temperatures at different pressures. For example water evaporates to steam 
when it reaches 100ºC at a pressure of 1 bar (atmospheric pressure at average sea level), but 
at 0.14 bar the evaporation temperature is 52.2ºC [engineering.toolbox.com]. Secondly, 
when a fluid condensate it gives heat to its surrounding but for a fluid to evaporate it needs 
to extract heat from somewhere. Consider a boiling pot of water, if placing a glass sheet 
above it, droplets will form and the glass sheet will become warm, i.e. the gas condensates 
and gives heat to its surrounding. But, in order for the water to evaporate in the first place, 
it needs heat from the pot.  
      
The absorption chiller in figure 4.2 uses a heat transfer medium (from the thermotank) in 
order to increase the temperature of a dilute solution consisting of water and lithium 
bromide. In the generator a vacuum is applied, i.e. a pressure less than atmospheric 
pressure. This allows the dilute solution to start boiling relatively early, as the decrease in 
pressure lowers the evaporation point. Due to the different evaporation points of water and 
lithium bromides, the water evaporates to the condenser but the concentrated lithium 
bromide solution flows down to the heat exchanger and into the absorber. In the condenser 
the steam forms droplets on the cooling water coil. The cooling water runs in a closed 
circuit through a cooling tower10 (see Fig. 4.3) which extracts heat from the steam in the 
condenser and from the steam and dilution in the absorber. In the evaporator the actual 
cooling of the chilled water circuit takes place, this water will pass through the fan unit 
(Fig. 4.3) and be used for the air conditioning of the room. In the evaporator an even lower 
pressure than in the condenser is generated due to the presence of the absorber. Water boils 
on the coil of the chilled water circuit extracting heat from the fluid and the chilled water 
leaves at a temperature of approximately 7ºC [www.yazakienergy.com]. The affinity

11
 

between the water and the concentrated lithium bromide solution attracts the steam to the 
cooling water coil of the absorber. The two fluids reunite as a dilute solution and are 
preheated in the heat exchanger before returning to the generator. 
 

                                                   
10 A cooling tower (Fig.4.3) is a structure were a fluid flows through serpentine tubes letting the fluid 
exchange heat with the air; this is a common way to remove heat from condensation processes. 
11 Affinity can be explained as the tendency of a molecule to associate with another, as salt for moisture. 
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The total chiller system comprises of various components, from solar collectors that capture 
energy, to fans providing the spaces with cool air. Yet, this study will focus mainly on the 
arrangement that supplies the chiller with energy via the heat transfer medium (Fig. 4.2) 
and the operation of the chiller itself. Properties of the cooling tower and the fan will be 
assumed to follow characteristics specified by corresponding manufacturer.  
 

To/from blower

To/from thermo-tank

 
Figure 4.2. Components constituting a single effect water fired absorption chiller: generator, condenser, 

evaporator, absorber and heat exchanger. (Taken from www.yazakienergy.com, 2008). 

 

 
Figure 4.3. Single effect water fired absorption chiller together with cooling tower and fan coil unit. (Taken 

from www.yazakienergy.com, 2008). 
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4.2.3 Operation requirements  

 
A well known manufacturer of industrial absorption chillers was selected from whom all 
specifications were taken. The smallest chiller available was chosen, although this means a 
capacity of 10 tons of refrigeration (RT). Air conditioning capacity is measured in tons of 
refrigeration, where one RT is defined as the cooling power of one short ton (907kg) of ice 
melting during 24 hours [http://physics.nist.gov/Pubs/SP811/appenB9.html]. This equals 
approximately 3.52kW of cooling power [Idem]. The octopus unit has six AC units 
installed, each of 3.04kW. Summed together they offer a cooling capacity of 5.2RT. This 
makes the absorption chiller unit largely oversized. But as has been seen in chapter 1, 
similar aquaculture facilities and classroom buildings are located directly at the side of the 
octopus unit, opening the opportunity to use a centralized system for more than one facility.     
If not taking in account the minor pumping activities, consuming 230W, the heat transfer 
medium carries the primary energy input to the chiller (see Fig. 4.3). The manufacturer 
specifies an energy input of 170,400 BTU/h, this is equal to 1.80MJ/h. It further defines a 
temperature interval in which the system operates, together with the cooling capacities for 
different cooling towers seen in figure 4.4. The chiller starts working when the heat 
medium inlet temperature exceeds 160ºF (70ºC), although at a very low cooling capacity or 
low efficiency. At 190.4ºF (88ºC) the rated capacity of the chiller is reached. Surpassing 
this value, the heat transfer medium temperature will make the chiller operate over its rated 
capacity until reaching 203ºF (95ºC). This is the maximum temperature accepted by the 
chiller before operation is shut of.          

 
Figure 4.4. Relation between cooling capacity factor and heat medium inlet temperature for different cooling 

tower capacities. (Taken from www.yazakienergy.com, 2008). 
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4.2.4 Chiller system design 

 
Energy input by using flat plate solar collectors and a thermotank 
 
One way to supply the chiller with energy is to use solar collectors and a thermotank. A 
solar collector (Fig. 4.5) consists of a number of tubes placed on an absorbing surface. In 
the tubes a fluid is traveling and gaining heat from the absorber surface, thus the fluid is 
leaving the panel with a higher temperature than at the entrance. If this is not the case the 
most probable reason is that the solar radiation is too low, the thermal losses are too high 
and the collector does not operate. This is a perfectly natural situation since any solar 
application is dependent of the sun’s radiation to function.  
 
A common method to regulate the temperature from the panel before delivering energy to 
the chiller is to store water in a thermotank. The warm fluid from the collector first heats 
the water in the tank; thereafter the chiller circulates this water which provides the energy 
input. Connecting a thermotank makes the energy input to the chiller (and the cooling 
capacity of the chiller) more stable than if the hot water had been taken directly from the 
collector arrangement. Furthermore, using a thermotank can increase the operation hours of 
the chiller since the accumulated hot water can be utilized when solar resource is low.   
 

 
Figure 4.5. Flat plate collector with one glass cover. (Taken from Kim and Infante Ferreira, 2008). 

 
Performance of a flat plate solar collector arrangement 
 
The performance of a solar collector arrangement depends on a number of factors; this 
section will mention the most important for system calculations. As these factors are 
interrelated it is hard to describe them separately, but the basic influencing parameters are: 
the physical properties of the collector, the water mass flow and the positioning and 
connecting of the arrangement.  
 
The usefulness of a collector is rooted in its ability to increase the temperature of the fluid 
during its travel upwards through the collector. A good collector should maximize the solar 
radiation intake and minimize thermal losses to the surroundings. This can be approached 
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by placing a transparent cover over the collector which lets the short wave solar radiation 
through but traps the long wave heat radiation emitted by the absorber surface. Multiple 
covers indicate fewer thermal losses and higher efficiency, but they also increase the price 
and reduce the optical efficiency. The general efficiency of a flat plate solar collector is 
specified by the fluid inlet temperature, the ambient temperature, the solar radiation and the 
mass flow. For a commercial flat plate solar collector with one glass cover the efficiency 
curve for a mass flow of 0.0667kg/s is shown in figure 4.6, Ti [ºC] and Ta [ºC] are fluid 
inlet and ambient temperatures respectively, and G [W/m2] is global solar radiation. 
Considering ambient temperature and the solar radiation as fixed, while varying only the 
fluid inlet temperature it becomes clear that elevating the fluid inlet temperature will lower 
the efficiency. This seems logical since the thermal losses should increase when the fluid 

temperature increases. The useful output of a collector 
uQ&  [W] can be calculated using the 

solar collector’s efficiency curve together with the absorber area, ambient temperature and 
solar radiation. In equation 4.1 a general expression of the power output of a collector is 

shown, where η  [%] is the efficiency, AC [m
2
] collector absorber area and GT [W/m

2
] is 

incident solar radiation.       
 

TCu GAQ η=&           (4.1) 

 

 
Figure 4.6. Efficiency curve of a flat plate collector with one glass cover. (Taken from http://www.thermo-

dynamics.com). 

 
As the mass flow rate through a collector increases, the temperature rise through the 
collector decreases. Thus, the mass flow influences both the outlet temperature of the fluid 
and energy delivered by the collector. Equation 4.2 is another expression of how to 

calculate the useful power delivered by the collector, where m&  [kg/s] is mass flow, 
pC  

[J/kgºC] is the specific heat capacity of the fluid, Ti and To [ºC] are respectively the fluid 
inlet and outlet temperature. A low flow rate means that the fluid will have more time to 
gain heat from the absorber surface but the energy delivered, at the fluid outlet of the 
collector, will be low.  
 

)( iopu TTCmQ −= &&          (4.2) 
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The positioning of the collectors refers to what was treated in the solar resource evaluation. 
By changing the tilt of the collector different amounts of radiation will enter throughout the 
year; this method can be used to regulate the energy inflow to the panel. 
 
When using multiple panels, the alternative of connecting them in series or parallel arises. 
Figure 4.7 shows a comparison between two rows of one covered flat plate collectors, 
where in the first row they are connected in series, and in the second they are in parallel. 
Every single collector has an absorber area of 2.87m2 and they individually follow the 
efficiency curve seen in figure 4.6. In the both rows seen in figure 4.7, water at a 
temperature of 25ºC is inflowing and a constant mass flow rate of 0.03kg/s is kept 
throughout all collectors. By assuming an incident solar radiation of 700 W/m

2
 and an 

ambient temperature of 25ºC as constant, with equations 4.1 and 4.2 it becomes possible to 
calculate the efficiency of every panel as well as outlet power and temperature. As can be 
seen in figure 4.7 the outlet fluid temperature and energy delivered by the third panel are 
not the same for the both rows. The outlet temperature of the fluid in the series connection 
is higher but the power delivered is lower. What can be further noted is that the total system 
efficiency of the series connection is lower, since the efficiency decreases for every 
collector attached (as inlet temperature increases for every new collector).  
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Figure 4.7. Two rows of flat plate collectors, in the first row panels are connected in series and in the second 

row they are connected in parallel. 
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This means that for every power demand there should be an optimum way of selecting 
panel connection and mass flow, but finding these parameters is not an easy task. The 
problem grows in complexity along with the demand as more energy is required and more 
connection options evolve. The collector system has to deliver an adequate power and 
temperature output, and both have to be taken in account for an optimization. Further 
complications arise if considering the effect of tube pressure, fluid evaporation temperature, 
pump requirements and so forth. Since this part of the study does not aim to optimize 
system components, all panels have been considered to be connected in parallel. 
Consequently, the collector capacity proposed might be somewhat higher than what is 
actually required.  

4.2.5 Selection of components to the total chiller system 

 
Solar collectors 
 
There exist solar thermal collectors of varying performance characteristics, from flat plate 
collectors working in relatively low temperature intervals to evacuated tubes with very high 
outputs. A commercial flat plate collector of one cover was selected since this collector has 
a low initial cost. Further more, several studies have been made using flat plate collectors 
[Marderos, 2009], [Balghouthi, et al., 2008] and there are chiller systems driven by flat 
plate collectors installed, [Zambrano, et al., 2004] which demonstrates that the technology 
is sufficient. In table 4.1 parameters related to the selected solar panel is presented, its 
efficiency curve can be found in figure 4.6.  
 
Table 4.1. Parameters of the flat plate collector selected for this study. 

Absorber area 2.87m2 
Total area 2.96m2 
Weight 45kg 
Glazing 3.2mm low-iron tempered glass,  

refractive index = 1.525  
Tube cross section area 120mm2 
Maximum operating temperature   Tubes: 200ºC  

Absorber: 200ºC 
Solder/Brazing: 200ºC 
Coating: 300°C 

Recomended flow rate 0.8-2.6 liters/s 
Recommended operating pressure 135-270kPa (closed loop system) 
Efficiency curve )/GT - 5.247(T738.0 ai−=η  

  
Thermotanks 
 
Since the thermotank’s purpose is to accumulate heat (warm water) one searches to 
maximize storage capacity while minimizing thermal losses, this means finding the 
maximum tank volume with minimum surface area. Consider the two thermotanks in figure 
4.8; they will not store energy equally even though they may have similar volumes. 
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Equation 4.3 expresses the total surface area of a tank. By deriving equation 4.3 in function 
of the tank radius and setting it equal to zero, (Eq. 4.4) a minimum to the expression is 
found. Equation 4.5 clarifies that the minimum area of a tank is obtained when the radius is 
twice the height of the tank; this relationship was used for all tank volumes. A fixed 
thermotank capacity was specified to 2,500 liters with a wall thickness and thermal 
conductivity respectively of 5cm and 0.060W/mºC.  
 

  222 rrhA ππ +=          (4.3) 

0242 =+=+= rhrh
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Figure 4.8. Two tanks with similar volumes but different thermal storage capacities. 

   
Auxiliary energy  
 
To increase the performance and operation hours of the chiller an auxiliary energy source, 
in form of a 60 kW gas boiler, was added to the existing system. The boiler’s function is to 
heat the water in the storage tank during times when the chiller is operating but the solar 
resource is insufficient.  

4.2.6 Chiller system modulation 

 
To find appropriate features of the system components (solar collectors, thermotanks, and 
boiler) a program in Excel was developed. The program is based on what will be explained 
in the two following sections; an energy balance on the thermotank and the operation hours 
of the AC. The objective was to maintain the water temperature in the thermotank between 
70 and 95ºC during all operation hours of the AC. The main variables were collector 
absorber area, thermotank volume and auxiliary operation hours.  
 
For every month of the year, three weeks (21 days) of characteristic days of solar radiation 
and temperature were planted. They expected to cause steady cyclic variations in water 
temperature at the end of every three weeks period.  
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Energy balance of thermotank   
 
This subsection develops the iterative equation on which the program is built. From an idea 
of Engineer Humberto Bravo an energy balance described by Duffie and Beckman (1991) 
was used. In figure 4.9 all energy flows affecting the thermotank can be seen. 
 

uQ&

auxQ&

lossQ&

reqQ&

Ti TT =

TTCpm ,,
TankQ&

 
Figure 4.9. Energy balance on a thermotank, see section 4.2.6.  

 
The energy balance for water in a storage tank starts with equation 4.6, thereafter the 
temperature change is expressed as the derivate of the tank temperature in function of time 

(Eq. 4.7). Parameters in equation 4.6 are as follows: m [kg] is mass, 
TT∆  [ºC] is the 

temperature difference and Cp [J/kgºC] is specific heat capacity for water, taken as 
4196J/kgºC (for water at 80ºC, [Twidell and Weir, 2007]).  
 

TTpTank TmCQ ∆= )(          (4.6) 

dt

dT
mCQ T

TpTank )(=&         (4.7) 

 

Further more, the heat loss from the tank is expressed (Eq. 4.8), where 
TUA)(  [W/ºC] is the 

heat transfer rate of the tank surface area. The heat transfer rate U [W/ºCm2] is calculated 
from the thermal conductivity k [W/mºC] and the thickness of the tank wall, assuming a 
homogenous temperature throughout the material (Eq. 4.9).   
 

)()( aTTloss TTUAQ −=&         (4.8) 

thickness

k
U =          (4.9) 

 
The tank is supplied with energy from the solar collectors and the auxiliary boiler. In the 
same time energy is removed from the tank due to thermal losses and the requirements of 
the chiller. When the water in the tank is completely mixed, a total energy balance on the 
system can be expressed as: 
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lossreqauxuTank QQQQQ &&&&& −−+= , or       (4.10) 

 

)()()( aTTreqauxu

T

Tp TTUAQQQ
dt

dT
mC −−−+= &&& ,    (4.11) 

 

where 
uQ&  [W] and 

auxQ&  [W] are respectively the power delivered by the solar panels and 

the auxiliary boiler, reqQ& [W] is the power required by the chiller. There are many ways of 

calculating uQ& , but since a commercial model was chosen the efficiency curve of the 

collector was used, hence 
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where in this case AC  represents the collector arrangement’s total absorber area and Ti the 
fluid entrance temperature of the collector. The last parameter (Ti) is very important since it 
is crucial for the efficiency of the collector; it is put equal to the tank temperature (see Fig. 
4.9). If integrating equation 4.11 while keeping the tank water temperatures (on the left of 
the equal sign) as variables under regular time increments the equation can be rewritten to, 
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Assuming that all variables and parameters are constant during the time increment, with 
equation 4.13 it becomes possible to calculate a new tank temperature based on a former 
one. In Excel, equation 4.13 was used as the driving function when calculating new tank 

water temperatures. A time increment t∆  of one hour was chosen, expecting to give 
representative temperature variations throughout the day.  
 
AC operation hours 
 
The great advantage of using solar energy for air conditioning is that the operating hours of 
the AC matches up with the solar resource. As temperature and solar radiation peaks most 
likely will coincide, the performance of the AC will be higher during warmer periods. 
However, Sisal being in the tropics has conditions making this relationship complicated. 
The humid air stores heat during the day which makes ambient temperature high even when 
solar radiation declines. This stresses the chiller system and increases the dependency of 
elements such as thermal storage capacity and auxiliary energy requirements.  
 
The operation hours of the AC were determined using a study which proposes bioclimatic 
maps for different locations in México. The maps present air conditioning requirements on 
an hourly basis for characteristic days of every month. Levels of coldness, comfort and 
warmth are defined and the study concludes that for two thirds of the Mexican territory, 
heat is the major bioclimatic issue [Morillón, 2004]. In figure 4.10 the bioclimatic map of 
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the Mérida can be found, apparent to have one of the largest amounts of hours defined as 
warm throughout the country. The operating period of the AC was set to the hours defined 
as warm until 18:00, since after that hour there will normally be no one in working in the 
octopus culture unit. In table 4.2 the AC operating hours used when modulating are given.              
 

 
Figure 4.10. Bioclimatic map showing hours of cold, comfort and warmth used when determining the AC 

operation hours of this study (Adapted from Morillón, 2004). 

 
Table 4.2. Air conditioning operation hours determined when modulating the absorption chiller system. 

Month Operation period Operation hours 

January 12:00-17:59  (six hours) 
February 11:00-17:59  (seven hours) 

Mars 10:00-17:59  (eight hours) 
April 10:00-17:59 (eight hours) 
May 10:00-17:59 (eight hours) 
June 10:00-17:59 (eight hours) 
July 10:00-17:59 (eight hours) 

August 10:00-17:59 (eight hours) 
September 10:00-17:59 (eight hours) 

October 11:00-17:59 (seven hours) 
November 11:00-16:59 (six hours) 
December 12:00-15:59 (four hours) 

4.2.7 Estimating component dimensions  

 
Setting the solar radiation and temperature data as the ambient conditions, and the AC 
demand as the load, equation 4.13 could be used for estimations of component dimensions 
and auxiliary requirements. This was firstly done by estimating thermotank capacity large 
enough to supply the chiller with energy during one day without any input from the solar 
collectors or the boiler. This way of dimensioning storage capacity, so that applications 
may function the subsequent day without resource, is a common criterion in solar thermal 
engineering.  
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In the next step, solar collectors were added to the system. Now the aim was to find the 
number of thermotanks and the collector capacity (AC) required when operating the chiller 
throughout the year. One tank was connected with the collector area needed, then two tanks 
and the required collector area was combined, and so on. The procedure was repeated for 
six thermotanks. Different plane tilts were continuously investigated since the daily energy 
demand was not identical throughout the year. The temperatures where monitored during 
the last 24 hours of the three-week period, after having made sure that the system reached 
steady cyclic variations. The start temperature for all modulations was set to 88ºC since this 
is the rated temperature for the heat transfer medium. Under a real scenario there would 
have to be a warm-up period before initiating AC.  
 
The boiler was finally introduced, aiming to lower both collector and tank dimensions. This 
vastly increased the dynamics of the modulation and demanded a criterion for what was to 
be seen acceptable results. Consequently a 60/40 proportion of the contribution to the 
annual demand between the solar panels and the boiler was involved, defining that the 
annual requirement of the chiller had to be powered by at least 60% solar energy.           

4.2.8 Control System  

 
The system had two ways of ensuring that the water temperature of the thermotank would 
not leave the interval specified during the AC operation hours. The lower limit was 
controlled by the auxiliary boiler, programmed to start operating when water temperature 
dropped to a defined threshold value. This value was left as a variable and ultimately 
changed to minimize gas consumption. The high temperature limit was controlled by a 
safety vale which released heat from the thermotank at an elevated pressure. In the program 
this was manifested by an if-function, testing the start temperature TT (see Eq. 4.13) and 

selecting a next temperature 
TT ′  of 95ºC, if the start temperature surpassed 95ºC. In this 

way it could be assured that the thermotank would always deliver water of required 
temperature to the chiller.       
    

4.3   Results-Dimensions of absorption chiller system for air conditioning 

 
The results aim to present two system configurations: one which is totally dependent on 
solar energy and another including the boiler as auxiliary input. From the first estimations 
of thermotank capacity it was found that 20.0m3 or eight thermotanks is needed to supply 
the chiller one day without solar radiation. This is a very large storage space for water. 
 
In figure 4.11, the solar collector requirements are presented depending on thermotank 
capacity for a system without auxiliary input. It shows that for a system, reliant on 100% 
solar energy, at least two thermotanks or 5.0m3 of storage capacity is needed. A minimum 
amount of 95 solar panels (281m

2 
of collector area) was found for a system including three 

thermotanks (7.5m3 of storage volume). Further amplification in thermal storage increased 
the amount of panels required. The most favorable plane tilt through all modulations of this 
configuration was found to be 10º south.   
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Figure 4.11. Collector and thermotank capacity required to operate the absorption chiller.  

 
For the system containing the auxiliary input, an acceptable composition was found that 
included two thermotanks (5.0m3 of storage volume) and 52 panels (154m2 of collector 
area), with an annual solar energy contribution of 61.1%. For this particular configuration 
the operation hours of the auxiliary input were between one to four hours per day, 
depending on month. Annually the boiler was running 753 hours. Table 4.3 shows the 
boiler’s operating hours per day for every month of the year, together with the AC 
operating hours and the auxiliary contribution to the AC load. The panels for this 
configuration where tilted 20º south. 
 
Table 4.3. Daily operating hours of the boiler and contribution to air conditioning demand.  

Month 
Auxiliary operating 

hours per day 
AC operating 
hours per day 

Auxiliary contribution to 
AC load [%] 

Jan 1 5 20.0 
Feb 1 6 16.7 
Mar 2 7 28.6 
Apr 1 7 14.3 
May 2 7 28.6 
Jun 4 7 57.1 
Jul 4 7 57.1 

Aug 3 7 42.9 
Sep 2 7 28.6 
Oct 2 6 33.3 
Nov 2 6 33.3 
Dec 1 5 20.0 
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Figure 4.12 and 4.13 both show two series of tank water temperatures for the three-week 
period calculated in the program. The two periods are taken from the months of February 
and May and are here shown as examples of the found results. The temperature variations 
in the first of the figures are taken from the configuration founded entirely on solar energy, 
with 95 panels and two thermotanks. The second figure shows the temperature variations 
for the solar/auxiliary hybrid which included 52 panels, two thermotanks and a 60kW 
boiler. The variation pattern is clearly cyclic, with temperature peaks during midday and 
lows in the morning hours before the solar radiation gains enough intensity to generate 
significant panel output. The configuration only based on solar energy seems to have higher 
overall temperatures, ranging from 74 to 95ºC, while the solar/auxiliary combination has a 
temperature interval of 69 to 89ºC.   
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Figure 4.12. Modulated temperature variations for 21 days in February and May for a total chiller system 

constituting of 281m2 collector area and 7.5m3 thermotank volume. 
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Figure 4.13. Modulated thermotank water temperature for 21 days in February and May for a total chiller 
system constituting of 154m2 collector area, 5.0m3 thermotank volume and a 60kW boiler. 
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For the same months, the temperature variations of the two final days are presented in 
figure 4.14 for a 100% solar configuration, and in figure 4.15 for a solar/auxiliary hybrid. 
The AC operating hours for the two months are visible in the figures fenced by the vertical 
lines. The first of the configuration gives uniform and smooth temperature curves as a 
result of the large thermal storage capacity. The latter of the two configurations is 
characterized by the auxiliary input making the variations edgier, especially for May being 
one of the months with longest AC operation hours. The observed overall patterns for both 
the three-week and the two-day period were present for all the other months of the year. 
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 Figure 4.14. Two days of modulated thermotank water temperature in February and May for a total chiller 

system constituting of 281m2 collector area and 7.5m3 thermotank volume. 
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Figure 4.15. Two days of modulated thermotank water temperature in February and May for a total chiller 

system constituting of 154m2 collector area, 5.0m3 thermotank volume and a 60kW boiler. 
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4.4   Conclusions of the chapter 

 
Two different absorption chiller systems have been presented by constructing a program in 
Excel. One was powered by a solar collector arrangement and thermal storage, and another 
by solar a collector arrangement, thermal storage and an auxiliary boiler. One cover flat 
plate collectors were proposed to capture and transmit the solar energy. These might as well 
have been other more efficient collectors to lower the required collector area. Further more, 
all panels were seen as connected in parallel since this was the easiest way to modulate. 
Hence, no optimization of the panel arrangement was done.  
 
The best collector tilt for the 100% solar configuration throughout all modulation was 10º 
south, which is not the optimum plane tilt considering the solar energy received on an 
annual basis (see table 3.2 in chapter 3). This indicates that more energy is needed during 
the summer months, especially June and July when solar radiation slightly decreases but 
AC operation hours are still high.  
 
If the auxiliary input is not included in the chiller system it grows notably large, around 
281m2 of collector area and 7.5m3 of thermal storage is required. The elevated storage 
capacity is needed to supply the chiller with hot water during the times when solar radiation 
is low, and as a result the collector area increases to heat up the large water volumes. Over 
day’s thermal storage without any energy input requires excessive tank volume, making 
this type of backup storage financially impossible. Further more, a system without the 
auxiliary input can not guarantee that the chiller will be able to function during all its 
operation hours since it is totally reliant on solar energy.  
 
A hybrid system including the auxiliary input can independently the solar resource keep the 
tank water temperature within the operation range of the AC. This is an advantage in 
comparison to the 100% solar system. On the other hand, from figures 4.12 to 4.15 it can be 
seen that the hybrid configuration generates relatively low tank water temperatures which 
would lower the cooling capacity of the chiller (Fig. 4.4). Yet, this is an outcome of the 
way of modulation, since system characteristics (collector area, thermotank volume and 
auxiliary operation hours) were chosen when the 60/40 criterion was fulfilled. It might be 
possible to maintain a higher general level of tank water temperatures by using more solar 
panels and thermal storage. Nevertheless, a satisfactory configuration for the solar/auxiliary 
hybrid was obtained with 154m2 of collector area, 5.0m3 of thermal storage and an annual 
solar energy contribution of 61.1%.  
 
The results were compared with an existent single effect H20-LiBr absorption chiller of 
equal cooling capacity (10RT). The chiller system is installed in Seville, Spain and uses 
151m

2
 of plat plate collectors, two thermotanks of 2,500 liters (5.0m

3
 in total) and a 60kW 

boiler [Zambrano, et al., 2004]. The collector capacity installed in Seville is slightly less 
than estimated by this study, but neither AC nor auxiliary operation hours are defined.   
 
The following chapter integrates the results from all previous chapters and focuses on how 
to supply the power demand of the octopus culture unit in operation. The challenge 
enhances considerably, making it impossible for one sustainable energy supplier (e.g. wind 
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turbines) to succeed on its own. Consequently, the importance of a hybrid system based on 
diverse energy flows evolves. Chapter 5 also presents a financial evaluation including a 
most cost-effective system design, as well as payoff calculations.   
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5     Simulation of system operations and financial evaluation 

5.1   Introduction 

 
Earlier in this work, wind turbine and PV module capacities were calculated to supply the 
annual energy demand of the octopus culture unit. The air conditioning (AC) was separated 
from the total demand and solved thermally by using an absorption chiller. The next step is 
to establish a techno-financial analysis in order to determine the best sustainable energy 
technologies for the demands of the octopus culture unit. To do this, two things must be 
considered; the integration of the resource with the suitability and cost of the energy 
suppliers, and a continuous operation.  
 
Supplying an annual energy demand is not the same as meeting a continuously varying 
power demand. Therefore, to find final capacities of the system components one must 
consider them in operation. This chapter combines the characteristics of the resources and 
energy suppliers to meet the continuous power demand of the octopus unit. More so, it 
optimizes system components according to their cost-effectiveness. Here, one of the 
interesting and complex tasks of sustainable engineering is clearly visible; the matching of 
resource and suppliers with the demand. The system will not be effective if it is 
overproducing but still, underproducing (if no other source is connected) is not an option. 
Even though sustainable energy sources are often free of charge, inadequate handling and 
overproduction does not make sense. All equipment and maintenance have a price and 
since the nature of sustainable energy sources usually is not controllable, an appropriate 
system design is crucial. 
 
A practical tool to integrate and optimize resource and supplier is the software named 
HOMER, created by NREL (National Renewable Energy Laboratory, US). It has been used 
in several international studies and is very useful for this type of investigation. However, 
since all computation is made by the program, it becomes a “black box” in where it is 
impossible to see the calculations or restructure them. Thus, at the end of this chapter, 
section 5.4.4 addresses HOMER’s liability of calculating wind power and PV output.  
 
In chapter 4 the electrical AC demand was replaced by an absorption chiller, powered by 
solar thermal energy. But the chiller can not be directly included in the model solved by 
HOMER. Yet, its presence will appear as a decrease in power demand and during final 
financial calculation its investment and operational costs will be included.   
 
The objectives of this chapter are: 
 

• By using HOMER find the most cost-effective way to combine wind power and PV 
modules together with conventional input to meet two estimated annual power 
demands of the octopus culture unit: one power demand including the AC and one 
without. 

• Investigate the possibilities and costs associated when making the octopus unit self 
sufficient, with wind turbines, PV modules and the chiller system as main input.  
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• Find the payoff time for the proposed sustainable energy suppliers  

• Examine if HOMER’s computation of wind power and PV output coincide with the 
calculations from chapter 3 

5.2   Method 

5.2.1 Modulation with HOMER-ranking with the net present cost 

 
In HOMER it is possible to define one year’s solar and wind resource on an hourly basis. 
Apart from wind turbines and PV modules, components such as diesel generators, batteries, 
and the electrical grid can be added to form an energy system (Fig. 5.1). The capacities and 
costs of all components can be defined and an optimization, regarding component capacity 
and operation hours, is done through the net present cost. This means that HOMER might 
only use some of the equipment available. Having found system compositions, sensitive 
variables can be tested to study the stability of the results. In this way, a very large number 
of compositions can be investigated and optima found for every system configuration.  
 

 
Figure 5.1. Part of the user interface of HOMER where the power demand (marked as “Sisal”), the 

components and resources can be defined. 

 
The main result that HOMER presents is a list of all possible system configurations, based 
on the resources and the equipment capacities and costs specified by the user. The list is 
ranked according to the total system’s net present cost (NPC). The NPC takes in account all 
costs related to investment, replacement, operation and maintenance, fuel, and fixed costs, 
as well as project life time and interest rate. This section will describe the equations on 
which the NPC is built, Eq. 5.1 to 5.9 are taken from the information service in HOMER.   
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The total net present cost CNPC [$] is calculated as follows: 
 

),(

,

proj

totann

NPC
RiCRF

C
C = ,        (5.1) 

 
where CRF [-] is the capital recovery factor, used when converting future equal cash flows 
to present values, it is in function of the interest rate, i [%] and the project life time Rproj 

[years]. The capital recover factor is given by equation 5.2, where N [-] is the number of 
years in question.  
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The numerator in equation 5.1 is the total annualized cost, Cann,tot [$]. It constitutes of the 
sum of two groups; the annualized cost and the other annualized cost. The latter of the costs 
is not used by this study as it is in function of fixed costs and cost related to load efficiency, 
penalty for capacity shortage and emissions of pollutants. Nevertheless, the annualized cost 
is the sum of the system’s total 
 

• annualized capital cost  

• annualized replacement cost  

• annual operation and maintenance cost  

• annual fuel cost 
 
The total annualized capital cost, Ca,cap [$] is the sum of each component’s annualized 
capital cost. It is in function of total initial cost at the beginning of the project Ccap [$] and 
the capital recovery factor, hence  
 

),(, NiCRFCC capcapa =                   (5.3) 

 
The total annualized replacement cost is the sum of each component’s annualized 
replacement cost that occurred during the entire project lifetime, minus their salvage costs 
at the end of the project. The following equation is used to calculate the annualized 
replacement cost of a single component: 
 

))RSFF(i,()RSFF(i, projcomp, SfCC repreprepa −= ,    (5.4) 

 
where Crep [$] is the replacement cost of the component. frep [-] is a factor describing the 
relationship between the project life time and the component life time, Rcomp [years] as they 
do not have to be the same, where 
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 The factor Rrep [years] is the replacement cost duration, defined as 
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where INT() is a function returning the integer of the division between the project lifetime 
and the component life time.  
 
The salvage value S [$] is the price for a component at the end of the project. It is 
determined by the replacement cost and a quotient between the remaining life time of the 
component and the component life time, hence 
 

comp
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R
CS = ,         (5.7) 

 
where the remaining life time of the component is defined as 
 

( )
repprojcomprem RRRR −−=         (5.8) 

 
The parameter SFF(i,Rcomp) [-] seen in equation 5.4 is the sinking fund factor, used when 
calculating a future value of a series of equal cash flows. It is defined as 
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        (5.9) 

 
The annual operation and maintenance (O&M) costs and annual fuel costs are calculated by 
multiplying the O&M and fuel costs by the operation hours of the year.  

5.2.2 Costs and expected lifetime of the components in HOMER 

 
Before testing different system configurations, all of the component’s costs and endurance 
properties had to be defined. During the modulations in HOMER the following system 
components were considered: wind turbines, PV modules, diesel generator, batteries and 
the electrical grid. There was also a need for a converter/inverter to transform the electricity 
between alter and direct current. The following subsection will treat the first four 
components as they have similar types of costs. The final component (the electrical grid) 
will thereafter be treated separately as its tariff system contains more details.    
  
Costs and the expected life time of some components  
 
The price for 1W of wind power was estimated to 1US$ [www.windpower.org], the same 
value was put as replacement cost [Idem]. The cost of operation and maintenance (O&M) 
(considering new turbines) was set to 2% of the investment cost per year [Idem].  
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PV modules cost at least 7US$/W initially and 6US$/W during replacements [Khan and 
Iqbal, 2004], [Zoulias and Lymberopoulos, 2006]; no O&M cost was considered since it is 
not representative in the calculations. The initial and replacement costs for the diesel 
generator were put to respectively 0.4 and 0.35US$/W, 0.15US$/h was taken as the O&M 
cost [Khan and Iqbal, 2004]. The price for diesel was adapted from PEMEX in June 2008 
and set to 0.5US$/L.  
 
The selected battery model was a Surrette 6CS25P with an initial cost of 1,250US$/unit and 
a replacement cost of 1,100US$/unit, no O&M cost was considered [Idem]. Converters can 
cost from 1.0 to 1.3US$/W [Zoulias and Lymberopoulos, 2006]. A 4kW converter/inverter 
was chosen with a cost of 3,600US$/unit initially as well as for replacement, 100US$/year 
was taken as costs related to O&M. In table 5.1 and 5.2 the costs for the all components 
mentioned are listed.  
 

Table 5.1. Component costs during modulations in HOMER. 

Cost type Wind turbine  PV  Generator  
Initial [US$/W] 1 7 0.4 
Replacement [US$/W] 1 6 0.35 
O&M  2% of investment cost, US$/yr 0 0.15 US$/h  
Fuel 0 0 0.4 US$/L 
 

Table 5.2. Battery and converter costs during modulations in HOMER. 

Cost type Battery  Converter  
Initial [US$/piece] 1,250 3,600 
Replacement [US$/piece] 1,100 3,600 
O&M [US$/yr] 0  100 

 

The excepted lifetime of the equipment is naturally important since replacements will add 
extra costs. For the battery this data comes specified (in HOMER) by the manufacturer but 
for the other components it is optional. The following expected lifetimes where applied 
during all modulations: 
 

• Wind turbine: 25 years [www.windpower.org], [www.fuhrlaender.de] 

• PV modules: 20 years
 
[Khan and Iqbal, 2004] 

• Diesel generator: 15,000 hours 

• Battery: 9,645 kWh 

• Converter: 15 years [Idem] 
  
Tariffs of the electrical grid 
 
A hybrid system including an grid connection represents an interesting alternative for 
sustainable energy systems since the grid can be seen as an imaginary reservoir. For 
example, when a wind turbine is overproducing, the spare energy could be sold to the 
electricity company and when energy is required it could be purchased from the same 
place. It should however be mentioned that it is not always that simple. Energy transport is 
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usually associated with losses and therefore the interaction of energy brings complications. 
The grid connection in Sisal will have to follow the standards and norms defined by the 
Comisión Federal de Electricidad (CFE), which is the federal electricity company of 
Mexico. These norms do not allow minor electricity producers to sell their energy to the 
network, so the option of buying as well as selling electricity to the grid does not exist.  
 
For remote sites without access to power lines there is usually a high initial cost related to 
providing the location with a grid connection. But since the octopus culture unit (or a 
possible future unit) is in direct vicinity of the other connected facilities, no initial grid cost 
is considered. 
  
The UMDI in Sisal is placed in the H-M tariff system of CFE, which is used for medium 
power demands above 100kW or more [www.cfe.gob.mx/]. The new facility will run under 
these conditions as well, adding its acquirements to the total electricity bill.  
 
The tariff system is firstly divided in the three categories of: base, intermediate and peak. 
These levels set the prices where base and intermediate hours are relatively low cost, while 
peak hours are expensive (Table 5.5). Every month of the year has its own base, 
intermediate and peak tariffs. Further more, as can be seen in table 5.3 and 5.4 the three 
categories appear during certain hours of the day and parts of the year. Finally, there is a 
demand rate for every month, which is a monthly fee paid on the peak demand for the 
period. This charge only occurs during peak hours. A maximum of 16 rates can be set in 
HOMER, therefore the CFE tariff system had to be simplified. Averages of each of the 
base, intermediate and peak values were taken for the period August-October and in the 
same manner for the rest of the months of the year. Additionally, the weekdays where put 
together and the tariffs averaged on a weekend basis for every category and annual period. 
The monthly demand rates were also simplified and averaged by the same method. Hence, 
10 rates (5 × 2) were used to describe the costs of the grid connection for the octopus 
culture unit; in table 5.5 a summary of the simplification can be seen.  
 

Table 5.3. Time schedule of the H-M system of CFE in 2007 showing the three tariffs during the time period of 
the first Sunday in April to the Saturday before the last Sunday in October.   

Day of the week Base Intermediate  Peak  

Monday - Friday 0:00-6:00 6:00-20:00 
22:00-24:00 

20:00-22:00 

Saturday 0:00-7:00 7:00-24:00  
Sunday 0:00-19:00 19:00-24:00  

 
Table 5.4. Time schedule of the H-M system of CFE in 2007 showing the three tariffs during the time period of 
the last Sunday in October to the Saturday before the first Sunday in April.   

Day of the week Base Intermediate Peak 

Monday - Friday 0:00-6:00 6:00-18:00 
22:00-24:00 

18:00-22:00 

Saturday 0:00-8:00 8:00-19:00 
21:00-24:00 

19:00-21:00 

Sunday 0:00-18:00 18:00-24:00  
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Table 5.5. Grid prices of CFE in 2007 for the H-M system. 

Month Demand rate [$/kW 
& month] Peak hours [$/kWh] 

Intermediate hours  
[$/kWh] Base hours  [$/kWh] 

Jan 12.292 0.220 0.068 0.056 
Feb 11.872 0.212 0.065 0.054 
Mar 11.844 0.212 0.065 0.054 
Apr 11.860 0.212 0.065 0.054 
May 11.974 0.214 0.066 0.054 
Jun 12.179 0.218 0.067 0.055 
Jul 12.509 0.224 0.069 0.057 
Aug 12.808 0.229 0.070 0.058 
Sep 13.019 0.233 0.072 0.059 
Oct 13.135 0.235 0.072 0.059 
Nov 13.238 0.237 0.073 0.060 
Dec 12.968 0.240 0.075 0.062 

 
Table 5.6. Estimated grid fees used during modulations HOMER, they are taken from simplifications of the 
tariff system for a demand following the H-M system of CFE in 2007. 

Tariff type April-October January-Mars & November-December 
Base [US$/kWh] 0.057 0.057 
Intermediate [US$/kWh] 0.069 0.069 
Peak [US$/kWh] 0.224 0.224 
Weekends [US$/kWh] 0.062 0.069 
Demand rate [US$/kW & month] 12.498 12.433 

5.2.3 System control in HOMER 

 
In HOMER a number of parameters concerning the control of the modulation are 
predefined, the following two are of special interest:  

 

• Operating reserve as percentage of hourly load 

• Operating reserve as percentage of renewable output 
 
An operating reserve of hourly load means that at any time the system should be able to 
handle a certain percentage of increase in power demand. This is important since the load is 
based on hourly data but the AC works in cycles of 10 to 20 minutes (section 1.3.4). In the 
power demand characterization in chapter 1 a maximum increase in peak power was 
estimated to 31%. This value was set as the operating reserve of hourly load for the power 
demand including the AC, while for the demand excluding the AC it was set to 10%. 
 
Further more, a certain percentage of operating reserve of renewable output can be defined. 
This affects the system dimensioned so that it can handle a sudden percentage of decrease 
in resource. A very unstable resource increases the importance of this value to be high. The 
percentage of operating reserve of renewable output is by HOMER set to 25% for solar 
power output and 50% for wind power output, these values were not changed.   
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5.2.4 Strategy for modeling 

 
In HOMER the PV modules and the diesel generator are defined per kW capacity and wind 
turbines by number of turbines. Therefore a large range of PV and generator capacities 
were set while searching for the best wind turbine. In that moment the system was 
constrained to only use one type of wind turbine per modulation, however when the best 
combination was established multiple types of turbines was allowed.  
 
HOMER takes in account the wind speed variation with hub height; either the wind power 
law or the log wind profile can be used. The wind power law was selected with a surface 

dependent factor 25.0=α , as was calculated for Sisal. The hub height of the examined 
wind turbines were between 40 and 15m, but for the turbines of a rated power equal or less 
than 25kW it was always set to 20m. The PV output was considered for an all-year fixed 
plane, tilted 21.15º south. 

5.2.5 Payoff time calculations 

 
Many sustainable energy applications are characterized by a high initial spending but low 
expenses during operation. This can be seen as an advantage or limitation depending on 
point of view.  In comparison, the conventional way of producing power generally has a 
reversed relationship with a low initial spending but high costs while in operation. For 
example, a diesel generator has a much lower investment cost per kW capacity than a PV 
module, but it also has fuel and O&M costs which the PV module does not have. This 
means that if only considering the application’s power production per cost, it is not a 
question if the PV module is a better option, but when. The time required before an 
investment has become a more economical alternative than to continue using the original 
strategy is called the payoff time.      
 
Calculation of payoff time from the results of HOMER 
 
HOMER does not calculate the payoff time; instead it was done in the following manner. 
For the most interesting system configuration, the total operational and investment costs 
were summed for every time period from 1 to 25 years. This cost is identical to the NPC 
minus the salvage cost, which is reasonable since the selling of applications should not be 
accounted for in the payoff time.  
 
The chiller’s contribution to the payoff time 
 
As was mentioned in this chapter’s introduction, the chiller was only involved in the 
models developed with HOMER through a decrease in the power demand. But when 
calculating the payoff time its influence became direct. The two main options from chapter 
4 constituted of a chiller system driven by: 95 flat plate collectors and three thermotanks, or 
by adding auxiliary energy: 52 collectors, two thermotanks and a 60kW gas boiler.  
 
For the solar panels, the thermotank and the chiller system (including cooling tower and fan 
unit) only investment cost was considered, while neglecting O&M, replacement as well as 
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salvage value. The boiler was estimated to have investment and operation costs only, i.e. no 
costs related to replacement, maintenance or salvage value. The operational cost of the 
boiler was estimated by first calculating the annual expenses, based on an hourly fuel cost 
(see next subsection) and the annual operation hours. Thereafter its annualized cost was 
used to calculate the net present operational cost of the boiler according to equation 5.1. 
 
The following method was used to calculate the hourly cost of operating the boiler. Natural 
gas has a heat content of approximately 50MJ/kg [www.natural-gas.com.au]. The boiler 
capacity was set to 60kW which becomes an hourly energy requirement of 216MJ. 
However, when the boiler does not convert 100% of the fuel to useful heat an efficiency 
factor had to be applied. Conventional gas boilers have efficiencies from 50% up to 90% or 
more, depending on age and fabricate [britishgas.co.uk/]. An efficiency factor of 0.7 was 
chosen meaning that 70% of the fuel consumption is going to the actual purpose. By 
dividing the energy demand of the boiler Eboil [MJ/h] with the energy content of the gas Egas 
[MJ/kg] and the efficiency factor fboil [-] it was found that the fuel consumption of the boiler 
was 6.2kg/h (Eq. 5.10). Finally, a gas price of 0.92US$/kg [PEMEX, 2008] was multiplied 
with the hourly fuel consumption, which established the operational cost of 5.7US$/h for 
the boiler (Eq. 5.11).  
 

boilgas

boil

×E

E
=Hour / Consum. Fuel

f
       (5.10)

     

 Price Fuel×Consum. Fuel=HourCost / Operation Boiler    (5.11) 

 
In table 5.7 the costs of the components to the total chiller system is presented. 
Thermotanks can be found in different sizes and with varying thermal properties, this 
makes their initial costs equally diverse, ranging from 0.2 up to 6US$/liter 
[www.hansontank.com], [www.siliconsolar.com]. A price of 1,700US$ for the 2,500 liter 
tank (0.68US$/liter) was chosen since a local distributor could offer a similar price/volume 
relationship for a 4,300 liter tank. The initial costs of the flat plate collector and the 60kW 
boiler was taken as respectively 700US$/unit [www.thermo-dynamics.com] and 
2,800US$/unit [www.construmatica.com]. The chiller system’s initial cost was estimated 
between 25,000 and 30,000US$, where only the chiller machine would cost 23,700US$ 
[Yazaki Energy Systems]. When calculating the payoff time, 27,000US$ was used as initial 
cost for the chiller system including cooling tower and fan units.  
 

Table 5.7. Estimated costs of the component to the total absorption chiller system, the costs were used when 
calculating the payoff time. 

Component Investment cost Capacity Operational cost (Fuel)  

Thermotank 1,700 2,500 liters - 
Flat plate collector 700 2.87m

2
 - 

Gas boiler 2,800 60kW 5.7US$/h 
Chiller system 27,000 10RT - 
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5.3   Results  

 
The three systems configurations enumerated below were studied for two different power 
demands; one including the AC and one without. As can be seen, the two first are stand-
alone systems while the third includes grid connection. Moreover, all systems included a 
converter/inverter.   
 

1. Wind turbine, PV module, Generator (W,PV,Ge) 
2. Wind turbine, PV module, Generator, Batteries (W,PV,Ge,B) 
3. Wind turbine, PV module, Generator, Batteries, Grid (W,PV,B,Gr) 

 
Both power demands were modeled under a project period of 25 years and with a 6% 
interest rate. The best result from all simulations carried out for the power demand 
including the AC can be seen in table 5.8 and 5.9. The operating cost is given by the sum of 
the annualized O&M, fuel and replacement cost, plus the grid purchases minus the salvage 
value. The parameter named COE is the levelized cost of energy, defined as the average 
cost per kWh of useful electrical energy produced by the system. It is calculated by 
dividing the annualized cost of electricity production by the annualized useful electricity 
produced.   
 
When studying table 5.8 and 5.9 it becomes clear that the wind turbine is an excellent 
option, since it dominated the power inputs for every configuration. The PV module was 
never considered as a first option. The battery and diesel generator play important roles in 
the first two stand-alone systems but does not appear when a grid connection is an option. 
Wind turbine capacity is highest at first (see Fig5.9) when no option for energy storage 
exists. In the two following systems it seems to find an optimum of 25kW, when batteries 
and a grid connection are available. The system costs are lowered by the storage 
possibilities, but they drop dramatically when the grid is connected. Hence, the best system 
configuration for a power demand including the AC constitutes of two 25kW turbines and a 
grid connection. An initial cost of 50,000US$ is required and a levelized cost of energy of 
0.075US$/kWh is obtained.   
 
An important property is the excess electricity produced by the systems, it can be found in 
the last column of table 5.8. In the first two systems the excess electricity production is 
extremely high, since the turbine capacity is high and the energy storage is non existent or 
expensive. In the last configuration the excess electricity is much lower than in the first 
two, indicating that it does no longer make financially sense to largely overproduce and less 
turbines capacity is selected. As can be seen in 5.8 the excess electricity in the last system 
is marked as zero, with the value 24.5 in parenthesis. This is because HOMER regards a 
system that is grid connected to be selling its excess energy to the electricity company, but 
for the case of Sisal it would be sold for free. As a result, the excess production must be 
seen as lost in the same manner as in the first two cases.  
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Table 5.8. Annual useful production share of wind turbines (W), photovoltaic panels (PV), a generator (Ge) 
and the electrical grid (Gr) with financial results. All values are optimized by HOMER for a power demand that 
includes the air conditioning, see section 5.2.1, 5.3 and table 5.9. 

Configuration W 
[%] 

PV 
[%] 

Ge 
[%] 

Gr 
[%] 

Initial         
capital          
[US$] 

Operating 
cost  

[US$/yr] 

Total 
NPC 
[US$] 

COE 
[US$/kWh] 

Excess 
electricity 

[%] 

W,PV,Ge 89 0 11 - 339,800 60,250 1,109,992 0.406 72.5 
W,PV,Ge,B 88 0 12 - 177,750 25,159 499,361 0.183 51.2 

W,PV,Ge,B,Gr 70 0 0 30 50,000 12,168 205,548 0.075 0 (24.5) 

 
Table 5.9. Type of equipment chosen for the three system configurations seen in figure 5.8. 

Configuration Wind     
turbine 

Hub height       
[m] 

PV 
[kW] 

Generator 
[kW] 

Batteries 
[#] 

Converter 
[kW] 

W,PV,Ge 4 × 80kW 30 0 44 - 0 
W,PV,Ge,B 4 × 25kW 20 0 29 28 33 

W,PV,Ge,B,Gr 2 × 25kW 20 0 0 0 0 

 
After having subtracted the power consumption of the AC from the total demand, all three 
system configurations were tested again. The results can be seen in figure 5.10 and 5.11. 
The general outcome was naturally lower costs with two wind turbines less for 
configuration one, and one turbine less for configuration two and three. The same turbines 
were selected for respective configuration and they dominate their contribution to the 
annual demand. Again, the stand-alone systems generated high expenses while a grid 
connection lowered the costs.   
 

Table 5.10. Annual useful production share of wind turbines (W), photovoltaic panels (PV), a generator (Ge) 
and the electrical grid (Gr) with financial results. All values are optimized by HOMER for a power demand that 
excludes the air conditioning, see section 5.2.1, 5.3 and table 5.11. 

Configuration W 
[%] 

PV 
[%] 

Ge 
[%] 

Gr 
[%] 

Initial         
capital          
[US$] 

Operating 
cost  

[US$/yr] 

Total 
NPC 
[US$] 

COE 
[US$/kWh] 

Excess 
electricity 

[%] 

W,PV,Ge 87 0 13 - 169,900 30,652 516,739 0.322 65.5 
W,PV,Ge,B 91 0 9 - 108,450 13,044 275,202 0.158 57.5 

W,PV,Ge,B,Gr 64 0 0 36 25,000 8,009 127,377 0.073 0 (12.7) 

 
Table 5.11. Type of equipment chosen for the three system configurations seen in figure 5.10. 

Configuration Wind     
turbine 

Hub height       
[m] 

PV 
[kW] 

Generator 
[kW] 

Batteries 
[#] 

Converter 
[kW] 

W,PV,Ge 2 × 80kW 30 0 22 - 0 
W,PV,Ge,B 3 × 25kW 20 0 15 12 13 

W,PV,Ge,B,Gr 1 × 25kW 20 0 0 0 0 

 
The most interesting configurations for both power demands were the wind power/grid 
hybrid; their results are presented together in table 5.12. For the demand without the AC, 
only one turbine is required. This elevates the fraction of energy purchased from the grid, 
which slightly increases the cost of energy but lowers the excess electricity produced.  
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Table 5.12. Comparison between results presented by HOMER of a wind power (W) and electrical grid (Gr) 
hybrid system with and without the air conditioning included in the power demand, see section 5.2.1 and 5.3. 

Configuration W 
[%] 

Gr 
[%] 

Initial 
capital 
[US$] 

Operating 
cost  

[US$/yr] 

Total 
NPC 
[US$] 

COE 
[US$/kWh] 

Excess 
electricity 

[%] 

Including AC 70 30 50,000 12,168 205,548 0.075 0 (24.5) 
Without AC 64 36 25,000 8,009 127,377 0.073 0 (12.7) 

 
Payoff time 
 
The payoff time is one of the most important results of this study. It will indicate whether 
wind and solar power can compete with the current prices of the electrical network in Sisal. 
In figure 5.2, the net present cost minus the salvage cost of four system configurations is 
presented; table 5.13 shows a description of the system components and the excess 
productivity. What the curves in figure 5.2 are foreseeing is the accumulated energy cost (in 
present terms) of operating the octopus culture unit, considering four different strategies of 
how to supply the demand. They further assume that all annual processes and demands, as 
well as grid and fuel prices will not change in the future.    
 
It can be seen in figure 5.2 that the systems related to high investment costs (and a high 
sustainable energy contribution) generally have lower operational costs than the 
combustion based systems. This makes them more economical options on a longer term. 
The minimum payoff time for a system including the absorption chiller is estimated to 11 
years. This was found for hybrid system constituting of wind turbines, a grid connection 
and a chiller system based on 100% solar energy. Although this system has the overall 
lowest operational expenses, its high initial cost hinders the system from becoming the 
most economic alternative under a 25-year period. A hybrid system constituting of wind 
turbines and a grid connection presented the lowest payoff time of five years. That is, five 
years is required for the investment of the wind turbines to pay off, and the wind 
power/grid hybrid becomes a more economical alternative than to continue using only the 
grid connection. For this configuration, the wind turbines contributed with 70% of the 
annual energy demand.  
 
It is also important to notice that all systems are overproducing large quantities of 
electricity and thermal energy. As can be seen in table 5.13, the chiller system has a spare 
capacity of 5RT; this almost equals the demand of six air conditioners installed in the 
octopus culture unit. The overproduction of electricity by the wind turbines is between 12.7 
and 24.5%. 
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Figure 5.2. The payoff time of three systems as alternatives to the current grid connection supplying the 
octopus culture unit, see table 5.13 for description of system components and section 5.2.1 and 5.2.5 for 

description of method. 

 
Table 5.13. Description of components and the excess energy generation of the four systems in figure 5.2  

System Components Annual excess  
energy produced          

Gr Electrical grid connection - 
W/Gr+Chill(solar/aux) One 27kW turbine 

Electrical grid connection 
Two thermotanks 

52 plat plate collectors 
60kW boiler 

Electrical: 12.7% 
Thermal: 5RT  

 

W/Gr+Chill(100%solar) One 27kW turbine 
Electrical grid connection 

Three thermotanks 
92 plat plate collectors 

Electrical: 12.7% 
Thermal: 5RT 

W/Gr Two 27kW turbine 
Electrical grid connection 

Electrical: 24.5% 
 

5.4   Analysis of results 

5.4.1 Sensibility of results when varying the hub height of the wind turbine 

 
A short sensitivity analysis was made on the wind power/grid hybrid with a power demand 
including the AC. The hybrid system was studied when varying the hub height of the wind 
turbines. As was shown in chapter 2, wind speed generally increases with hub height, 
which makes more power available to harness. In table 5.14 and 5.15 it can be seen that the 
wind power contribution to the annual demand increases with hub height, while costs 
decrease. The excess electricity production also increases as more power is overproduced. 
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Further more, the operational costs decrease with increased hub height, which can be 
explained by that HOMER includes the grid purchase in the operating costs. 
 
Table 5.14. Characteristics of the electrical grid connection for various hub heights. The system includes: two 
25kW turbines (W) and grid connection (Gr). All values are calculated by HOMER for a power demand that 
includes the air conditioning. 

Hub 
height 

[m] 

W 
[%] 

Gr 
[%] 

Purchased 
energy from 

grid [kWh/yr] 

Sold energy 
to grid 

[kWh/yr] 

Net purchases 
from grid 
[kWh/yr] 

Peak demand               
from grid 

[kW] 

Excess energy 
production 

[%] 

20 70 30 84036 69226 14811 35 24.5 
25 74 26 75592 78759 -3167 35 26.9 
30 77 23 68998 86768 -17770 35 28.9 
35 79 21 63693 93656 -29963 35 30.5 

 
Table 5.15. System costs for various hub heights, see table 5.14 and section 5.2.1 and 5.4.1. 

Hub height 
[m] 

Initial cost 
[US$] 

Operating cost 
[US$/yr] 

Total NPC 
[US$] 

COE 
[US$/kWh] 

20 50,000 12,168 205,548 0.075 
25 50,000 11,357 195,186 0.071 
30 50,000 10,717 187,005 0.068 
35 50,000 10,185 180,193 0.066 

5.4.2 Why were PV modules not chosen? 

 
In the results of this chapter it can be seen that the PV modules were never selected, this 
section will investigate why this option was excluded. In figure 5.3, an example of the daily 
wind and solar pattern is presented for a six-day period. The solar resource pattern is for an 
all-year fixed plane, tilted 21º south, and the wind is measured at 20m of height. Both the 
wind and solar resource is taken from the same data as used in chapter 2. The days are 
taken to illustrate an example, yet they represent a common relationship between the solar 
and wind resource. The solar radiation peaks around noon with an intensity of about 
900W/m2, while maximum wind speeds of 12 to 15m/s are present during the afternoons. 
Although the resource patterns are not exactly in phase, the wind speeds are still high when 
the solar resource reaches its maximum. Remembering that the turbine starts producing 
electricity around 3m/s and reaches rated power generation at about 12 to 14m/s, one might 
assume that the PV modules are never selected because of this closeness between the peaks 
of the solar and wind resource. To investigate this, the third system configuration 
(W,PV,Ge,B,Gr) including the AC demand was compared with a modulation of the same 
system but with the wind resource pattern dislocated 8 hours forward. The solar and 
dislocated wind resource pattern for the same six days can be seen in figure 5.4. Now the 
solar resource clearly peaks when wind resource is low and vice versa. The result of the 
investigation can be seen in table 5.16, which declares that even though the wind and solar 
resources peaks do not coincide in time, the PV modules are not a cost effective option in 
comparison to the wind turbines and the grid.   
   
The only noticed effect of dislocating the wind pattern is that more electricity was 
purchased from the grid while the production share of wind power decreased. In figure 5.5 
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and 5.6 the wind power production using two 25kW turbines at 20m of height can be seen, 
the wind pattern in the second of the figure has been dislocated eight hours forward. The 
turbines are a part of the wind power/grid system supplying the power demand of the 
octopus culture unit with a power demand including the air conditioning. Again, the days 
are taken as examples but represent a common relationship, this time between the wind 
turbine power production and the power demand. The wind power production was 
calculated from one year’s wind data (see chapter 2) while the power demand is an 
estimated characteristic year (see chapter 1). As can be seen, wind power production 
originally coincided more or less with the demand peaks (Fig. 5.5) while in the case of the 
dislocated wind pattern they are clearly not in phase (Fig. 5.6). This further explains why 
the electricity sold to the grid increased even though the wind power contribution 
percentage decreased; since the wind power production peaked when the demand was low a 
larger amount of unused energy was generated.             
 

Table 5.16. Comparison between two equal energy systems, the wind pattern has been dislocated eight hours 
forward for the second system. All values are calculated in HOMER, see section 5.2.1 and 5.3 and compare 
with the wind and solar resource pattern in figure 5.3 and 5.4. 

Configuration W 
[%] 

PV 
[%] 

Gr 
[%] 

Energy 
purchased from 
grid [kWh/yr] 

Energy sold 
to grid 

[kWh/yr] 

COE 
[US$/kWh] 

Excess 
electricity 

[%] 

W,PV,Ge,B,Gr 70 0 30 84,036 69,226 0.075 24.5 
W,PV,Ge,B,Gr 
(Wind 8h mod) 

67 0 33 96,074 81,358 0.077 27.6 

 
Figure 5.3. Global solar radiation and wind pattern in Sisal during six days in April and May, see section 

5.4.2. 

 
Figure 5.4. Global solar radiation and an eight hours dislocated wind pattern in Sisal during six days in April 

and May, see section 5.4.2. 
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Figure 5.5. Wind power production (PGE 20/25) and the estimated power demand (AC Primary Load) of the 

octopus culture unit during six days in December, see section 5.4.2. 
 
 
 

 
 

 
 
 

 
 
 
 
 

 
 

 
 
 

 
 

 
 
 

 
 
 
 
 

 
 
 

 
 

 
Figure 5.6. Wind power production (PGE 20/25) for a dislocated wind resource pattern and the estimated 

power demand (AC Primary Load) of the octopus culture unit during six days in December, see section 5.4.2. 

5.4.3 Why do the stand-alone systems become so expensive? 

 
It has been shown that the octopus culture unit can function as a stand-alone system, but the 
costs included are very high in comparison to being grid connected. To explain why, once 
again the answer lays in the relationship between the demand and resource pattern. The 
circles in figure 5.7 marks time periods when the wind and solar resources are low, and 
since the power demand is independent the resources there should be occasions when there 
is demand without adequate power production. The wind and solar resource in figure 5.7 is 
taken from the same records as the data presented in figure 5.3 and 5.4, and the power 
demand is the same as in figure 5.5 and 5.6, only the time period is different. For the six 
days in figure 5.7 there were at least two occasions of several hours when there was no 
adequate power production but still a power demand of around 15kW.  This apposes severe 
stress to a stand-alone system. The gaps of low resource must be filled by either auxiliary 
input or stored energy, in this case in form the diesel generator or batteries. During the 
modulations its was noticed that no matter how many wind turbines and PV modules used 
there would always be a need of approximately 35 kW, even if the system had capacity of 
producing more than 400 kW. This means that the main problem is not managing the power 
demand peaks, but maintaining a high level of continuous power production. Since the 
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octopus culture unit has a 24h/day power demand which is essential for its existence, the 
storage and auxiliary capacity grow large and the system expensive.    
 

 
Figure 5.7. Global solar and wind resource in Sisal together with the estimated power demand of the octopus 
culture unit (AC Primary Load) during six days in October, see section 5.4.3.    

5.4.4 Does the wind power and PV outputs presented by HOMER coincide with the 

calculations from chapter 3? 

 
After having defined system parameters and started the modulation, the user looses the 
command of the program. It is therefore of interest to examine the calculations done by 
HOMER to verify whether the presented results are reliable. This was done by comparing 
the wind power and PV outputs computed by HOMER, with calculations according to the 
methods descried in chapter 3.  
 
In the interface of HOMER it is possible to create a power curve of a wind turbine by 
specifying various points of power generation to corresponding wind data. The efficiency 
of a PV module can also be defined. The power curves of the two turbines evaluated in 
chapter 3 (30 and 100kW) were inserted, as well as PV module efficiencies of 7.5 and 
11.0%. The hub heights of the two turbines were specified as in chapter 3 and the plane tilt 
of the PV modules set to 20º south. Finally, one year’s modulations were made to 
investigate the annual energy production of the wind turbines and the PV modules.  
 
The result of the comparison is presented in table 5.17 and 5.18. They show that the wind 
turbine calculations are at most varying with 1.2%, while the PV output is more disperse 
with a maximum difference of 4.5%. Through all comparisons, HOMER’s proposed annual 
energy production is slightly higher than what has previously been calculated in this study. 
The variation in the PV output most likely origins from the cell temperature. This 
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parameter is reliant on the type module and is not calculated in the same manner by 
HOMER as have earlier been done. A nominal PV cell temperature can be defined in the 
program; by increasing this value from 47 to 58ºC the variation becomes less than 1%.    
 
Table 5.17. Comparison between the wind turbine output calculated by HOMER and calculations based on 
the method described in chapter 3. 

Turbine   
capacity 

[kW] 
Annual energy production by 

HOMER [MWh/year] 
Calculated annual energy 
production [MWh/year] 

Variation     
[%] 

100 272.5 270.6 0.7 
30 82.7 81.7 1.2 

   
Table 5.18. Comparison between the PV output calculated by HOMER and calculations based on the method 
described in chapter 3. 

PV module 
capacity [W] 

Annual energy production by 
HOMER [kWh/year] 

Calculated annual energy 
production [kWh/year] 

Variation     
[%]       

75 166.0 159.2 4.3 
110 244.0 233.5 4.5 

 

5.5   Conclusions of the chapter 

 
This chapter has investigated the initial and operation costs of wind turbines, PV modules, 
an electrical grid connection, a diesel generator, batteries, and an absorption chiller system. 
It has been shown that on a longer term, the most cost-effective way of producing 
electricity in Sisal is by using wind turbines. However, due to the unstable nature of the 
wind and a continuous power load, a large storage or auxiliary input is required. This is best 
solved by a grid connection, since it is offers a secure auxiliary input that is more 
economical than any other storage alternative. It has also been shown that the octopus 
culture unit can be operating without a grid connection in Sisal, but the required investment 
costs makes a stand-alone system extremely expensive.    
 
The payoff time for three systems was examined as alternatives to the current grid 
connection. A minimum payoff time of five years was found for a wind power/grid system 
with an investment cost of 50,000US$ and a levelized cost of energy of 0.075US$. The 
wind turbines for this system had a capacity of 25kW each and a hub height of 20m. Their 
contribution to the annual demand was 70% but could be increased to 79% if elevating the 
hub height to 35m.      
 
HOMER’s calculations of wind power and PV output have been compared with the 
methods from chapter 3. The difference in wind power calculations was found to be at most 
1.2%, while for the PV output it was 4.5%. However, by increasing the cell temperature of 
the PV module, (a physical parameter defined by manufacturer), a variance in PV output 
less than 1% was obtained.     
 
There are various factors that surely would change the results the payoff time. Firstly, all 
the systems based on sustainable energy are overproducing large amounts of electricity and 
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thermal energy. This energy could easily be used, since the octopus culture unit only 
constitutes a small part of the total demand of the UMDI. At the site there should be enough 
electrical and thermal loads to consider the generated excess energy to be zero and thus, 
lower the payoff time. Secondly, this payoff time assumes that the grid tariffs and fuel 
prices will be constant. But as have been mentioned, the price for combustibles has been 
increasing and most likely will it continue to do so. This will also lower the payoff time. 
Finally, an increase in the initial costs should be expected since shipping and installing the 
equipment have not been considered. These types of costs will increase the payoff time, 
especially if the technology is not from the country.  
 
In this chapter it was found that, in Sisal, wind power can be a proper technology to base 
sustainable energy production on. Yet, for the region there are risks when using wind 
turbines since hurricanes are almost annually present on the Yucatán peninsula. The 
following and final chapter will address the possible threat of extreme wind speeds by 
making a brief assessment of the situation based on historical data.  
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6     Natural hazards-hurricanes 

6.1   Introduction 

 
Sisal is located in what is called the hurricane zone, meaning that shorter periods of high 
wind speeds occur almost annually. This aspect questions the installment of wind turbines 
since no manufacturer will guarantee the status of turbine during wind velocities above its 
maximum survival wind speed. The annual hurricane season normally arrives in June and 
stays until November [Comisión Nacional de Agua, 2008]. Strong winds usually pass Sisal 
every year, but even though it has a direct coastal location the region is not as affected as 
much as other locations on the Yucatán peninsula. Most cyclones enter from the east coast 
and they loose power while traveling landwards across the peninsula (Fig. 6.1). So even if 
Cancun (330km east of Sisal) receives very strong winds, Sisal does not necessarily have to 
be affected to the same extent. The Sisal region has however not remained unaffected. 
Between the years of 1970 and 2006, seven hurricanes have hit the peninsula with a severe 
impact [Idem]. The strongest winds recorded in the region are related to the hurricane 
Isidore, which in 2002 hit the coast 45km east of Progreso with a maximum wind speed of 
204km/h or 57m/s (height unknown) [Especialistas en Riesgos Naturales, 2008]. Table 6.1 
shows the five strongest wind measurements in Mérida between the years of 1960 and 
2007, together with the month of occurrence. The extrapolations in table 6.1 are averages of 
the wind power law and the log wind profile with surface dependent factors of Sisal. In 
figure 6.2 the maximum annual wind speeds at 10m of height is presented for the same time 
period. It shows maximum wind speeds of around 20 to 25m/s almost every year, four 
times the wind speed at 10m height surpassed 30m/s. Appendix D shows were the North 
Atlantic cyclones are generated and their most frequent movement patterns   
 

 
Figure 6.1. Trajectories of North Atlantic hurricanes in September. (Taken from Huracanes Yucatán, 2008). 
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Table 6.1. Top five wind speed measurements in Mérida between the years of 1960 and 2007. (Taken from 

Comisión Nacional de Agua in Mérida, 2007). 

Year and month Wind speed at 10m 
height (measured) 

[m/s] 

Wind speed at 20m 
height (extrapolated) 

[m/s] 

Wind speed at 40m 
height (extrapolated) 

[m/s] 

2004, September 45.0 54.5 64.8 
2002, July 42.0 50.9 60.5 
1988, September 34.7 42.0 50.0 
1965, April and May 31.7 38.4 45.7 
1971, May 27.5 33.3 39.6 
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Figure 6.2. Annual maximum wind speeds from 1960-2007 measured in Mérida at 10m of Height. (Adapted 

from Comisión Nacional de Agua in Mérida, 2007). 
 

In chapter 3, the maximum survival wind speed and the expected lifetime for both turbines 
were identified to respectively 30m/s and 25 years. It is of interest to estimate how many 
times during a turbine’s expected life time it could expect wind speeds surpassing 30m/s. 
Having estimated this, even if being a rough assessment, it becomes possible to indicate 
whether wind turbines can safely be operating. The objective of this chapter is to estimate, 
using historical wind data, the number of occasions a turbine installed in Sisal could expect 
wind velocities surpassing its maximum survival wind speed during its expected lifetime.    

6.2   Method 

 
The information for this evaluation was taken from a historical record of maximum wind 
speeds from Mérida, the data was measured at 10m of height by CNA. It consists of 
monthly maximum wind measurement between the years of 1960 and 2007, making 48 
years available for analysis.  
 
Since the data had been measured at 10m of height, extrapolations to 20 and 40m of height 
were required. An average between the wind power law and the log wind profile was used 
and it was found that at 10m of height, the wind speed needed to be below 20.8m/s to not 
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exceed 30m/s at 40m of height. In the same way, at 10m of height, the wind speed needed 
to be below 24.8m/s to not surpass 30m/s at 20m of height. Consequently, the wind data 
record was searched for velocities surpassing 20.8m/s and 24.8m/s, which resulted in two 
values expressing how many times in 48 years the wind speed had exceed 30m/s at 20 and 
40m of height. When 48 years almost covers two expected life times of a turbine (2×25), 
these values where divided by two to find the number of occasions per turbine.   

6.3   Results 

 
From the method earlier described, it was estimated that between 1960 and 2007 the wind 
speed had 77 times exceeded 30m/s at 40m of height, and 12 times at 20m of height. 
However, 84% of the occurrences of wind speeds exceeding 30m/s at 40m of height took 
place between the years of 1965 and 1985.  
 
According to this very general method, a turbine installed with a 40m hub height can expect 
39 incidents of wind speeds surpassing its maximum survival wind speed during its 
expected life time. A turbine with a hub height of 20m can expect six similar occurrences 
during its expected life time.   

6.4   Conclusions of the chapter 

 
It has been shown that the extreme wind circumstance of Sisal might stress the wind 
turbines beyond what is recommendable. A rough estimation indicates that a turbine 
installed with a hub height of 20m or 40m could expect wind velocities over its maximum 
survival wind speed numerous times during its expected life time. A turbine with a 20m 
hub height has a situation somewhat brighter since the wind speed increases with hub 
height, and the strength of the turbine in this height range is more or less the same.  
 
The question arises whether it could be possible to evacuate the turbine during periods of 
extreme winds. Sisal, being in the hurricane zone, can easily find access to weather 
monitoring information that predicts strong winds several days ahead. However, the 
smallest turbine proposed in this study still has a tower height between 20 and 35m and a 
rotor diameter of around 20m. Costs involved with disbanding a turbine of this size have 
not been found but could be expected to be extensive.  
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Final conclusions and recommendations 
 
With one year of wind and solar data analyzed, this work shows that the power demand of 
the octopus culture unit can be supplied by using sustainable technologies such as wind 
turbines, PV modules and flat solar collectors to power an absorption chiller. The wind 
resource turned out strong, a capacity factor above 30% was obtained for two turbines of 
different rated capacity. On the existent solar radiation, an absorption chiller system 
reached acceptable component proportions even though system design was not optimized 
and air conditioner (AC) operation hours demanded a large thermal storage capacity.  
 
The integration of components to meet the octopus unit’s continuous power demand gave 
interesting results. It showed that the most cost-effective way to produce electricity in Sisal 
is by using wind turbines. All results were dominated by this technology’s contribution to 
the annual demand. HOMER even chose to annually overproduce by around 50% instead of 
investing in more storage capacity for one of the stand-alone system. Only when the 
electrical grid was connected the overproduction declined, but still remained above 20% 
(for a system including the AC demand). The grid connection appeared invaluable when 
adding necessary, inexpensive and reliable auxiliary input. The overall most cost-effective 
system configuration was a wind turbine/grid combination, with an annual wind power 
contribution of at least 70%. The payback time of this system configuration was five years, 
based on the grid and fuel prices of 2007. This value could vary if considering high 
installment costs, the large amount of excess energy produced as well as the rising fuel 
prices.   
 
For the aim of this study the photovoltaic (PV) modules did not emerge as a proper 
technology. A very large number of PV modules are required to satisfy the annual energy 
demand and due to high initial costs it could not compete in cost-effectiveness with the 
applications investigated in this study. This is unfortunate when solar radiation seems to be 
in phase with human activity and power requirements. A lowered investment cost should be 
a high priority for this technology type. 
 
A system including the absorption chiller, to support the AC demand, did not manage to 
become more cost-effective than a wind power/grid combination. However, it is hard to 
estimate the effect of the chiller’s overproduction on the payback time. The technology has 
many appealing characteristics and can be used for both heating and cooling of water and 
for indoor thermal comfort. It would be interesting to see another study focused on solving 
thermal demands in the UMDI with the absorption chiller. There should be enough thermal 
load and solar resource to motivate further investigation. 
 
Although wind power resulted as an interesting alternative for Sisal, it is hard to 
recommend installation of turbines considering the hurricane risk. It was found that several 
times during the expected life time of the turbines wind speeds threatening to cause serious 
damage can occur. An alternative could be to use smaller wind turbines which are possible 
to disband before the arrival of extreme winds.  
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Throughout this study the challenge has been how to satisfy a power demand. Two 
strategies have been used which are fundamental for his type of problem solving and hence 
they touch the essence of sustainable energy systems. The first strategy was to use multiple 
inputs. This was done by integrating three different energy suppliers, (wind turbines, PV 
modules and flat solar collectors to power an absorption chiller) where two were used to 
distribute electricity while one delivered thermal energy. In this way, one component could 
supply the demand while another was having low resource and vice versa. A system of 
diverse inputs will have a better chance to supply the demand than a single supplier as it is 
less fragile to variations in one or some of the resources. The second strategy was to store 
energy. Naturally, the power production was not always equal to the power demand. But 
the energy that was overproduced later came in hand when the resource declined. A large 
storage capacity increases the time in which a system can continue to provide power to the 
demand without adequate current resource. Energy storage was investigated by using 
thermotanks for the chiller system and batteries for electricity storage.  
 
What connects these strategies is that both are interested in the relationship between the 
resource and demand pattern. If the inputs always produce what demand is consuming, no 
storage would be needed. On the other hand, if PV modules are installed to operate street 
lights; a large storage system would become decisive. Consequently, I believe that a good 
method when investigating how to supply a power demand should be to first characterize 
the power demand by type of energy and consumption pattern. Then match the resources of 
the site with the power demand according to energy type and resource pattern. This would 
minimize storage requirements, create a secure network of inputs and the system would 
gain efficiency between the supplier and the consumer.   
 
If not considering wind turbines or solar applications, for UMDI-Sisal I would recommend 
architectural solutions such as increased insulation, creation of shade and wind ventilation. 
The thermal load is large and not as sensitive as the electricity load which drives the 
pumping. Nevertheless, with all strategies and methods in mind, there are simple solutions 
that possibly would have the same effect as adding power. A rational use of energy and 
care will lower the consumption without initial investments. How we see energy today will 
surely not be the same in the future. 
 
This work was written in CIE, but made for the UMDI. I strongly recommend the two 
centers to keep in contact for future studies of common interests.    
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Appendix A Layout of the octopus unit 
 
This is a layout of the water tanks and equipment that are fundamental for the octopus 
culture unit. Since the tanks are positioned in two levels, so is the layout. The upper tank 
layer contains all animals while the lower layer collects the water for transport to the filters 
and regulators of water temperature. The tanks and equipment of the upper level are 
organized according to their function and connected by the arrows. The value given on the 
tanks symbolizes the number of individual tanks in corresponding group. The term 
equipment in the layout refers to pumps, filters and water heaters/chillers. In Appendix B 
the properties of the water tanks can be found and Appendix C holds the number of 
equipment in every process and their capacities.    
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Appendix B Water tanks of the octopus unit 

 
Properties of the water tanks of the octopus culture unit; see appendix A for tank placement. 
 

Room Layer Tank 
Length 

[m] 
Height 

[m] 
Breadth 

[m] 

Volume 
of tank 
[m3] 

Full 
index 
[%] 

Volume of 
water/tank 

[m3] 
Numbers 
existing 

Volume of 
water by tank 

sort [m3] Material 
Average tank wall 

thickness [mm] 

1 Top Pulpo 1.40 0.46 0.78 0.50 80 0.40 25 10.00 Glassfiber 5.70 

  Incubator 0.67 0.18 0.32 0.04 80 0.03 12 0.37 Glassfiber 3.73 

 Bottom White Large (WL) 3.52 0.46 1.00 1.62 80 1.30 5 6.48 Glassfiber 4.74 

  White small (WS) 1.52 0.35 0.46 0.24 80 0.20 1 0.20 Glassfiber 9.40 

2 Top Grey 0.72 0.19 0.43 0.06 80 0.05 32 1.51 Plastic 4.50 

  Eggs 0.60 0.30 0.40 0.07 80 0.06 9 0.52 Plastic 3.40 

  Pulpo 2 1.40 0.46 0.78 0.50 80 0.40 5 2.00 Glassfiber 5.70 

 Bottom White small 2 (WS2) 2.00 0.50 0.58 0.58 80 0.46 1 0.46 Glassfiber 3.80 

  White large 2 (WL2) 3.50 0.45 0.92 1.45 80 1.16 1 1.16 Glassfiber 3.80 

  White large 3 (WL3) 2.00 0.50 0.56 0.56 80 0.45 3 1.34 Glassfiber 3.80 

3 Top White flat 3.98 0.30 2.00 2.39 80 1.91 4 7.64 Glassfiber 5.50 

 Bottom Cylinder (filter) - 1.40 0.37 0.15 60 0.09 2 0.18 Glassfiber 2.20 

  White large 3 (WL3) 2.00 0.50 0.56 0.56 80 0.45 6 2.69 Glassfiber 3.80 

Total         106 34.45   
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Appendix C Power consumption in the octopus unit 
 
The octopus culture unit’s equipment and power consumption by process; see appendix A 
for the placement of the equipment.  
 

Process Equipment Power [kW] 
Numbers 
existing  

Pulpo Pump 1 0.73 5  

 Chiller 0.55 5  

 UV filter 0.02 5  

Incubator Pump 1 0.6 1  

 Chiller small 0.49 1  

 UV filter 0.02 1  

Grey Pump 1 0.73 1  

 Heater/Chiller 1.74 1  

 UV filter 0.02 1  

Eggs Pump 1 0.73 1  

 Chiller 0.55 1  

 UV filter 0.02 1  

Pulpo 2 Pump 1 0.73 1  

 Heater small 0.40 1  

White flat Pump 1 0.71 2  

 Heater small 0.40 4  

Inflow  (from outside the building to inside) Pump 2 0.76 1  

 Pump 3 0.76 1  

 Pump 4 0.76 1  

Illumination Lights 0.059 30  

Air cooling AC 3.04 6  

Drying food Oven 3.22 1  

Total   72  

     

Help table for AC and Oven    

Process Equipment Power 1 [kW] Power 2 [kW] Total power [kW] 

Air cooling AC 1.34 1.70 3.04 

Drying food Oven 1.60 1.62 3.22 

Inflow, from outer source to facility Pump 2 0.54 0.22 0.76 

     
Help table for equipment which were not measured: Pump 3, 4 and Heater 
small (power is estimated)   

Process Equipment Power [kW]   

Inflow, from outer source to facility Pump 3 0.76   

 Pump 4 0.76   

Pulpo 2.2/Pulpo 3 Heater small 0.40   



 

 94

 Appendix D Air volume and surface area of the octopus unit 
 
Data of the air volume and surface area of the octopus culture unit.  
 
 

Side end base 1

Side end top 

Side end base 2

 

Space Length [m] Volume [m3] 
Interacting area 
atmosphere [m2] 

Interacting area 
ground [m2]  

Base 12.840 161.500 160.416 92.753  

Top 12.840 4.308 21.763 -  

Total  165.807 182.179 92.753  

      

Air volume = total volume - tank water volume = 131.3   

Air volume  131.3m3   

Interacting area atmosphere 182.2m2   

Interacting area ground 92.8m2   

      

Help table for: side end base 1 (half elliptic)   

X radius [m] Y radius [m] Circum.[m] Surface area  [m2]   

3.045 3.350 10.046 16.015   

      

Help table for: side end base 2 (1/4 spherical extension)   

X radius [m] Y radius [m] Z radius [m] Surface area  [m2] Ground area [m2] Volume [m3] 

3.045 3.350 3.045 31.077 14.557 32.51 

      

Help table for: side ends top    

Breadth [m] Height [m] Slope [m] Surface area  [m2]   

1.220 0.550 0.821 0.336   
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Appendix E Movement patterns of Atlantic cyclones 
 
Most frequent movement pattern of the cyclones generated in the Atlantic Ocean, by 
month. All figures are taken from Huracanes Yucatán, 2008.   
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