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1. Content of deliverable 

One of the major goals of project INSHIP is to develop coordinated R&D TRLs 2-5 activities with the 

goal of progressing SHIP beyond the state-of-the-art by means of: an easier integration of low and 

medium temperature technologies suiting the operation, durability and reliability requirements of 

industrial end users; expanding the range of SHIP applications to the (Energy Intensive) industrial 

sector through the development of suitable process embedded solar concentrating technologies, 

overcoming the present barrier of applications only in the low and medium temperature ranges; 

increasing the synergies within industrial parks, through centralized heat distribution networks and 

exploiting the potential synergies of these networks with district heating and with the electricity grid. 

WP3 – Technology and applications to medium temperature SHIP (150 ºC to 400 ºC) – is aimed at 

the development of research activities tackling the most pressing obstacles currently faced by solar 

thermal technologies on this regard, promoting the development of technological solutions coping 

with reliability, low operation and maintenance requirements and low energy cost requirements. 

One of the main research activities included in this WP is the study of the integration of solar driven 

direct and indirect steam generation in industrial processes (Task 3.1) and development of modular 

Balance of Plant concepts (Task 3.2). 

Currently the industry consumes about 32% of the energy worldwide (2,839,313 ktoe in 2018) [IEA, 

2020]. About 74% of this energy consumption is in the form of heat and, within this percentage, 

about 22% corresponds to heat demand in the medium-temperature range (150 ºC to 400 ºC) [IEA, 

2014], which would represent around 462,240 ktoe in year 2018 (5,375.8 GWh). In the industry sector 

the use of fossil fuels is still very high, especially in industries with heat demand over 150 ºC. 

Therefore, the study and development of renewable energy systems that can provide thermal 

energy at higher temperatures is mandatory to contribute to the decarbonisation of the whole 

energy sector.   

This deliverable was initially defined as “Demonstrator” with the following title “Demonstration of 

cost-effective solar steam integration layout: implementation and experimental demonstration of 

solar steam integration layouts for stand-alone (independent solar steam production) and fully 

integrated system concepts” due in Month 40. But it was discussed and agreed, in the context of 

WP3 project partners, the impossibility to “demonstrate” the targeted concept due to the non-

acceptance of several project proposals at the moment of the INSHIP project submission and 

posterior COVID19 crisis. As this possibility was already included within the performed risk analysis 

included in the project Grant Agreement (risk number 10 of Annex 1-Part A), its associated 

mitigation measure (“Define simulation based demonstration after model validated on existing 

research infrastructure facilities” in the case of “Difficulties to implement demonstration of cost-

effective solar steam integration layout”) was implemented and the change of the classification of 

the deliverable from “Demonstrator” to “Report” and the title to “Reference Design of Solar Steam 

Integration Layout for a Food/Beverage Industry” was approved.  Therefore, this report will present 

a specific study of a reference design and dimensioning of a direct solar steam generation system 

to supply steam in an almond factory, which has been selected as representative industry of the 

food sector with heat demand in the form of saturated steam at temperature over 150 ºC. For the 

modelling of the solar field, simplified energy models already validated in existing research 

infrastructure available at the Plataforma Solar de Almería (Spain), i.e. the DISS test facility and the 

HTF test loop, are used. The report is completed with a techno-economic study that includes yearly 
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thermal energy production of the solar field designed and some basic economic calculations 

about the estimated cost of the system and LCOH for the particular case study considered.  
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2. Industrial process application object of the work 

The almond is the edible fruit or seed of the almond tree, a deciduous tree whose origin is in the 

areas of Central Asia, from where it was introduced to the Mediterranean by the Phoenicians and, 

later, the Romans at the same time that the Roman empire expanded through the area of present-

day Greece, Italy and the Balkans, as well as through the southwest through the Arab conquerors 

who came from North Africa and arrived in Spain [1]. There are a wide variety of almonds, the main 

producing countries being the United States (especially the state of California), Spain, Iran, 

Morocco, Syria, Turkey, Australia, Algeria and Tunisia (all of them with yearly production > 50 kTons), 

and although the almond is very present in the culinary diet, especially in the Mediterranean area 

due to its great expansion and its multiple forms of use (such as in confectionery, in the form of 

dried fruit, being the base of typical Mediterranean sauces, purees or dishes, added to ice creams, 

chocolates, nougats and other confectionery products, milk or beverages, cosmetic oils and 

creams, etc.), being promoted more and more for its high nutritional properties, little is known 

about the elaboration phase necessary to obtain these final products.  

For the industrial treatment of almonds, such as that carried out by the almond processing and 

treating company called Almendras de Almería, located in the municipality of Gérgal, in the 

province of Almería, on which this project is carried out, it is necessary to use water steam, which is 

currently generated in this factory by means of: a) a biomass boiler that makes use of the almond 

shell obtained in the peeling process of the almonds, and b) a diesel steam generator that is used 

as backup system if needed. The present work is a feasibility study to incorporate a parabolic 

trough collector system capable of generating and supply, as far as possible, the needs of steam 

required by this industry. Although the incorporation of solar technology in this industry will indeed 

require a high initial investment, it can be profitable since it will save the consumption of a quantity 

of raw material such as the almond shell, and may lead to another business path such as the sale 

of the shell for biomass boilers that use it.  

2.1. Description of the processes carried out in the almond industry 

The almond is made up of different parts (see Figure 1), as if it were a matryoshka, with an inedible 

and wilting green shell as the outer coating, which is not suitable for use as biomass. Inside it there is 

another shell, brown in colour, much harder than the previous one, that covers the seed and is 

called the pericarp and, although it is not edible, it serves to generate biomass. The seed has a first 

layer called the integument that covers the cotyledon which is inside the pericarp. 

 

Figure 1– Parts of the almond. 
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In this section the different stages that the almond goes through in its industrial processing will be 

explained, emphasizing those that have a special interest for this study of solar field integration for 

the supply of heat.  

In the industry used in this project (Almendras de Almería), the different phases or stages can be 

divided into two distinct zones or parts, one of them is the so-called reception and shelling zone 

and the other is processing and packaging. 

2.1.1. Description of the processes in an almond factory 

Reception  

The first step is the reception of the almond, already free of the green part or outer shell, in some 

hoppers (see Figure 2) that may be buried or aerial and that is where a weighing and taking of 

samples of the batch is done to check its quality and characteristics after previous analyzes, 

checking the variety, and the necessary information corresponding to its origin and its producer.  

This phase is completed with a pre-cleaning, which is done to remove any impurities that may be 

present, such as small branches, leaves, etc. From these hoppers, by means of conveyor belts and 

a hydrating screw feeder (see Figure 3), the almond is taken to a soaking silo. 

 

Figure 2– Receiving hopper. 

 

 

Figure 3– Hydrating screw almond feeder. 



Deliverable Report   

 

D 3.8    GA No. 731287 7 
 Co-funded by the Horizon 2020 Framework 

Programme of the European Union 

Soaking  

In this phase, the almond remains between 24 and 48 hours in these soaking silos (see Figure 4), 

with hot water at a temperature higher than 90 °C, before passing to the almond splitter, in order to 

soften the shell and prevent it from fracturing and damaging the seed. 

 

Figure 4– Almond soaking silo. 

Shelling 

This third step consists of separating the seed from the shell of the almond, obtaining the seed with 

its seed coat on one side and the shell that will serve as biomass on the other. It is necessary to dry 

the seed as soon as possible and for this, two type of dryers can be used, one vertical (see Figure 5) 

and the other horizontal (see Figure 6), with fans whose function is to extract air through radiator 

type heat exchangers, allowing to maintain an air temperature inside the dryers in the range 

between 50 ºC to 80 °C, adjustable. 

 

Figure 5– Vertical dryer. 

VERTICAL  DRYER 

Condensed 

water (@90°C) 

Drying air 

(@50-60°C) 

Steam 

(@160°C) 
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Figure 6– Horizontal dryer. 

Phases of the shelling process: 

 Washing: in this stage, another dry cleaning is carried out to remove impurities that may 

remain as shell remains or small branches. Afterwards it is passed to a wash with hot 

water to slightly increase the temperature of the almond and it is drained to eliminate 

the excess water before passing to the next stage. 

 Scalding: the seed, even with the skin or integument, is introduced into the scalder to 

raise the temperature by means of a high-temperature steam bath, staying on the belts 

a variable time that will depend on the variety and characteristics of the almond to be 

processed. 

 Shelling: in this phase the integument or skin of the almond is removed leaving the seed 

completely uncovered and clean. This is done by passing it through a machine with 

inside rubber rollers that rotate and, by superficial friction to the almond, manage to 

separate this skin from the seed. 

 Drying: as stated previously, it is important to dry the almond as soon as possible so as 

not to alter its characteristics and not damage it, so it is passed through a horizontal 

dryer that uses hot air to carry out this process. 

 Separator: in this phase, the peeled and dried almonds are passed through a separator 

to eliminate any impurities that could have been left during the process. 

 Cooler and processing bench: immediately, the already peeled and dried almond is 

passed through an air cooler to lower the temperature before it reaches the processing 

bench and it is passed through a sieve to separate the whole seed from the pieces that 

may have appeared during the previous steps. 

 Packaging: finally, after passing through the processing bench where the correct state 

of the almond is checked by the staff, it is brought to the packaging phase if the entire 

almond is wanted. If you want the almond cut in half, in sheets, canes, small cubes or in 

powder, before going to the packaging area, it is pre-processed with suitable cutting 

machines to achieve these shapes and then it is brought to the packaging area. 

 

HORIZONTAL 

DRYER 

Steam 

(@160°C) 

Drying air 

(@50-60°C) 

Condensed 

water (@90°C) 
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Figure 7– Installation of processing or shelling area. 

 

2.1.2. Thermal energy consumption in the industry 

The industry on which this project is executed (Almendras de Almería) works in nominal conditions 

222 working days per year, from Monday to Friday, for 24 hours spread over 3 work shifts, in addition 

to Saturdays from 0 am to 14 hours, remaining closed in August and 10 days in winter for staff rest 

and vacations. This makes a total of 5952 hours of operation per year. The current biomass boiler 

has a thermal efficiency of 86% and produces 4,000 kg/h of saturated steam, being able to give a 

maximum heat output power of 2,700 kW, thereby the temperature of the saturated steam 

produced is 160 °C at 10 bar pressure. Also, there is a diesel steam generator as backup whose 

saturated steam production is 3,000 kg/h, with a maximum output heat capacity of 2,000 kW to 

meet energy needs at certain times or in the event of the biomass boiler failure. 

As previously mentioned, this study aims to design a solar system of parabolic-trough collectors 

capable of satisfying energy needs during the daytime hours suitable for operating the processes 

of the factory. The use of a thermal energy storage system is not considered in this study for 

economic reasons. 

Known the total steam consumption over a year of operation of the industry, the total energy 

consumption in the form of saturated steam can be established. Afterwards, it is necessary to know 

the total enthalpy variation that occurs during the process; since the supply of the saturated steam 

occurs at a temperature of 160 °C and the output thereof once condensed is variable between 

50°C and 60 °C, therefore, it has been chosen to go to the worst case and considered 50 °C so that 

the system designed is not undersized. 

- ℎ𝑠𝑠 (@160°C) = 2,757.43 kJ/kg 

- ℎ𝑙  (@50°C)    =    209.34 kJ/kg 

- ∆ℎ𝑡𝑜𝑡𝑎𝑙            = 2,757.43 kJ/kg – 209.34 kJ/kg = 2548.09 kJ/kg  

Therefore, the total energy consumption required is obtained by multiplying the steam mass flow 

demand by the total variation of the enthalpy: 

𝑄𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛,𝑦𝑒𝑎𝑟 = 4,000 (
kg

h
) ·  5,952 (

h

year
) ·  2,548.094 (

kJ

kg
) = 60,665,021,952  

kJ

year
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This data is converted to units per hour, then the average energy consumption during a year is: 

𝑄𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛,𝑦𝑒𝑎𝑟 =
60,665,021,952 kJ/year

3,600 s
= 16,851.4 MWh/year 

Then, following the same procedure previously done, a summary of the thermal energy 

consumption of the factory is made both on a normal 24-hour working day and on a Saturday 

whose working hours are reduced to 14 hours. 

Table 1 – Energy consumption in the almond processing factory “Almendras de Almería” 

Type of day Working hours 

of the day 

(h/day) 

Saturated 

steam 

produced 

(kg/h) 

Enthalpy 

variation in 

the process 

(kJ/kg) 

Thermal 

energy 

consumption 

of the day 

(kJ/day) 

Thermal energy 

consumption of the 

day (MWh) 

Full working 

day 
24 4,000 2,548.094 244,617,024 67.95 

Reduced 

working day 

(Saturday) 

14 4,000 2,548.094 142,693,264 39.64 

2.1.3. Almond processing factory’s location 

To carry out the design of the solar field, in addition to the thermal consumption profile of the 

processes of this almond processing industry, the climatic data of the site as well as the technical 

characteristics of the selected solar collector are required. 

For this, the typical meteorological year of the Plataforma Solar de Almería (located in the 

municipality of Tabernas in the province of Almería (Southern Spain)) will be used, whose solar 

resource is very similar to that of the area where the factory is located (municipality of Gérgal in the 

province of Almería), since there are only about 30 km distance between both locations by road 

and about 20 km in a straight line between them (see Figure 8). 
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Figure 8– Map area with location of the Plataforma Solar de Almería and the industry “Almendras de 

Almería”1. 

The affected lands belong to the farm located in the polygon 18 plots 59, 61 and 63, of the 

municipality of Gérgal, in the province of Almería and correspond to the cadastral references 

                                                
1 Image from Google Maps: https://www.google.es/maps  

https://www.google.es/maps
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04050A01800059 for plot 59 and 04050A08100285 for the union of plots 61 and 63. They border the 

North with the A-92 motorway, in pk 360.5, to the East border multitunnel greenhouses and to the 

South with rustic land without any exploitation. 

Other parameters of interest are: 

- Geographical Coordinates: Latitude: 37.1169 North; Longitude: 2.5727 West; Altitude 760m 

- Plot area 1 (nº 59 in Cadastre): 267,212 m2 

- Plot area 2 (nº 61 and 63 in Cadastre): 88,637 m2 

- Total area of the grouped plots : 355,849 m2   

 

Figure 9– Cadastral view of the plots of land belonging to the industry2. 

 

3. Objectives of the study 

Thus, the objectives of this study are:  

• Design of a parabolic-trough solar collector field with direct steam generation that provides 

the amount of steam necessary to fulfil the needs of the industry.  

• Carry out a hydraulic study of the solar field, to determine the pressure drop and the 

electrical pumping power that will be required.  

• Study of energy production  

• Economic feasibility study of the project. 

                                                
2 Image obtained from the website of the Spanish Cadastre: https://www1.sedecatastro.gob.es/Cartografia  

https://www1.sedecatastro.gob.es/Cartografia/mapa.aspx?pest=rustica&from=OVCBusqueda&ZV=NO&RCCompleta=&pol=18&par=&DescProv=ALMERIA&prov=4&muni=50&DescMuni=GERGAL&TipUR=R&NumPol=18&del=4&mun=50
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4. Design of the solar field 

As previously mentioned in Section 3, the main goal of the study is to design a solar collector field to 

generate and supply direct solar steam to an industrial process of an almond processing factory 

considering the technology of parabolic-trough collectors.  

4.1.1. Selection of the parabolic-trough collector model. 

There are two groups of parabolic-trough collectors, small and large, and, based on the amount of 

thermal energy to be delivered by the solar field, it could seem that small collectors would be the 

best option for this project.. However, there are several factors to take into account that make it 

more interesting to use large solar collectors, such as: 

 The energy consumption for the processes of this specific factory can be supplied with a 

single row of large solar collectors instead of several rows of small solar collectors and since 

there is a greater industrial development of large size collectors and, therefore, greater 

competition from manufacturers and suppliers, the specific cost (€/m2)is lower than that of 

small collectors. 

 Another important factor is that the nominal flow that a row of large aperture solar 

collectors (EuroTrough-type) must have is of the order of 1 kg/s as studied and tested in the 

DISS project carried out at the Plataforma Solar de Almería between the years 1996 and 

2001 [Zarza et al, 2004], which fits quite well with the nominal flow necessary for the 

processes carried out in the industry on which this project is done, because the nominal 

steam flow that must be supplied to the system  is 4,000 kg/h, which would be a flow rate of 

1.1 kg/s. 

 Therefore, in this particular case, it is more interesting from a techno-economic point of view 

to make use of a single row of large collectors instead of several rows of small collectors. For 

this reason, the chosen collector is one that, in addition to adapting well to the conditions 

required in the project, has been tested with good results in the Plataforma Solar de 

Almeria, such as the "URSSATrough Collector" manufactured by the Spanish company 

URSSA, using the latest generation of"PTR-70" receiver tubes that have less thermal losses 

than those of previous generations and that were developed by the German company 

Schott, although currently they are marketed by the Spanish company RIOGLASS. 

The main technical characteristics of the URSSATrough collector are detailed in Table 2 [Valenzuela 

et al, 2014]. 

Table 2 – Characteristics of the URSSATrough parabolic-trough collector. 

Parameter  Value 

Parabola width (m) 5.76 

Total length of each collector (m) 147 

Number of modules per collector 12 

Outer diameter of the metallic absorber tubes (m) 0.07 

Inner diameter of the metallic absorber tubes (m) 0.065 

Net aperture area of the collector  (m2) 820 

Absorber tube inner face roughness (m) 20 

Mirrors nominal reflectivity, 𝒓 (-) 0.93 

Transmissivity of absorber glass cover, 𝝉 (-) 0.95 

Selective coating absorptance, 𝜶 (-) 0.95 

Total intercept factor, ϒ (-) 0.92 

Peak optical performance: 𝒓 ·  𝝉 ·  𝜶 ·  ϒ  0.77 
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4.1.2. Design of the solar field: procedure and results. 

Selection of the “Design Point” 

The concept of "Design Point" of the solar field corresponds to the set of parameters and operating 

conditions under which the solar field will deliver its nominal thermal power. The parameters that 

are grouped under the name of Design Point, are as follows: 

- Orientation of the rotation axis of the PTCs. 

- Geographical longitude and latitude of the solar field location. 

- Day and time for which the design is made. 

- Incident angle of the solar radiation on the collectors’ aperture.   

- Direct solar radiation. 

- Location ambient temperature. 

- Inlet and outlet fluid temperatures of the PTC solar field. 

- Thermal power generated by the solar field. 

- Type of solar collector used and its characteristics. 

- Type of working fluid and its thermo-physical properties. 

Some of these conditions have already been taken into account in previous points of this report 

and others of them will be detailed bellow. At this point, the day and time of the Design Point will 

be justified. 

The first decision made was to set the Design Point in the month of June and as close as possible to 

the Summer Solstice in order to make the most of the investment, since it is on this date that there 

are more sun hours available on the day, a lower angle of incidence of solar radiation on the 

aperture plane of PTCs and higher levels of direct solar radiation, so using the Typical 

Meteorological Year (TMY), a selection was done with the days between 18 and 24 June, both 

included, checking the total radiation on each of those days, concluding that the day on which 

the greatest amount of direct solar radiation is obtained is June 19 and therefore, it is the day that 

best suits this project. 

Regarding the chosen day time, it is usual to choose solar noon or 12:00:00 solar time, since it is the 

time of day when the sun is at its zenith and direct solar radiation has greater stability.  

Design point: June 19th, 12:00:00 (solar noon time) 

Figure 1Figure 10 shows the main meteorological data of interest for the simulation study for June 

19th obtained from the TMY of PSA, which corresponds to a typical sunny day without cloudy 

conditions and direct solar irradiance above 900 W/m2 at solar noon that is quite common in sunny 

days in this location.  



Deliverable Report   

 

D 3.8    GA No. 731287 15 
 Co-funded by the Horizon 2020 Framework 

Programme of the European Union 

 

Figure 10– Direct solar irradiance and ambient temperature for the day selected (June 19th) for the Design 

Point of the solar field.  

 

Selection of the heat transfer fluid for the solar field  

The philosophy of use of the solar field to be designed will be of the "fuel-saving" type since it is 

based on providing thermal energy to the process during the hours in which there is direct solar 

radiation, maintaining the current biomass boiler as a backup to complement the solar field during 

the hours of sun when the solar field cannot supply all the energy consumed by the industry, as well 

as supplying all the energy required by the process when there is no direct solar radiation. 

Taking into account the characteristics of the industrial process and the fact that a biomass boiler 

already exists, this proposed philosophy is the one considered most suitable to couple a solar field.  

This decision has been made after analysing the two technological options currently available for 

applications such as this project: 

 Solar field with thermal oil as heat transfer fluid (HTF), with or without thermal storage system. 

In this case, natural thermal oils are commonly used (hydrocarbons with low steam pressure 

and low freezing point to avoid boiling or freezing problems) or synthetic oils that withstand 

the desired temperature and are always in the liquid phase in the collectors 

 Solar field with Direct Steam Generation (DSG). In this case, there would be no thermal 

storage system, since at the present time there is no commercial thermal storage system for 

solar fields with DSG. In this type of technology the working fluid in the collectors can be in 

either the liquid phase, two-phase flow or steam phase. The high amount of thermal energy 

required to convert liquid water into steam  reduces the  necessary water flow that must be 
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pumped to the solar field by the circulation pump. In addition, heat losses in the collectors 

are lower when compared to the system where the heat transfer fluid is thermal oil, 

because the solar fluid average temperature is lower in the DSG solar field 

If a comparison of advantages and disadvantages of these two technological options for 

temperatures below 300ºC is made, it is concluded that although with the thermal oils that are 

suitable as a HTF in the solar fields for this temperature, the risks of freezing is lower and that since 

the fluid is always in the liquid phase, there is a better solar field outlet temperature control than 

with direct steam generation, it is necessary to take into account other not so advantageous 

characteristics associated to the use of thermal oil, in relation to the direct steam generation, such 

as its higher cost, they are pollutants and have worse heat transfer properties than water, 

precautions must be taken to prevent oil leaks that could cause fires. Additionally the use of oil 

requires very expensive equipment such as the heat exchanger required to produce the steam 

that will be finally consumed by the process. This heat exchanger also introduces additional heat 

losses. For all the previously described, together with the fact that the factory owner does not want 

to have a thermal oil circuit in its facilities due to its operation and maintenance requirements and 

that when there is a surplus of biomass, it is not interesting to put a thermal energy storage system, it 

is concluded that Direct Steam Generation (DSG) is the most interesting option for this specific 

case. 

Selection of the collector axis orientation 

Although any other orientation is also possible, the two main orientations of the collector axis are 

Noth-South or East-West The best option depends in each project on the requirements of the 

system and the possible limitations regarding the orientation and size of the plot of land available 

for the solar field.  

A North-South orientation of the collectors rotation axis, that is, they rotate from East to West, entails 

a greater production of thermal energy in summer than in winter for the location considered 

(considering geographical latitude and TMY) and it also generates a greater total amount of 

thermal energy in the year in comparison with an East-West orientation. In the East-West orientation 

the collectors rotate from North to South; it is a configuration that allows for a more stable daily 

heat production throughout the year, being very similar in summer and winter days, but the total 

yearly thermal energy delivered will be lower than with a North-South orientation. 

Considering the characteristics and heat demand profile of the industrial process considered in this 

study the most advantageous option will be that delivering the maximum amount of thermal 

energy to the industry in a yearly account because its production is continuous during the year and 

it is not seasonal.  A North-South orientation of the rotation axis for the collectors has been therefore 

chosen.   

Solar field configuration for DSG 

It is important to note that in each row of PTCs that conform a solar field with DSG there are three 

different zones (see Figure 11): 

• Water pre-heating zone: it is the zone between the entrance to the collectors’ row and the 

point in the row where the water reaches its saturation temperature. 

• Evaporation zone: it is the zone between the end of the pre-heating zone and the point 

where a steam fraction equal to 1 is reached. 



Deliverable Report   

 

D 3.8    GA No. 731287 17 
 Co-funded by the Horizon 2020 Framework 

Programme of the European Union 

• Steam superheating zone: begins where the evaporation zone ends and finalizes at the 

outlet of the collector row. 

Both in the pre-heating and in the superheating zones, inside the absorber tubes there is a single-

phase flow (liquid water in the pre-heating zone and steam in the superheating zone), while in the 

evaporation zone there is a two-phase flow consisting of a mixture of liquid water and steam.  

 

Figure 11– Sections that form a collectors’ row in a DSG solar field. 

 

Figure 12– Basic concepts of direct steam generation using parabolic troughs technology 

[Valenzuela et al, 2004]. 

Direct steam generation in the PTC’s absorber tubes can be achieved by three basic processes, 

each of which requires a different configuration of the solar field. These three basic DSG processes 

are called (see Figure 12): 

 Once-through: In this mode, both the length of the row assigned for pre-heating, the 

evaporation and the length intended for superheating of the heat transfer fluid are 

continuously changing during operation. 

 Injection mode: In this mode of operation, the lengths of the field assigned for the first two 

stages, those for preheating and evaporating the fluid, are changing during operation, 
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while the length assigned for overheating remains fixed thanks to the inclusion of the 

injectors. 

 Recirculation mode: In this mode, the field lengths intended for the first two stages, the fluid 

preheating and evaporation stages, are changing during operation, while the length 

intended for superheating the fluid remains fixed thanks to the existence of a water/steam 

separator element, although, it is also necessary to include a recirculation pump in the 

system to complete the process for the first two stages.  

Recirculation mode is the process chosen for the study presented in this report, due to its better 

controllability and characteristics for the type of steam to be produced for the industrial process 

(i.e., saturated steam). 

Once this point has been decided and before proceeding to the design of the PTC solar field,  it is 

important to specify and group the data from the Design Point, and to do this, a series of guidelines 

or steps are followed. 

Selection of the solar field temperature conditions 

At this point, emphasis is placed on the temperatures of the working fluid ate the solar field, in this 

case water/water-steam, which circulates inside the receiver tubes of the PTC solar field to be 

designed. 

This is in direct agreement with the temperatures for which the enthalpy variation has been 

calculated in section 2.1.2, and since the steam needed in the factory's industrial processes must 

be at a temperature of 160 °C, the outlet temperature at the PTC solar field must be slightly higher 

than this value to compensate for the heat losses in the connection pipe between the solar field 

outlet and the industry process. Taking into account all these points, the temperature/pressure 

conditions defined for the solar field are: 

- Inlet temperature/pressure at the solar field   = 50 °C/25 bar 

- Outlet temperature/pressure at the solar field  = 204 °C/16.96 bar 

- Temperature increase at the solar field (ΔT)   = 154°C  

Likewise, since it is desired to produce saturated steam in the solar field, the outlet pressure of the 

solar field at the Design Point has been set at 16.96 bar in order to have sufficient margin to 

compensate for the pressure loss in the pipe that connects the output of the solar field with the 

process, and have a sufficient margin for the pressure control valve that is installed at the end of 

the solar field so that the pressure of the steam reaching the process is 6 bar. 

Although the difference between the pressure required by the process (6 bar) and the design 

pressure at the end of the solar field (16.96 bar) may seem excessive, in reality it is not, because the 

pressure drop in a DSG solar field when the working pressures are low, it is large due to the high 

speed of the steam (low density), and if transients of solar radiation occur, instabilities in the solar 

field could occur if the outlet steam pressure of the solar field were very close to that required by 

the process [Lobón et al, 2013]. Having sufficiently large pressure differential between the output of 

the solar field and the input to the process, we ensure good controllability of the solar field, being 

the pressure control valve the one that will adjust the steam pressure at the process input. 

If the pressure in the water supply were reduced from 25 bar to 20 bar, maintaining the same flow 

rate, the steam pressure at the outlet of the solar field would be 8 bar, so there would not be 

sufficient margin for the proper operation of the pressure control valve and to compensate for heat 
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losses in the connection pipe between the output of the solar field and the industry process. Thus, 

the feed water pressure has been set at 25 bar, although the outlet steam pressure is 16.96 bar in 

this case. 

Incidence angle of solar radiation in the Design Point 

As discussed in previous sections of this project, the angle of incidence of solar radiation on the 

aperture plane of PTCs is, together with the number of hours of sunshine available and their 

corresponding quality or irradiance, the two main parameters that will determine the amount of 

thermal energy that a PTC solar field can supply. 

The incidence solar power available on the PTCs is given by the following equation: 

�̇�𝑠𝑢𝑛→𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 = 𝐴𝑛𝑒𝑡 · 𝐺𝑏 · cos 𝜃 

Where: 

 �̇�𝑠𝑢𝑛→𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 is the useful solar power in the collector surface, (W) 

 𝐴𝑛𝑒𝑡 is the net aperture area of the reflective surface of the collector, (m2) 

 𝐺𝑏  is the direct solar irradiance, (W/m2) 

 𝜃 is the incidence angle of the direct solar radiation on the collector aperture, (degrees) 

The greater the angles of incidence, the lower the incident solar power on the PTCs and, therefore, 

the lower the useful thermal power that the collector will be able to supply to the system. 

To calculate the angle of incidence, the "Solarccp.exe" program [Zarza, 2019] has been used. The 

software is quite clear and intuitive to use, having to enter the data that the program indicates on 

its command windows. Below are the data given to the program to determine the incidence angle 

at the Design Point. A snapshot of the command window is also given (see Figure 13): 

- Location latitude, in degrees = 37.12 

- Location longitude, in degrees = 2.57 

- Number of the year = 2019 

- Number of the month = 6 

- Number of the day = 19 

- Orientation of the collectors = N (North-South) 

- Axis tilt of the collectors, in degrees = 0 
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Figure 13– Example of command window with the execution of the “Solarccp.exe” file (in 

Spanish). 

 

Once the data are introduced in the command window of "Solarccp.exe", the program is 

executed and it generates a text document in which the following data are displayed (see Figure 

14): 

- Solar time (in decimal format, hh.hhh) 

- Incidence angle (in degrees, °) 

- Sun elevation (in degrees, °) 

- Sun azimuth (in degrees, °) 

 

Figure 14– Example of the text file generated by the “Solarccp.exe” file (in Spanish). 

Using the parameters corresponding to the Design Point established at the beginning of this section 

4.1.2, the computer code "Solarccp.exe" gives an incidence angle of  =13.7°. 

Direct solar irradiance and ambient temperature in the Design Point 

As mentioned in previous subsections, the meteorological data required to do the study and in 

particular to define the meteorological conditions for the Design Point are available thanks to a 
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TMY file from Plataforma Solar de Almería, which is geographically located near to the industry 

considered. For the design point, i.e. June 19th, 12:00:00 (solar noon) the data are: 

- Ambient temperature = 31.7 °C 

- Direct Solar irradiance (𝐺𝑏,𝑑𝑒𝑠𝑖𝑔𝑛 𝑝𝑜𝑖𝑛𝑡) = 953 W/m2 

Useful thermal power delivered by the solar field 

In general, a solar field is composed by several collector rows connected in parallel, but in this 

study a single row of PTCs with DSG will be sufficient to supply the thermal energy demanded by 

the industrial processes carried out in the almond factory, as mentioned in previous sections. 

To determine the number of collectors to be connected in series within a row of collectors with 

DSG, it is necessary to start from the parameters of the feed water and the steam to be produced. 

After carrying out several iterations considering different pressure values for the feed water at the 

inlet of the solar field and different steam fraction values at the outlet of the solar field, the 

configuration chosen for the collector row and the water parameters all through the row are shown 

in Figure 15.  

The high water temperature difference between the recirculation pump inlet and the inlet of the 

first collector is due to the heat losses in the recirculation line. The length and inner diameter of this 

pipe are 350 m and 18.85 mm, respectively (see Figure 16 and Table 6). These parameters, together 

with a low water mass flow (0.19 kg/s) provoke a significant heat loss in the recirculation line and 

therefore a high temperature drop between its inlet and outlet. 

 

Figure 15– Basic diagram of one of the collectors’ row of the DSG solar field that includes calculated process 

conditions at the design point.  

The design of a DSG solar field is quite different from the design of a PTC solar field that uses thermal 

oil as working fluid, mainly due to the peculiarities of the existence of a two-phase flow in the entire 

evaporation zone and the inherent connection that occurs in that zone between pressure and 

temperature. 

The calculation of the useful thermal power that each collector delivers to the working fluid at the 

design point conditions is carried out in the same way, using the following expression: 

�̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟→𝑓𝑙𝑢𝑖𝑑 = 𝐴𝑛𝑒𝑡 · 𝐺𝑏 · cos 𝜃 · 𝜂𝑜𝑝𝑡,0° · 𝐾(𝜃) · 𝐹𝑐 − �̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟→𝑎𝑚𝑏𝑖𝑒𝑛𝑡 

Where: 

 �̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟→𝑓𝑙𝑢𝑖𝑑 is the thermal power transferred to the heat transfer fluid (i.e. water), (W) 
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 𝐴𝑛𝑒𝑡 is the net aperture area of the reflective surface of the collector (solar field), (m2) 

 𝐺𝑏 is the direct solar irradiance, (W/m2) 

 𝜃 is the incidence angle of the direct solar radiation on the collector aperture, (degrees) 

 𝜂𝑜𝑝𝑡,0° is peak optical efficiency of the solar collector, (-) 

𝐾(𝜃) is the incidence angle modifier, (-); it is calculated according to the procedure 

presented in the Annex I (section 10.1) 

𝐹𝑐 is the cleanliness factor of the collector, (-); a typical and acceptable value would be a 

value of 0.95, which is the value considered in this study 

�̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟→𝑎𝑚𝑏𝑖𝑒𝑛𝑡 represents the collector (solar field) heat losses, (W); it is calculated following 

the formulation presented in Annex I (section 10.2) 

The calculation of the useful thermal power that each collector delivers to the heat transfer fluid 

considering the conditions established for the Design Point can be seen in more detail in Annex I 

(section 10.3). 

According to the necessary specifications of the required temperature in the factory for which the 

solar field is designed, there is no need to superheat the steam produced, since this must be at a 

temperature of 160 ºC, so the design of the solar field is in recirculation mode and the required 

collectors are those required to pre-heat and evaporates the working fluid, according to the 

scheme shown in Figure 15. 

To calculate the pressure and temperature along the row of solar collectors, it is important to take 

into account the two zones composing the solar field designed: a) one zone in which there is a 

single-phase flow (water pre-heating zone) (all the fluid is liquid water in the pre-heating zone, and 

b) another zone in which there is a two-phase flow (there will be part of the fluid in saturated liquid 

state and part in the form of saturated steam). In addition, it is also required to take into account 

the pipe sections through which the fluid will circulate, since there will be straight sections such as in 

the absorber pipes and other sections where elbows and other fittings such as rotary joints, valves, 

reductions, etc. are considered. 

Pressure drop in the solar field 

Pressure drop for one-phase fluid (water or dry steam) 

To calculate the pressure drop in the straight sections in the fluid preheating zone, the following 

equation has been used: 

∆𝑝 = 2 · 𝜉 · 𝜌 · 𝑣2 ·
𝑙

𝑑
 

And similarly, for the sections where the elbows and other accessories are taken into account, the 

equation used is: 

∆𝑝 = 2 · 𝜉 · 𝜌 · 𝑣2 ·
𝑙𝑒𝑞𝑢

𝑑
 

Where: 
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 ∆𝑝  is the pressure drop, (Pa) 

 𝜉  is the  Fanning friction factor, (-) 

 𝜌  is the fluid density, (kg/m3) 

 𝑣  is the fluid flow speed, (m/s) 

 𝑙  is the length of the straight sections of the pipe, (m) 

 𝑑 is the inner diameter of the pipe or the element considered, (m) 

𝑙𝑒𝑞𝑢  is the equivalent hydraulic length of straight pipe due to discrete elements (valves, 

elbows, etc.), (m) 

To determine the value of the Fanning friction factor, ξ, when having a turbulent regime (the 

Reynolds number, Re> 2100), the Chen formula given below has been used: 

1

√𝜉
=  −4.0 log{ (

1

3.7065
(

휀

𝑑𝑖

) −
5.0452

𝑅𝑒
log (

1

2.8257
(

휀

𝑑𝑖

)
1.1098

+
5.8506

𝑅𝑒0.8981
)) 

Where: 

 𝑅𝑒  is the Reynolds number, (-) 

 휀 is the grain size of the pipe, (m) 

 𝑑𝑖   is the inner diameter of the pipe, (m) 

The quotient 
𝜀

𝑑𝑖
 is the relative roughness of the pipe and is a value that depends on the material 

pipe and its diameter. For steel pipes, which are normally used in PTCs solar fields, the value of ε is 

usually in the range 20 μm < 휀 < 50 μm. 

In the present study, for the straight sections, which mainly correspond to the absorber tubes that 

are made of stainless steel, the value of 휀  considered is 20 μm, while for the interconnecting pipe 

sections, elbows, ball joints, etc., which are made of carbon steel, the value considered has been 

50 μm. 

Pressure drop for two-phase fluid (mixture of water-steam) 

After carrying out the DISS project [Zarza et al, 2004] and experimentally checking the validity of 

the correlations with several models (Bandel, Thom and Friedel) for the calculation of pressure drop 

in straight pipe sections with two-phase flow, it was verified that the Friedel's model was the one 

that best reproduced the experimental results, so this is the model recommended to calculate 

pressure drop in straight pipes with two-phase flow [Eck et al, 2003]. This model is based on the 

calculation of the so-called two-phase flow multiplier coefficient, ℛ, so that the pressure drop with 

two-phase flow inside the pipe, ∆𝑝, is obtained by multiplying by said coefficient the pressure drop 

that would be obtained if all the water flow were in the liquid phase, ∆𝑝𝑙, which is given by the 

following equation: 

∆𝑝𝑙 = 2 · 𝜉𝑙 · 𝜌𝑙 · 𝑣𝑙
2 ·

𝑙

𝑑𝑖
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Where: 

 𝜉𝑙 is the coefficient of friction if the entire flow were liquid water, (-) 

 𝜌𝑙 is the density of liquid water, (kg/m3) 

 𝑣𝑙 is the flow rate if the entire flow were liquid water, (m/s) 

 𝑙  is the length of the straight sections of the pipe, (m) 

 𝑑𝑖 is the inner diameter of the pipe or the element considered, (m) 

According to Friedel, the two-phase flow multiplier coefficient, ℛ, is calculated using the following 

expression, which in turn depends on three coefficients, which are also broken down below: 

ℛ = 𝐴 + 3.43   𝑥0.685  (1 − 𝑥)0.24  (
𝜌𝑙

𝜌𝑔

)0.8  (
𝜇𝑔

𝜇𝑙

)0.22   (1 −
𝜇𝑔

𝜇𝑙

)0.89   𝐹𝑟𝑙
−0.047  𝑊𝑒𝑙

−0.0334 

Where: 

𝐴 is an auxiliary variable calculated as follows (dimensionless):  𝐴 = (1 − 𝑥)2 + 𝑥2   
𝜌𝑙   𝜉𝑔

𝜌𝑔   𝜉𝑙
  

 𝐹𝑟𝑙  is the Froude’s number calculated for the liquid state (dimensionless):  𝐹𝑟𝑙 =
16   �̇�2

𝜋2  𝜌𝑙
2   𝑔   𝑑𝑖

5  

𝑊𝑒𝑙 is the Weber’s number (dimensionless):  𝑊𝑒𝑙 =
16   �̇�2

𝜋2  𝜌𝑙   𝜎   𝑑𝑖
3  

Where: 

 𝜉𝑔 is the friction coefficient if the entire flow were steam, (-)  

 𝜉𝑙 is the friction coefficient if the entire flow were liquid water, (-)  

 𝜇𝑔 is the dynamic viscosity of the steam phase, (kg/m s) 

 𝜇𝑙 is the dynamic viscosity of the liquid phase, (kg/m s). 

 𝜌𝑔 is the fluid density in the steam phase, (kg/m3) 

 𝜌𝑙 is the fluid density in the liquid phase, (kg/m3) 

 𝑥 is the steam fraction, (-) 

 𝑔 is the gravity acceleration, (9.81 m/s). 

 �̇�  is the total mass flow rate of the two-phase flow, (kg/s) 

 𝑑𝑖: is the inner diameter of the pipe or the element considered, (m) 

 𝜎: is the surface tension between the liquid and steam phases, (N/m) 

The surface tension between the liquid and steam phases is given by the following equation:  

𝜎 = 0.2358  (1 −
𝑇

647.2
)1.256  (1 − 0.625 

𝑇

647.2
) 
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Where 𝑇 is the fluid temperature, (K). 

The pressure drop due to the two-phase flow, 𝛥𝑝, is finally calculated by the following expression:  

𝛥𝑝 = ℛ ·  𝛥𝑝𝑙   

On the other hand, with regard to the pressure drop with two-phase flow in elbows, ball unions, etc. 

the Chisholm model has been used, which also makes use of a two-phase flow multiplier, ℱ, but 

unlike the Friedel model, which considers as a reference pressure drop the one that would exist if all 

the water flow were in saturated liquid phase, Chisholm uses as reference pressure drop the one 

that would exist if only the saturated liquid phase circulated through the considered element. 

In this way, the mass flow corresponding to the liquid phase, �̇�𝑙, is given by the following equation 

as a function of the total two-phase flow, �̇�, and the steam fraction, 𝑥. 

�̇�𝑙 =  �̇� (1 − 𝑥) 

From the mass flow corresponding to the liquid phase, �̇�𝑙, the pressure drop that this causes in the 

considered element, ∆𝑝𝑙, is calculated by: 

𝛥𝑝𝑙 = (
8

𝜋2
) 

�̇�𝑙
2

𝑑𝑖
4   𝜌𝑙

 𝜉 

Where: 

 𝜉 is the characteristic pressure drop coefficient of the element considered, (-) 

 𝜌𝑙  is the fluid density in the liquid phase, (kg/m3) 

 𝑑𝑖   is the inner diameter of the elbow or element considered, (m) 

In the interconnections of the collectors considered in this study, there are only 90 °-elbows and ball 

joints. According to the information provided by the manufacturer of ball joints, these can be 

considered equivalent to 90 °-elbows for the pressure drop calculation.  

Therefore, only 90 ° elbows and straight sections of pipe are considered for the calculation of the 

pressure drop in the interconnections between adjacent collectors. The coefficient 𝜉 depends on 

the relationship between the radius of curvature, 𝑟, and the internal diameter, 𝑑𝑖, of the elbow. The 

value of 𝜉 for the interconnection elbows between the collectors is 0.17 and the ratio 𝑟 𝑑𝑖⁄  is 3.0. For 

the 90°-elbows, the Chisholm correlation uses an auxiliary parameter, 𝐵, which is calculated using 

the equation: 

𝐵 = 1 +
2.2

𝜉  (2 +
𝑟
𝑑𝑖

)
 

And the value of the multiplier coefficient for the pressure drop by two-phase flow, ℱ, is calculated 

according to the Chisholm model using the following expression: 

ℱ =

1 + (
𝜌𝑙

𝜌𝑔 − 1
) [𝐵𝑥(1 − 𝑥) + 𝑥2]

(1 − 𝑥)2
 

Therefore, the pressure drop in 90°-elbows with two-phase flow, 𝛥𝑝, is obtained using the equation: 
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 𝛥𝑝 =  ℱ ·  𝛥𝑝𝑙 

Considering the formulation presented for one-phase and two-phase flow, the pressure drop values 

calculated in the different sections of the DSG solar collectors’ row considering the conditions of 

the Design Point are the ones presented in Table 3.  

At the time of calculations, each collector has been divided into two sections in order to assure a 

more accurate result. The following nomenclature is assigned to each collector: (No. Collector - 

Half Collector), where: 

- “No. Collector” is the position that the complete collector occupies in the collectors’ row. 

- “Half collector” is the half of the collector mentioned in the previous collector number, and 

it may be 1, for the first half or the beginning of said collector, or 2 for the second or final 

half of the collector and in which the interconnection elements are considered, like elbows 

and ball joints. 

Table 3 – Main process parameters at each DSG solar collector’s row at the design point. 

No. 

collector-

Half 

collector 

Flow type 

flow 

Initial fluid 

tempereature 

[°C] 

Initial 

pressure 

[bar] 

Steam 

fraction 

[0:entire 

liquid, 1: 

entire steam] 

Final fluid 

temperature 

[°C] 

Final pressure 

[bar] 

1-1 One-phase 50.0 25.00 0 100.1 24.98 

1-2 One-phase 100.1 24.98 0 149.6 24.96 

2-1 One-phase 149.6 24.96 0 199.7 24.94 

2-2 Two-phase 199.7 24.94 0.053 223.5 24.78 

3-1 Two-phase 223.5 24.78 0.165 222.9 24.48 

3-2 Two-phase 222.8 24.48 0.276 221.9 24.02 

4-1 Two-phase 221.9 24.02 0.389 220.5 23.41 

4-2 Two-phase 220.5 23.41 0.502 218.7 22.58 

5-1 Two-phase 218.7 22.58 0.615 216.4 21.55 

5-2 Two-phase 216.4 21.55 0.728 213.3 20.23 

6-1 Two-phase 213.3 20.23 0.841 209.2 18.65 

6-2 Two-phase 209.2 18.65 0.854 204.2 16.96 

 

To carry out these pressure drop calculations, it is necessary to know the steam fraction that enters 

at each section of the evaporation zone since it is where the two-phase flow exists.  To calculate 

the steam fraction an energy balance must be performed. As example, the calculation performed 

for the second half of collector 2 (ID: 2-2) where saturated steam starts is detailed next. The energy 

balance to be carried out in that section is as follows: 

�̇�𝑖𝑛 + �̇�𝑔𝑎𝑖𝑛 = �̇�𝑜𝑢𝑡 

(�̇� ·  ℎ𝑙.𝑖𝑛) +  �̇�𝑔𝑎𝑖𝑛 =  (�̇�𝑙 ·  ℎ𝑙.𝑜𝑢𝑡) + (�̇�𝑔 ·  ℎ𝑔.𝑜𝑢𝑡) 

Also, the following equation is known: 

�̇�𝑙 + �̇�𝑔 =  �̇� 

Where: 

 �̇�  is the inlet flow to the section (2-2), in this case all the liquid water from the previous 

section (1-2), (1.3 kg/s) 
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 ℎ𝑙.𝑖𝑛  is the enthalpy of saturated liquid water at the inlet temperature in this section (2-2), 

which comes from the previous section (1-2), and in this case at approximately 200 °C, 

(852.78 kJ/kg). 

 �̇�𝑔𝑎𝑖𝑛 is the useful thermal power that collector section 2-2 can transfer to the heat transfer 

fluid circulating inside the absorber pipe, and whose calculation is explained in Annex I (see 

section 10.3), (267.71kW). 

 �̇�𝑙 is the mass flow of saturated liquid water at the section outlet (2-2), (kg/s). 

 �̇�𝑔 is the mass flow of saturated steam at the section outlet (2-2), (kg/s). 

 ℎ𝑙.𝑜𝑢𝑡  is the enthalpy of saturated liquid at the pressure conditions of the outlet of that 

section 2-2, which in this case is at approximately 24.78 bar, (959.74 kJ/kg). 

 ℎ𝑔.𝑜𝑢𝑡  is the enthalpy of saturated steam water at the pressure conditions of the outlet of 

that section, in this case at approximately 24.78 bar, (2801.94 kJ/kg). 

Therefore, making a system of two previous equations with two unknowns values, �̇�𝑙 and �̇�𝑔, and 

solving it, the quantities of saturated water and saturated steam in the section are obtained. The 

steam fraction  𝑥 is given directly by the following expression: 

𝑥 =
�̇�𝑔

�̇�
 

From this point, it is important to remark that in the calculation, thermohydraulic parameters at the 

inlet of one collector section are the thermodydraulic parameters at the outlet of the immediately 

previous section since it is considered that the fluid always moves unidirectional inside the absorber 

tubes. Due to its short length, heat losses at the interconnections between adjacent solar collectors 

have been neglected in this study, with the exception of the interconnections between adjacent 

collectors. 

DSG solar field layout 

To complete the description of the DSG solar field, the aim of this section is to show, through a set of 

drawings and diagrams, in the most visual and practical possible way, the location of the solar field 

designed on the almonds factory plot, the components that make it up, and the basic 

instrumentation that it would be required to operate and monitor the solar field, as well as the 

integration and interconnection of the solar field with the industrial process. 

Figure 16 shows a drawing with the proposed location for the solar field in the enclosure available 

by the Almendras de Almería industry for this purpose with the row of six (6) PTCs composing the 

DSG solar field designed. 
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Figure 16– Drawing of the DSG solar field composed by one collectors’ row installed in the factory plot.  

Figure 17 shows the basic instrumentation proposed to operate and monitor the process in the DSG 

solar field. The number of instruments is enough and complete to react to any possible transients or 

events occurred in the shortest possible time. The meaning of the labels included is described 

below: 

- TT is a temperature transmitter to measure temperature of the fluid 

- PT is a pressure transmitter to measure the fluid pressure existing at that point of the circuit 

- FT is a flow transmitter to measure the flow rate of the fluid (volumetric or mass flow) 

- LT is a level transmitter to measure the level of liquid water in tank, in this case the 

water/steam separator 

- YT is a pyrheliometer to measure the direct solar irradiance available on the solar field 

- TA is a temperature transmitter to measure the ambient temperature in the solar field 

- WT and ZT are labels corresponding to the wind speed signal and wind direction signal 

measured both with an anemometer. 

 

Figure 17– Scheme of some basic instrumentation adequate for monitoring the complete steam generation 

process in the solar collectors field.  
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Finally, Figure 18 shows a simplified diagram with the integration of the DSG solar system into the 

industrial process of the factory, which is already in operation but took the precaution of leaving a 

possible expansion and, therefore, a free access valve in the main steam collector to make a rear 

coupling like the one being carried out and proposed in this study. 

 

 

Figure 18– Scheme of the integration of the solar steam generation system with the industrial process of the 

almonds factory “Almendras de Almería”.  

Hydraulic circuit dimensioning 

The length of the connection pipes between the outlet of the solar field and the main process, 

where the solar thermal energy is used, is about150 m, while the recirculation pipe inside the DSG 

solar field is 350 m long. The inlet to the solar field is at 500 m of distance from the main room of the 

factory. 

Once the pipe sections length to be studied are established, the procedure to calculate the 

pressure drop is similar to that presented before, since the fluid is going to be liquid water in the inlet 

pipe to the solar field and in the recirculation pipeline, and saturated steam in the outlet pipe of 

the solar field.  

Searching in the specifications of one manufacturer of carbon steel pipes [Tecnituberías, 2020], 

iterations have been carried out, considering the process conditions of the HTF in each collector 

section, concluding that the size of pipes that best adapt to different systems are the following (see 

Table 4): 
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- For the connection from the main factory room to the inlet of the solar field, whose length is 

500 m, a schedule 40 (SCH40) carbon steel type pipe with an internal diameter of 35.05 mm 

and a nominal diameter of 1¼” has been chosen.  

- For the connection from the outlet of the solar field to the main factory room, whose length 

is 150 m, a schedule 80 (SCH80)carbon steel type pipe with an internal diameter of 

59.00 mm and a nominal diameter of 2 ½” has been chosen.  

- For the recirculation circuit, whose length is 350 m, also a SCH80 carbon steel type pipe with 

an internal diameter of 18.85 mm and a nominal diameter of ¾" has been chosen. 

Table 4 –Carbon steel pipes specifications chart: Schedule 40, 80, and 160 

Nominal 

pipe size  

[inches] 

Schedule External diameter Inner diameter Wall thickness Weight 

[inches] [mm] [inches] [mm] [inches] [mm] [kg/m] 

𝟏
𝟖⁄  

40 
0.405 10.29 

0.269 6.83 0.068 1.73 0.357 

80 0.215 5.46 0.095 2.41 0.461 

¼ 
40 

0.540 13.72 
0.364 9.25 0.088 2.24 0.625 

80 0.302 7.67 0.119 3.02 0.804 

𝟑
𝟖⁄  

40 
0.675 17.15 

0.493 12.52 0.091 2.31 0.846 

80 0.439 10.74 0.126 3.20 1.101 

½ 

40 

0.840 21.34 

0.622 15.80 0.109 2.77 1.265 

80 0.546 13.87 0.147 3.73 1.622 

160 0.466 11.84 0.167 4.75 1.935 

¾ 

40 

1.050 26.67 

0.824 20.93 0.113 2.87 1.682 

80 0.742 18.85 0.154 3.91 2.188 

160 0.614 15.80 0.218 3.54 2.887 

1 

40 

1.315 33.40 

1.049 26.64 0.133 3.38 2.500 

80 0.957 24.31 0.179 4.55 3.229 

160 0.815 20.70 0.250 6.35 4.226 

1 ¼ 

40 

1.660 42.16 

1.380 35.05 0.140 3.56 3.378 

80 1.278 32.46 0.191 4.85 4.464 

160 1.160 29.46 0.250 6.35 5.595 

1 ½ 

40 

1.900 48.26 

1.610 40.89 0.145 3.68 4.084 

80 1.500 38.10 0.200 5.08 5.402 

160 1.338 33.99 0.281 7.14 7.232 

2 

40 

2.375 60.33 

2.067 52.50 0.154 3.91 5.435 

80 1.939 49.25 0.218 5.54 7.471 

160 1.639 42.90 0.343 8.71 11.072 

2 ½ 

40 

2.875 73.03 

2.469 62.71 0.203 5.16 8.616 

80 2.323 59.00 0.276 7.01 11.399 

160 2.125 53.98 0.375 9.53 14.896 

3 

40 

3.500 88.90 

3.068 77.93 0.216 5.40 11.280 

80 2.900 73.86 0.300 7.62 15.254 

160 2.625 66.68 0.438 11.13 21.310 

In this way, a turbulent regime of the fluid within the pipes will be maintained and an acceptable 

pressure drop will be obtained in the pipes thanks to the solar field pumping systems. 

Table 5 – Pressure drop in the hydraulic circuit of the solar system. 

Zone Pipe length 

[m] 

Pipe nominal 

diameter 

[inches] 

Pipe inner 

diameter 

[mm] 

Pressure loss 

[bar] 

Piping in the solar field 500 1 ¼ 35.05 2.327 

Piping from the outlet of the solar field 

to the steam distribution manifold 
150 2 ½ 59.00 5.049 

Piping in the recirculation line of the 

solar field 
350 ¾ 18.85 1.267 
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Pumping system of the solar field 

For the DSG solar field proposed in this study, the pumping systems required are: 

- Feed pump: It will be the device in charge of pumping the heat transfer fluid (liquid water) 

at the inlet of the solar field to increase its pressure and adjust it to the input conditions 

required according to the study carried out for the design of the solar field. 

- Recirculation pump: It will be the device in charge of recirculating the water, which is at the 

outlet of the solar field, once it has been separated by the water/ team separator, to return 

it to the inlet of the solar field, thus reducing costs and achieving better thermodynamic use 

in the solar field. 

In both cases, the fluid to be moved with this equipment will be water, which is not an excessively 

corrosive or aggressive fluid for the pumps and for the elements of the hydraulic circuit. Therefore, 

to size the hydraulic pumps it will be necessary to know their electric power (𝑃𝑒), for which the 

following equation will be used: 

𝑃𝑒 =  
∆𝑃 ·  �̇�

𝜂𝑒 ·  𝜂𝑚

 

Where: 

 ∆𝑃  is the total pressure drop produced in the entire circuit, (Pa) 

 �̇�  is the volumetric flow rate, (m3/s) 

 𝜂𝑒   is the power efficiency of the pump, (-) 

 𝜂𝑚 is the mechanical efficiency of the pump, (-) 

The total mass flow �̇� must be transformed into volumetric flow to calculate the required electric 

power, and for that the density 𝜌𝑙 of the liquid water (in kg/m3) at the conditions of temperature 

and pressure defined for the inlet of the solar field, before the mixing with water from the 

recirculation line is used: �̇� =  �̇� 𝜌𝑙⁄  

For both electrical and mechanical performance, standard values will be assumed (𝜂𝑒  = 0.98, 

𝜂𝑚 = 0.55) as many manufacturers are reluctant to give them in their specifications. 

Finally, in order to facilitate the first reading of the mechanical power required in the hydraulic 

pump, a conversion of electrical power to mechanical horsepower will be carried out, which is 

done by multiplying the value of the power, in kW, by 1.34102 to get CV.  

It has been taken into account that the feed pump of the solar field must not only overcome the 

hydraulic losses in the pipeline, but also has to increase the feed water pressure from ambient to 

25 bar. Similarly, the recirculation pump must not only compensate the pressure drop in the 

recirculation pipe (126,7 kPa) but also compensate the pressure difference between the solar field 

outlet and the solar field inlet (804 kPa). 
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Table 6 – Main data of the pumping system for the solar field. 

 

 

 

 

 

5. Energy production analysis  

To calculate the yearly thermal energy production of the solar field designed, as mentioned before 

it is necessary to know the direct solar radiation and ambient temperature, which are data 

available in the TMY file of the PSA used in the study.  

To perform the calculations it has been used an Excel worksheet to implement and process all 

data. 

Heat losses during night time have been neglected in the study, to simplify the calculations. Since 

the system works in a relatively medium-low temperature range, the impact of heat losses during 

that period is considered very low in comparison to the energy gain during daytime. 

The procedure to perform the energy calculations include several steps detailed next: 

1. To calculate the incidence angle for all time instants during a day for all the days of 

throughout the year where solar radiation is higher than 0. That is, null values that would 

correspond to the night hours are excluded from the calculation: 

a. Determine the hour angle 𝜔𝑖  (in degrees), which depends on the solar time 𝑡𝑠 (in 

decimal format): 

𝜔𝑖 = 15 ·  (12 − 𝑡𝑠) 

b. Determine the declination 𝛿 (in degrees), which can be calculated with the 

following approach: 

𝛿 = 23.435687 · sin ((
𝑑𝐽 − 80

365.2564
) · 360) 

Where 𝑑𝐽 is the Julian day, that is, the number that the day occupies within the year, 

adopting values from 1 (for January 1st) to 365 (for December 31st). 

 

c. Determine the incidence angle in the solar field with North-South orientation, 𝜃𝑁−𝑆, 

using the following equation: 

 

cos 𝜃𝑁−𝑆 = cos 𝛿 · √(sin 𝜔𝑖)2 + (cos 𝐿𝑎𝑡𝑖𝑡𝑢𝑑𝑒 · cos 𝜔𝑖 + tan 𝛿 · sin 𝐿𝑎𝑡𝑖𝑡𝑢𝑑𝑒)2 

 

Where 𝐿𝑎𝑡𝑖𝑡𝑢𝑑𝑒 is the latitude of the location where the solar field will be located, in 

this case 37.1169 ° (North). 

 

Pump Pressure drop 

[kPa] 

Mass 

flow rate 

[kg/s] 

Volumetric 

flow rate 

[m3/s] 

Electric 

power  

[W] 

Mechanical 

power 

[CV]  
(1CV ~735 W) 

Feed water 

pump 

2,732.7 1.11 1.119·10-3 5,669.23 7.610 

Recirculation 

water pump 

804.0 0.19 0.199·10-3  295.4 0.396 
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2. To calculate the heat losses that occur between the collectors and the environment for all the 

instants of the days, when there is solar radiation available (night heat losses has been 

neglected). The equation to determine the heat losses per unit length (W/m) is [Valenzuela et 

al, 2014]: 

�̃�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟→𝑎𝑚𝑏𝑖𝑒𝑛𝑡 = 0.342 · 𝛥𝑇 + 1.163 · 10−8 · ∆𝑇4 

∆𝑇 = (
𝑇𝑖𝑛 + 𝑇𝑜𝑢𝑡

2
) − 𝑇𝑎𝑚𝑏 

Where: 

 

 𝑇𝑖𝑛 is the inlet temperature of the heat transfer fluid to the collector, (°C) 

 𝑇𝑜𝑢𝑡 is the outlet temperature of the heat transfer fluid from the collector, (°C) 

 𝑇𝑎𝑚𝑏 is the ambient temperature in the corresponding time of the chosen day, (°C)  

 

With the previous equation the heat losses are calculated per unit length, W/m, so that the 

total length of each collector (𝑙𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟) must be taken into account to obtain the thermal loss 

in the collector, W. In this study the length of a solar collector unit is 147 m, therefore the heat 

losses in one collector(in W) are obtained as follows:    

�̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟→𝑎𝑚𝑏𝑖𝑒𝑛𝑡 =   �̃�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟→𝑎𝑚𝑏𝑖𝑒𝑛𝑡 ·  𝑙𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟  

3. To calculate the useful thermal power that each collector unit will supply to the working fluid, 

the following equation is used, already presented in section 4.1.2: 

�̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟→𝑓𝑙𝑢𝑖𝑑 = 𝐴𝑛𝑒𝑡 · 𝐺𝑏 · cos 𝜃 · 𝜂𝑜𝑝𝑡,0° · 𝐾(𝜃) · 𝐹𝑐 − �̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟→𝑎𝑚𝑏𝑖𝑒𝑛𝑡 

Where: 

 �̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟→𝑓𝑙𝑢𝑖𝑑 is the thermal power transferred to the heat transfer fluid, (W) 

𝐴𝑛𝑒𝑡 is the net aperture area of the reflective surface of the corresponding collector unit, 

(820m2) 

 𝐺𝑏 is the direct solar irradiance, (W/m2) 

 𝜃 is the incidence angle of the direct solar radiation on the collector aperture, (degrees) 

 𝜂𝑜𝑝𝑡,0° is peak optical efficiency of the solar collector, (0.77) 

𝐾(𝜃) is the incidence angle modifier, (-); it is calculated according to the procedure 

presented in the Annex I (section 10.1), taking into account the following empirical equation 

determined for the URSSATrough collector [Valenzuela et al, 2014]: 

𝐾(𝜃) = {1 −
7 · 10−4 · 𝜃 + 36 · 10−6 · 𝜃2

cos 𝜃
      si 𝜃 < 78°

0                                                                 si 𝜃 > 78°

 

Where 𝜃 will take the values previously calculated (𝜃𝑁−𝑆) for each moment of the day 

included in the TMY. 
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𝐹𝑐 is the cleanliness factor of the collector, (0 < 𝐹𝑐  < 1); a typical and acceptable value for a 

solar heat industrial application would be a value of 0.95, which is the value considered in 

this study 

�̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟→𝑎𝑚𝑏𝑖𝑒𝑛𝑡 represents the collector (solar field) heat losses, (W); it is calculated following 

the formulation presented in Annex I (section 10.2) 

4. Next stage is to calculate the useful thermal power that the complete solar field (the 

collectors’ row in this study), �̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟→𝑓𝑙𝑢𝑖𝑑;𝑆𝐹, can deliver to the process: 

 

�̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟→𝑓𝑙𝑢𝑖𝑑;𝑆𝐹 =  ∑ �̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟→𝑓𝑙𝑢𝑖𝑑;𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟(𝑖)

6

𝑖=1

 

This thermal power is converted to useful thermal energy (kWh or MWh), which is done taking 

into account that the TMY is composed of 5-minute average values (one data record  every 5 

minutes), so:   

𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙−𝑢𝑠𝑒𝑓𝑢𝑙 = �̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟→𝑓𝑙𝑢𝑖𝑑;𝑆𝐹 ·  5
60⁄  

 

5. Part of thermal power produced by the solar field would not be useful for the industrial process 

due to an excess of steam generation in some instants of days along the year. In the present 

study, this energy/power “dumped” is solved forcing a defocusing of the solar collector no. 6 

to not excess the steam production demanded by the industrial process at certain moments, 

and it could be determined as follows: 

�̇�𝑑𝑢𝑚𝑝𝑒𝑑 = �̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟→𝑓𝑙𝑢𝑖𝑑;𝑆𝐹 − ((�̇�𝑜𝑢𝑡 ·  ℎ𝑜𝑢𝑡) − (�̇�𝑖𝑛 ·  ℎ𝑖𝑛)) 

Where: 

�̇�𝑜𝑢𝑡 is the nominal mass flow rate at the outlet of the collector row, which in this case is 

the mixture of saturated liquid water and saturated steam water (1.3 kg/s at the design 

point) 

ℎ𝑜𝑢𝑡   is the enthalpy of the mixture of saturated liquid water and saturated steam water 

under nominal pressure conditions at the outlet of the collector row, in this case at 

approximately 16.96 bar (2,513.9 kJ/kg) 

�̇�𝑖𝑛 is the nominal flow at the inlet of the collector row, in this case  liquid water (and 

since the study is performed in steady state conditions and not injection of water is 

considered in last collectors, the nominal value at the design point is also 1.3 kg/s) 

ℎ𝑖𝑛 is the enthalpy of liquid water at the nominal inlet temperature/pressure in the 

collector row (in the case of the design point corresponds to the enthalpy of liquid water 

at 50 °C and approximately 25 bar pressure (211.5 kJ / kg)) 

The dumped power in kW is also converted to energy units, i.e. kW·h, as follows: 

𝑄𝑑𝑢𝑚𝑝𝑒𝑑 = �̇�𝑑𝑢𝑚𝑝𝑒𝑑 ·  5
60⁄  

Therefore, the net useful thermal energy is obtained as the difference between the useful 

thermal energy delivered by the complete solar field and the energy dumped: 
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𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙−𝑡𝑜𝑡𝑎𝑙 𝑢𝑠𝑒𝑓𝑢𝑙 = 𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙−𝑢𝑠𝑒𝑓𝑢𝑙 − 𝑄𝑑𝑢𝑚𝑝𝑒𝑑 

Finally, the net useful thermal energy throughout the year (in kWh or MWh) will be the sum of all 

values, for each time instant included in the TMY file, previously calculated. 

𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙−𝑦𝑒𝑎𝑟𝑙𝑦 𝑢𝑠𝑒𝑓𝑢𝑙  = ∑ 𝑄𝑡ℎ𝑒𝑟𝑚𝑎𝑙−𝑡𝑜𝑡𝑎𝑙 𝑢𝑠𝑒𝑓𝑢𝑙 

And, in the same way, the monthly useful thermal energy can be obtained.  Monthly results are 

presented in Table 7.  

Table 7 – Monthly useful thermal energy generated by the DSG solar field. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19  summarizes different graphs that correspond to clear days of each month of the TMY 

where the direct normal irradiance, calculated useful thermal power and dumped power of the 

solar field are represented. Seeing these graphs, it can be seen the useful thermal power and the 

dumped power that the row of PTCs collectors can generate. Positive values of dumped 

power/energy appear in the May to July (Figure 19 (e) to (g)), when the combination of DNI 

available, sunlight hours, incidence angle of solar radiation for a North-South collector orientation, 

and ambient temperature favours the solar thermal energy production, being this dumped energy 

null or almost non-existent in the rest of the months for the location in which the solar field is placed.  

 

 

 

 

 

 

 

 

Month Useful thermal energy  

[MWh] 

January 239.68 

February 334.59 

March 389.97 

April 560.02 

May 593.40 

June 764.57 

July 814.77 

August 642.34 

September 499.72 

October  400.16 

November 269.05 

December 231.39 

Yearly total 5,739.64 
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(g) (h) 

  
(i) (j) 

  
(k) (l) 

Figure 19– Graphs of daily thermal energy generated by the DSG solar field during a clear day of every month 

(Gergal (Almería province), Spain): a) January 29th; b) February 20th; c) March 11th; d) April 10th; e) May 4th; 

f) June 19th; g) July 3rd; h) August 11th; i) September 9th; j) October 12th; k) November 26th; l) December 28th  

 

 

 

04 06 08 10 12 14 16 18 20

0

200

400

600

800

1000

1200

 DNI

D
ir
e

c
t 

n
o

rm
a

l 
ir
ra

d
ia

n
c

e
 /

(W
/m

2
)

Time (hh)

Date: July 3rd 

0

600

1200

1800

2400

3000

3600

 Useful thermal power 

 Dumped thermal power

Th
e

rm
a

l p
o

w
e

r 
/ 

(k
W

)

04 06 08 10 12 14 16 18 20

0

200

400

600

800

1000

1200

 DNI

D
ir
e

c
t 

n
o

rm
a

l 
ir
ra

d
ia

n
c

e
 /

(W
/m

2
)

Time (hh)

Date: August 11th

600

1200

1800

2400

3000

3600

 Useful thermal power 

 Dumped thermal power

Th
e

rm
a

l p
o

w
e

r 
/ 

(k
W

)

04 06 08 10 12 14 16 18 20

0

200

400

600

800

1000

1200

 DNI

D
ir
e

c
t 

n
o

rm
a

l 
ir
ra

d
ia

n
c

e
 /

(W
/m

2
)

Time (hh)

Date: September 9th

0

600

1200

1800

2400

3000

3600

 Useful thermal power 

 Dumped thermal power

Th
e

rm
a

l p
o

w
e

r 
/ 

(k
W

)

04 06 08 10 12 14 16 18 20

0

200

400

600

800

1000

1200

 DNI

D
ir
e

c
t 

n
o

rm
a

l 
ir
ra

d
ia

n
c

e
 /

(W
/m

2
)

Time (hh)

Date: October 12th

0

600

1200

1800

2400

3000

3600

 Useful thermal power 

 Dumped thermal power

Th
e

rm
a

l p
o

w
e

r 
/ 

(k
W

)

06 08 10 12 14 16 18

0

200

400

600

800

1000

1200

 DNI

D
ir
e

c
t 

n
o

rm
a

l 
ir
ra

d
ia

n
c

e
 /

(W
/m

2
)

Time (hh)

Date: November 26th

0

600

1200

1800

2400

3000

3600

 Useful thermal power 

 Dumped thermal power

Th
e

rm
a

l p
o

w
e

r 
/ 

(k
W

)

06 08 10 12 14 16 18

0

200

400

600

800

1000

1200

 DNI

D
ir
e

c
t 

n
o

rm
a

l 
ir
ra

d
ia

n
c

e
 /

(W
/m

2
)

Time (hh)

Date: December 28th

0

600

1200

1800

2400

3000

3600

 Useful thermal power 

 Dumped thermal power

Th
e

rm
a

l p
o

w
e

r 
/ 

(k
W

)



Deliverable Report   

 

D 3.8    GA No. 731287 38 
 Co-funded by the Horizon 2020 Framework 

Programme of the European Union 

6. Economic analysis  

To complete the study, an economic analysis is carried out to address the possible economic 

feasibility of installing the solar field designed in previous sections of this report. There are several 

factors to take into account in the economic study to ensure its efficiency, being, perhaps the most 

important, the estimated useful lifetime of the solar field since it will determine all the other 

parameters. 

The assumed lifetime of the solar field is 25 years, a quite realistic time taking into account the 

duration and condition of similar materials, or even slightly underestimated in terms of technical 

and technological specifications due to the moment of its implementation, used in other solar fields 

built in the 80s of the 20th century, such as SEGS plants in the United States. 

To carry out the economic study, it is necessary to calculate a series of parameters to measure the 

profitability and viability of the implementation or not of the solar field in the industry that is dealt 

with in this study. These parameters are: 

 Calculation of net present value (NPV). 

 Calculation of the internal rate of return (IRR). 

 Calculation of the levelized cost of the heat (LCOH). 

To calculate all these parameters, first it is necessary to break down and associate cost to all 

components the solar field, including labour costs for civil work and assembly: 

 Mirrors: one collector unit has 12 · 28 = 336  units of mirrors, so the row of 6 collectors includes 

up to 2016 mirrors. 

 Receiver tubes: one collector has 12 · 3 = 36 units of receiver tubes, so the row of 6 

collectors has a total of 216 receiver tubes.   

 Local sun-tracking control: each collector has its own tracking control that includes all the 

hardware and software elements to allow the tracking of the Sun during operation. 

 Drive unit: each collector has its own drive unit.  

 Flexible connections/ball joints: The cost of the flexible connections of each collector is very 

similar both if ball joints or flexible tubes are used. 

 Metallic support structure: each collector has its own metallic structure, including not only 

the manufacturing but also the assembly of the structure on site. 

 Foundations: each collector has its own foundation.  

 Manpower: each collector includes a work item for assembling, excluding the assembling 

of the collector structure. 

These items of unit costs (Table 8) do not include the civil works for the preparation of the land area 

where the solar field would be installed or for the installation of the electrical wiring routing, as well 

as the general control of the solar field. Neither there are included the items concerning the cost of 

the different connecting pipes of the collector row with the industrial process and recirculation line, 

the thermal insulation and the supports necessary for this piping, nor the costs associated with the 

pumping equipment (feed pump and recirculation pump). All these other costs are detailed in 

Table 9. 
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Table 8 – Estimation of costs of one unit of PTC and of the complete row of PTCs. 

 

Table 9 – Estimation of other costs of the DSG solar field. 

 

 

 

 

 

 

 

 

 

 

 

  

Component 

One parabolic-trough collector (PTC) (URSSATrough 

type collector) 

DSG solar field (6 units 

of PTCs) 

Quantity Units Unit price (€) Total price (€) Quantity Total price (€) 

Mirrors 336 Unit 80.00 26,880.00 6 161,280.00 

Receiver tubes (4070 mm-

long) 
36 Unit 775.00 27,900.00 6 167,400.00 

Solar tracking control 1 Unit 2,650.00 2,650.00 6 15,900.00 

Drive unit 1 Unit 3,500.00 3,500.00 6 21,000.00 

Flexible connections (ball-

joints) 
1 Unit 2.500,00 2,500.00 6 15,000.00 

Support structure 

(manufacturing+assembly) 
1 Unit 60,000.00 60,000.00 6 360,000.00 

Foundations 1 Unit 15,000,00 15,000.00 6 90,000.00 

Manpower 1 Unit 6,000.00 6,000.00 6 36,000.00 

Annual total 144,430.00 866,580.00 

Component Quantity Units Unit price (€) Total price (€) 

Civil works, control of the solar 

field, electricity and data 

acquisition and control system 

(SCADA) 

1 Unit 45,000.00 45,000.00 

Inlet pipe to the solar field, 

thermal insulation and supports 
500 m 250.00 125,000.00 

Solar field outlet pipe, thermal 

insulation and supports 
150 m 425.00 63,750.00 

Solar field recirculation piping, 

thermal insulation and supports 
350 m 200.00 70,000.00 

Feed pump 1 Unit 700.00 770.00 

Recirculation pump 1 Unit 500.00 500.00 

Instrumentation and other 

hardware (SCADA) 
28 Unit 70.00 1960.00 

Operation and maintenance 

costs 
1 Unit 20,000.00 20,000.00 

Total costs 326,980.00 
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Calculation of Net Present Value (NPV). 

This parameter is a financial indicator that serves to determine the viability of a project. It is the 

difference that exists between the present value of the cash flows of the investment and the initial 

capital necessary to implement it. NPV is calculated as follows: 

𝑁𝑃𝑉 = −𝐼0 + ∑
𝐹𝑡

(1 + 𝑘)𝑡
=

𝑛

𝑡=1

− 𝐼0 +
𝐹1

(1 + 𝑘)1
+

𝐹2

(1 + 𝑘)2
+ ⋯ +

𝐹𝑛

(1 + 𝑘)𝑛
 

Where: 

𝐹𝑡 represents the cash flows in each period 𝑡, (€) 

𝐼0 is the value of the initial investment , (€) 

𝑛 is the number of time periods considered 

𝑘 is the discount rate or interest rate 

For a project to be profitable, the 𝑁𝑃𝑉 must take values greater than zero. The 𝑁𝑃𝑉 serves to 

generate two types of decisions: first, to see if the investments can be made and second, to see 

what investment is better than another in absolute terms. The decision criteria will be the following: 

• 𝑁𝑃𝑉 >  0: the updated value of future investment collections and payments, at the interest 

rate considered, will generate benefits 

• 𝑁𝑃𝑉 =  0: the investment project will not generate benefits or losses, being its 

implementation, in principle, irrelevant 

• 𝑁𝑃𝑉 <  0: the investment project will generate losses, so it must be rejected 

In the case of this project, the initial investment (𝐼0) is the sum of all the expenses described above 

in Table 8 and Table 9 with the exception of operation and maintenance costs: 

𝐼0 = 1,173,560.00 € 

Then the costs that the solar field will generate throughout its useful life must be calculated, that is, 

the costs of its operation and maintenance, as well as the economic savings that the plant would 

obtain in relation to the use of other fuel to generate the necessary steam required by the factory's 

industrial process and thereby calculate the annual cash flow. To calculate the economic savings 

of the plant with the use of another fuel, in this case, the almond shell, we take the annual useful 

thermal energy the PTC solar field can deliver which has been calculated in previous sections of 

the present study, as well as the price of the almond shell in the factory, which according to the 

company on where the project is based, it is 70 €/ton. Also, according to the Spanish Agency of 

Energy Efficiency, the calorific value of the almond shell with humidity less than 20% is 15.9 GJ/ton, 

therefore, if the following operations are carried out, the benefit that the solar field would produce 

can be found about the use of almond shells as fuel throughout a year: 

𝐴𝑛𝑛𝑢𝑎𝑙 𝑠𝑎𝑣𝑖𝑛𝑔𝑠 =
(

𝑎𝑛𝑛𝑢𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑒𝑙𝑖𝑣𝑒𝑟𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑠𝑜𝑙𝑎𝑟 𝑓𝑖𝑒𝑙𝑑
𝑃𝐶𝐼

)

𝑎𝑙𝑚𝑜𝑛𝑑 𝑝𝑟𝑖𝑐𝑒
= 90,967.92 €/𝑦𝑒𝑎𝑟 

Where: 
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 Annual consumption =5,739,642.79 kWh x 3,600s= 20,662,714,041 kJ/year 

 Factory price of 1ton of almond shell costs € 70 

 Calorific value of almond shells (𝑃𝐶𝐼) = 15.9 GJ/ton 

Once the annual economic savings that would be obtained by using the solar field designed to 

supply the system instead of the fuel used until now, the almond shell, can be calculated both the 

costs and benefits that this field provides year by year, which in this case has been calculated with 

an annual inflation of 3% for the first five years of lifetime of the solar field and 5% for the remaining 

twenty years of the same. For this, the following equations are used: 

𝐸𝑥𝑝𝑒𝑛𝑠𝑒𝑠𝑛(€) =  𝐸𝑥𝑝𝑒𝑛𝑠𝑒𝑠𝑛−1 + (𝐸𝑥𝑝𝑒𝑛𝑠𝑒𝑠𝑛−1 ·  𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒) 

𝑆𝑎𝑣𝑖𝑛𝑔𝑠𝑛(€) =  𝑆𝑎𝑣𝑖𝑛𝑔𝑠𝑛−1 + (𝑆𝑎𝑣𝑖𝑛𝑔𝑠𝑛−1 ·  𝑖𝑛𝑓𝑙𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒) 

With these data, the cash flow for each year can be obtained, since it is a matter of calculating 

the difference between benefits and expenses. It should be mentioned that a discount rate (𝑘) of 

6.5% has been applied, obtaining the results detailed in Table 10. 

Table 10 – Expenses and savings of the DSG solar field in 25 years. 

 

Applying the equation to calculate the  𝑁𝑃𝑉 the following result is obtained: 

𝑵𝑷𝑽 = − 902000 + 1132661,391 =  𝟏𝟖𝟔, 𝟎𝟑𝟑. 𝟑𝟏 € 

Year Inflation [%] Expenses [€] 
Expenses plus 

inflation [€] 

Annual savings 

[€] 

Annual savings 

plus inflation [€] 
Cash flow (€) 

1 2 20,000.00 20,600.00 90,967.92 93,696.96 68,635.64 

2 2 20,000.00 21,218.00 90,967.92 96,507.87 66,380.01 

3 2 20,000.00 21,854.54 90,967.92 99,403.11 64,198.51 

4 2 20,000.00 22,510.18 90,967.92 102,385.20 62,088.70 

5 2 20,000.00 23,185.48 90,967.92 105,456.76 60,048.23 

6 3 20,000.00 24,344.76 90,967.92 110,729.59 59.202.48 

7 3 20,000.00 25,561.99 90,967.92 116,266.07 58,368.64 

8 3 20,000.00 26,840.09 90,967.92 122,079.38 57,546.54 

9 3 20,000.00 28,182.10 90,967.92 128,183.35 56,736.03 

10 3 20,000.00 29,591.20 90,967.92 134,592.51 55,936.93 

11 3 20,000.00 31,070.76 90,967.92 141,322.14 55,149.09 

12 3 20,000.00 32,624.30 90,967.92 148,388.24 54,372.34 

13 3 20,000.00 34,255.52 90,967.92 155,807.66 53,606.53 

14 3 20,000.00 35,968.29 90,967.92 163,598.04 52,851.51 

15 3 20,000.00 37,766.71 90,967.92 171,777.94 52,107.12 

16 3 20,000.00 39,655.04 90,967.92 180,366.84 51,373.22 

17 3 20,000.00 41,637.79 90,967.92 189,385.18 50,649.65 

18 3 20,000.00 43,719.68 90,967.92 198,854.44 49,936.28 

19 3 20,000.00 45,905.67 90,967.92 208,797.16 49,232.95 

20 3 20,000.00 48,200.95 90,967.92 219,237.02 48,539.53 

21 3 20,000.00 50,611.00 90,967.92 230,198.87 47,855.87 

22 3 20,000.00 53,141.55 90,967.92 241,708.81 47,181.85 

23 3 20,000.00 55,798.63 90,967.92 253,794.26 46,517.31 

24 3 20,000.00 58,588.56 90,967.92 266,483.97 45,862.14 

25 3 20,000.00 61,517.98 90,967.92 279,808.17 45,216.19 

TOTAL [€] 500,000.00 914,350.77 2,274,198.00 4,158,829.53 1,359,593.31 
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Therefore, at first, it is concluded that the solar field would have a benefit of 186,033.31 € after the 

25 years of useful lifetime that has been estimated for it and with the established interest rate 

conditions. 

Calculation of the Internal Rate of Return (IRR) 

The Internal Rate of Return (IRR) is the rate of interest or profitability that an investment offers, that is, 

the percentage of profit or loss that an investment will have for the amounts that have not been 

withdrawn from the project.  

It is a measure used in the evaluation of investment projects that is closely related to the Net 

Updated Value (𝑁𝑃𝑉). It is also defined as the value of the discount rate that makes the 𝑁𝑃𝑉 

equal to zero, for a given investment project. Another way to define these parameters is through 

their calculation, since the 𝐼𝑅𝑅 is the discount rate that equates, at the initial moment, the future 

flow of collections with that of payments, generating a 𝑁𝑃𝑉 equal to zero. 

𝑁𝑃𝑉 = −𝐼0 + ∑
𝐹𝑡

(1 + 𝐼𝑅𝑅)𝑡
=

𝑛

𝑡=1

− 𝐼0 +
𝐹1

(1 + 𝐼𝑅𝑅)1
+

𝐹2

(1 + 𝐼𝑅𝑅)2
+ ⋯ +

𝐹𝑛

(1 + 𝐼𝑅𝑅)𝑛
= 0 

Where: 

𝐹𝑡  representes the cahs flow in each t period, (€) 

𝐼0  is the value of the initial investment outlay, (€) 

𝑛  is the number of time periods considered 

The selection criteria for projects according to the 𝐼𝑅𝑅 is based on the value of 𝑘, which represents 

the discount rate of flows or the interest rate chosen for the calculation of 𝑁𝑃𝑉 (in this case 6.5 %) 

and has the following decision criteria: 

• If 𝐼𝑅𝑅 >  𝑘: The investment project will be accepted. In this case, the internal rate of return 

that will be obtained will be higher than the minimum rate of return required on the 

investment 

• If 𝐼𝑅𝑅 =  𝑘: It would be a similar situation to that which occurred when the 𝑁𝑃𝑉 was equal to 

zero. In this situation, the investment may be carried out if the competitive position of the 

company improves and there are no more favourable alternatives 

• If 𝐼𝑅𝑅 <  𝑘: The project must be rejected. The minimum return required of the investment is 

not reached 

Thus, applying the previous equation, the following result is obtained: 

𝑰𝑹𝑹 = 𝟕% 

With which it can be intuited that, since the 𝐼𝑅𝑅 (7%) is greater than the discount rate (6.5 %), the 

investment for the project has a percentage of benefit and it is feasible to carry it out. 
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Calculation of the Levelized Cost of Heat (LCOH) 

The Levelized Cost of Energy (LCOE)  is a methodology that provides the cost per MWh generated 

and that can be applied to solar thermal, photovoltaic, wind, geothermal systems and ultimately to 

any type of electricity generation. 

The model allows accounting for all the costs that the system has throughout its life cycle and 

dividing them by all the energy production it will have, which will obtain the cost per MWh. The 

LCOE is a parameter to know which type of energy generation is more competitive depending on 

the area where the plant to be treated is located, or to study the different possibilities of improving 

the systems to reduce their costs.  

Recently, for thermal energy systems the LCOE is referred as Levelized Cost of Heat (LCOH) to 

distinguish from the cost of electricity. Independently if we are referring to LCOE or to LCOH, the 

parameter can be expressed as follows (in €/MWh): 

 

𝐿𝐶𝑂𝐻 =  
∑

𝐺𝑡

(1 + 𝑘)𝑛

∑
𝑃𝑡

(1 + 𝑘)𝑛

=  
𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑒𝑥𝑝𝑒𝑛𝑠𝑒

𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛
 

Where: 

 𝐺𝑡  represents the total expenses for each year (€) 

 𝑃𝑡  is the energy production for each year (MWh) 

 𝑘   is the discount rate 

𝑛   is the number of each year (1…25) 

The numerator of the right term of the equation is called 𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑒𝑥𝑝𝑒𝑛𝑠𝑒  and is calculated by 

dividing the annual operation and maintenance expenses, with their corresponding annual 

inflation, by the term off. The denominator of the right term is called 𝐷𝑖𝑠𝑐𝑜𝑢𝑛𝑡𝑒𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 and 

would be calculated in the same way as the previous one, substituting expenses for annual 

production. Therefore, using the equation the following result is obtained: 

𝑳𝑪𝑶𝑯 = 𝟐𝟒. 𝟑𝟗𝟓 € MWh⁄  
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7. Final summary 

This report has presented a reference design of a direct steam generation solar field to supply  part 

of the thermal energy required in the form of saturated steam to an industrial process of an almond 

processing factory located in the Almería province (southern Spain). 

Table 11 summarizes the main data and results of the solar system designed. 

Table 11. DSG solar field designed for the industry process in the almond factory “Almendras de Almería”. 

Parameter  Value 

Solar field aperture area, m2 4920 

  Number of parabolic-trough collector units, - 6 

  Number of collector rows, - 1 

  Number of collectors in series per row, - 6 

  Collector aperture, m 5.76 

  Collector length, m 147 

  Absorber pipe diameter, mm 70 

  Absorber pipe length, m 4.060 

Heat transfer fluid Water/steam 

Location Gergal (Almería), Spain 

  Geographical coordinates, latitude, degrees 37.117 N 

  Geographical coordinates, longitude, degrees 2.533 W 

Design Point, date and time June 19th, 12:00 solar noon 

Inlet water temperature/pressure at the Design Point, ºC/bar 50/25 

Outlet steam temperature/pressure at the Design Point, ºC/bar 204/17 

Inlet solar field water mass flow at the Design Point, kg/s 1.30 

Outlet solar field steam mass flow at the Design Point, kg/s 1.11 

Recirculation water flow at the Design Point, kg/s 0.19 

Yearly thermal energy demand of the industrial process, GWh/year 16,851.4 

Yearly thermal energy generated by  the DSG solar field, GWh/year 5,739.6 

Estimated NPV, € 186,033.3 

Estimated IRR, % 7.0 

Estimated LCOH, €/MWh  24.39 

 

8. Dissemination 

The case study and results presented in this study have been only disseminated at academic level 

as part of a master’s thesis supervised by the authors of the report, which was presented at 

University of Almería (Spain).  

Authors plan to prepare an article to be submitted in a scientific journal.  
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10. Annexes 

10.1. Calculation of the incidence angle modifier in the Design Point. 

The incidence angle modifier is a parameter that quantifies the optical and geometric losses that 

take place in a PTC because the angle of incidence is different from zero. Depending on the 

adopted criterion, it may or may not include the cosine of the angle of incidence, depending on 

the manufacturer. From the experimental testing performed at Plataforma Solar de Almería during 

year 2013, the following expression was found: 

𝐾(𝜃) = {1 −
7 · 10−4 · 𝜃 + 36 · 10−6 · 𝜃2

cos 𝜃
      si 𝜃 < 78°

0                                                                 si 𝜃 > 78°

 

Therefore, for the Design Point on which the solar field design is being carried out, that is, on June 

19th, 12:00:00 solar time, the angle of incidence is 𝜃 = 13. 7 and the corresponding incidence angle 

modifier value is, 

𝐾(𝜃) = 0.9832 

10.2. Calculation of the heat losses in the Design Point. 

If a classification were made in terms of energy losses according to the origin of these losses that 

affect PTCs performance, the heat losses would be the second order of importance to take into 

account in a PTC, since they are below the optical losses but above the geometric losses. 

In a PTC solar field, heat losses occur mainly in two places: in the absorber tube and in the rest of 

fluid pipe, being heat losses produced in absorber tubes the more significant. 

Heat losses in the absorber tube are due to: radiation, convection and conduction from the metal 

tube to the glass envelope; convection and radiation from the glass envelope to the environment; 

and conduction through the supports of the tube. When there is vacuum between the metal tube 

and the glass envelope, heat losses by convection from the metal tube to the glass envelope are 

negligible, and there are only radiation losses between the metal tube and the glass envelope and 

small conduction losses between the glass-metal union. Due to its little importance compared to 

the other heat losses already mentioned, losses through the supports of the absorber tube are 

neglected in this study.  

There are available empirical equations to calculate heat losses from receiver tubes designed for 

PTCs. In this case study, an equation obtained experimentally at Plataforma Solar de Almería for 

receiver tubes PTR70 model provided by the manufacturer Schott, is used to determine heat losses 

in receiver tubes of the solar field (in W/m) [Valenzuela et al, 2014]: 

�̃�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟→𝑎𝑚𝑏𝑖𝑒𝑛𝑡 = 0.342 · 𝛥𝑇 + 1.163 · 10−8 · ∆𝑇4 

∆𝑇 = (
𝑇𝑖𝑛 + 𝑇𝑜𝑢𝑡

2
) − 𝑇𝑎𝑚𝑏 

Where: 

 

 𝑇𝑖𝑛 is the inlet temperature of the heat transfer fluid to the collector, (°C) 
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 𝑇𝑜𝑢𝑡 is the outlet temperature of the heat transfer fluid from the collector, (°C) 

 𝑇𝑎𝑚𝑏 is the ambient temperature in the corresponding time of the chosen day, (°C)  

As mentioned in section 5, with the previous equation the heat losses are calculated per unit 

length, the total length of each collector (𝑙𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟) must be taken into account. In this study the 

length of a solar collector unit is 147 m.  

Table 12 summarizes the heat losses calculated for each collector of the DSG solar field considering 

the process conditions of the Design Point. 

Table 12 – Heat losses of one PTC unit in the Design Point. 

 

10.3. Calculation of the useful thermal power at the Design Point. 

The useful thermal power given by the solar collector to the fluid is found through the following 

expression, taking into account that when obtaining the collector incidence angle modifier, in this 

case and for this model, the cosine of the angle modifier, so this parameter must be included in this 

expression. 

To calculate the useful thermal power that each collector unit will supply to the HTF, the following 

equation is used, already presented in section 4.1.2: 

�̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟→𝑓𝑙𝑢𝑖𝑑 = 𝐴𝑛𝑒𝑡 · 𝐺𝑏 · cos 𝜃 · 𝜂𝑜𝑝𝑡,0° · 𝐾(𝜃) · 𝐹𝑐 − �̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟→𝑎𝑚𝑏𝑖𝑒𝑛𝑡 

Where: 

 �̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟→𝑓𝑙𝑢𝑖𝑑 is the thermal power transferred to the heat transfer fluid, (W) 

𝐴𝑛𝑒𝑡 is the net aperture area of the reflective surface of the corresponding collector unit, 

(820m2) 

 𝐺𝑏 is the direct solar irradiance, (953 W/m2 for the Design Point) 

𝜃 is the incidence angle of the direct solar radiation on the collector aperture, (13.7° for the 

Design Point) 

 𝜂𝑜𝑝𝑡,0° is peak optical efficiency of the solar collector, (0.77) 

𝐾(𝜃) is the incidence angle modifier, calculated according to the procedure presented in 

the section 10.1 (0.983 for the Design Point) 

𝐹𝑐 is the cleanliness factor of the collector, (0.95) 

Collector 

Inlet 

temperature 

[°C] 

Outlet 

temperature 

[°C] 

Ambient 

temperature 

[°C] 

Temperature 

difference 

(fluidambient) 

[°C] 

Heat losses 

per unit length 

[W/m] 

Heat losses 

(collectorambient) 

[kW] 
*Collector length = 147 m 

1 50.0 149.6 31.7 68.1 23.5 3.51 

2 149.6 223.5 31.7 154.8 59.6 9.37 

3 223.5 221.9 31.7 191.0 80.8 11.93 

4 221.9 218.7 31.7 188.6 79.2 11.74 

5 218.7 213.3 31.7 184.3 76.4 11.39 

6 213.3 204.1 31.7 177.0 71.9 10.81 
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�̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟→𝑎𝑚𝑏𝑖𝑒𝑛𝑡 represents the collector (solar field) heat losses, calculated following the 

formulation presented in section 10.2 

For the Design Point it is found that the DSG solar field will produce more thermal energy than that 

required by the industrial process, so the operation strategy followed in this case can be to defocus 

collector no. 6 to not produce an excess of steam (1.3 kg/s) but only the amount required by the 

industrial process (1.11 kg/s). The calculation of the useful thermal power provided by the last 

collector is given by the following expression: 

�̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟→𝑓𝑙𝑢𝑖𝑑(6) =  �̇�𝑔 ·  ℎ𝑠𝑠 + �̇�𝑙 ·  ℎ𝑙𝑠 − �̇�𝑚𝑖𝑥 · ℎ𝑚𝑖𝑥   

Where: 

 �̇�𝑔  is the mass flow rate of saturated steam at the collector outlet, (kg/s) 

�̇�𝑙  is the mass flow rate of saturated liquid at the collector outlet, (kg/s) 

�̇�𝑚𝑖𝑥 is the total flowrate of the mixture in the collector in the collector inlet, (kg/s) 

ℎ𝑠𝑠 is the enthalpy of saturated steam at the collector outlet, (kJ/kg) 

ℎ𝑙𝑠 is the enthalpy of saturated liquid at the collector outlet, (kJ / kg). 

ℎ𝑚𝑖𝑥 is the enthalpy of the specific mixture of water-steam at the collector inlet, (kJ / kg). 

So, considering the process conditions at the Design Point, and the pressure at the outlet of 

collector no. 6 at this time instant (~17 bar), the useful thermal energy that collector no.6 would 

deliver is calculated as follows:  

�̇�𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟→𝑓𝑙𝑢𝑖𝑑(6) = (1.11 ·  2,794.5) + (0.19 ·  871.4) − (1.3 ·  2,331.7) = 236.3 kW 

Table 13 summarizes the useful thermal power generated by each collector of the DSG solar field 

at the design point. The energy delivered by collector no. 6 is lower since is partially defocused at 

the Design Point to not excess the amount of saturated steam demanded by the process. 

Table 13 – Useful thermal power generated by one PTC unit in the Design Point. 

 

Collector 
Net 

collector 

area     

[m2] 

Direct 

normal 

irradiance 

[W/m2] 

Incidence 

angle        

[°] 

Peak 

optical 

efficiency 

[-] 

Incidence 

angle 

modifier   

[-] 

Cleanliness 

factor           

[-] 

Heat losses 

(collectorambient) 

[kW] 
*Collector length = 147 m 

Useful thermal 

power 

(collectorfluid) 

[kW] 

1 

820.0 953.3 13.7 0.77 0.9832 0.95 

3.5 542.7 

2 9.4 539.9 

3 11.9 536.9 

4 11.7 534.8 

5 11.4 534.3 

6 10.8 236.3 


