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Abstract 

In the context of climate change the world is facing an increasing need to become more environmentally 
sustainable, and a concerted effort to use renewable energy is required in order to decrease emissions, 
meet climate goals and prepare for the post-oil era. Solar energy is an area with great potential, and 
developments in solar energy technologies have increased rapidly. Concentrating solar technologies have 
existed for more than one hundred years, and have largely been applied in the context of direct power 
generation. However, solar energy technologies can also be used for purposes other than power 
generation, such as generating steam for alternative applications. This work investigates the steam 
generating potential of a solar steam generation system located at the Southern Alberta Institute of 
Technology (SAIT) campus in Calgary, Alberta, Canada and the potential for utility scale implementation 
in Alberta’s Oil Sands for steam demanding enhanced oil recovery (EOR) methods. Furthermore, this 
thesis also validates weather data for the SAIT campus. 

Both of the proposed systems use parabolic troughs as solar collectors. The SAIT system also 
incorporates a two-tank direct thermal energy storage and Therminol 62 as the heat transfer fluid, while 
the utility scale system uses water as the heat transfer fluid. 

The results show that the SAIT system can provide saturated steam at 0,7 MWh 155 times which amounts 
to a total steam output of 90 MWh annually. The results for the utility scale system show that solar steam 
generation from a 500 MW thermal plant implemented for enhanced oil recovery in an EOR facility 
becomes economically feasible, as compared with steam production from natural gas, at a natural gas 
delivery price of approximately $7 USD/GJ. Furthermore, an installed 500 MW thermal plant can reduce 
carbon emissions by 180,000 tonnes of CO2 equivalents annually. 

Conclusions drawn in this thesis are as follows: the technology is technically feasible however there are 
both political and economic obstacles to its use; solar EOR should be seen as an add-on to existing plants 
due to the intermittence of solar energy in Alberta; the GHG reduction potential is great and consequently 
there is a possibility of receiving carbon credits by using the technology; and by tilting the solar collector 
field total output can be increased by over 25%. 
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Sammanfattning (Swedish Abstract) 

I dagens växande miljömedvetna samhälle behövs en kraftfull ansträngning mot förnybar energi för att 
minska växthusgasutsläpp, uppnå klimatmål och förbereda samhället för en era efter oljan. Solenergi är ett 
område med stor potential där utvecklingen inom området ökat lavinartat den närmsta tiden. Termisk 
solkraft (engelska: Concentrating Solar Power) är en teknologi som funnits tillgänglig i över ett sekel men 
det är först på senare tid som det börjat användas kommersiellt. Historiskt sätt har termisk solkraft 
använts för att generera elektricitet men teknologin kan även fördelaktigt användas för att tillverka ånga 
för andra syften än el-produktion.  

Detta examensarbete undersöker ånggenereringspotentialen för ett solånggenereringssystem placerat på 
campus tillhörande Southern Alberta Institute of Technology i Calgary, Alberta, Kanada. Arbetet 
undersöker även potentialen för denna teknologi storskaligt i oljeindustrin inom området förbättrad 
oljeutvinning (engelska: Enhanced Oil Recovery) som används i norra delen av Alberta i oljesanden 
(engelska: Oil Sands). 

För SAIT systemet har arbetet inkluderat val av komponenter, design av dessa och en validering av 
väderparametrarna som påverkar den möjliga ångproduktionen av systemet. I det storskaliga systemet har 
arbetet varit mer fokuserat på att undersöka när teknologin blir ekonomiskt gångbar och hur mycket 
växthusgasutsläpp som kan minskas genom att använda teknologin. 

SAIT systemet utgörs av två paraboliska trågkollektorer (engelska: parabolic trough collector) placerade på 
taket av Cenovus Energy Centre-byggnaden. Systemet innefattar även en termisk energilagring (engelska: 
thermal energy storage) som möjliggör ångproduktion på begäran. Värmeöverföringsfluiden är Therminol 
62 som även används i energilagringen.  

Det storskaliga systemet är fokuserat på den sydligaste delen av oljesanden, Cold Lake och utnyttjar också 
paraboliska trågkollektorer som kollektorer. I detta system verkar vatten som värmeöverföringsmedium 
och ånga är producerad genom direktånggenerering och injicerade i oljereservoaren.   

Resultaten av arbetet visar att SAIT systemet kan producera 0,7 MWh mättad ånga 155 gånger vilket ger 
en total produktion om 90 MWh årligen. För det storskaliga systemet visar resultaten att termisk solkraft 
för ångproduktion blir ekonomiskt gångbart vid ett naturgaspris på $7 USD. Vidare visar resultaten att för 
ett termiskt solkraftverk på 500 MW kan reducera växthusgasutsläppen mot motsvarande ångproduktion 
från naturgas med 180 000 ton CO2-ekvivalenter. Slutligen visar arbetet att ångproduktionen kan öka 
genom att luta kollektorerna mot söder.  

Slutsatser och framtida arbete inkluderar: 

• Lutning av kollektorerna kan öka ångproduktionen med över 25 %. 
• Båda systemen är tekniskt genomförbara och hindren är främst politiska och ekonomiska.  
• Anläggningar för termisk solkraft för ånggenerering bör implementeras som tillägg till redan 

existerande anläggningar för förbättrad oljeutvinning och hållas operativt mellan mars till oktober. 
• Möjligheterna att minska utsläpp och erhålla utsläppsrätter är stora. 
• Idag är termisk solkraft för ånggenerering inte ekonomiskt gångbart i Alberta på grund av låga 

priser för naturgas. 
• Platsspecifika undersökningar av existerande anläggningar för förbättrad oljeutvinning för att se 

var termisk solkraft har potential att implementeras behöver utföras. 
• En undersökning för att se hur stora inkomster utsläppsrätter kan generera behöver genomföras. 
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1 INTRODUCTION AND BACKGROUND 
 

In the context of climate change the world is facing an increasing need to become more 
environmentally sustainable by seeking alternative and renewable sources of energy beyond 
conventional fossil fuels. Utilizing renewable energy sources such as wind, bio, hydro, solar and 
geothermal energy is therefore pertinent in order to reach sustainability goals globally. Within the 
field of solar power the most well-known technology is arguably Photovoltaic cells (PV), however 
there are several other usable technologies in this field.  

One such technology, that has received more attention as of late and which has recently become 
commercialized, is Concentrating Solar Power (CSP). This technology is conventionally used to 
produce power, however this thesis investigates the viability of CSP to produce steam. Most 
commonly, CSP power plants are situated in warm areas with a high solar irradiance. The 
province of Alberta in Canada however, is a unique location for CSP-technologies, given its high 
solar irradiance but cold climate and high latitude. (Wright, 2016) 

Alberta is a province whose economy is highly dependent on the fossil fuel industry, largely due 
to Alberta’s huge reservoirs of natural gas and oil. Given the recent decrease in oil prices, 
Alberta’s economy has suffered heavily. (Cain, 2016) 

Most of the oil reservoirs in Alberta are situated in the northern part of the province in the so-
called “Oil Sands”. The Oil Sands are oil reservoirs containing oil in the form of bitumen with a 
low permeability. In order to extract the bitumen, which has a high viscosity, -situated at depths 
of lower than 25 meters, enhanced oil recovery methods are used to lower the viscosity of the oil 
making it easier to extract. (Brabant, 2016) 

The utilization of concentrating solar technology for steam production in enhanced oil recovery 
(EOR) has been proven on different places in the world but never on latitudes as high as Alberta. 
In Amal, Oman, a 7 MW thermal parabolic trough steam production plant for EOR has been 
operational since 2013 and in California, USA, a 29 MW thermal solar tower steam production 
plant for EOR was operational from 2011 to 2014. (“Coalinga Enhanced Oil Recovery Project,” 
2012, “PDO Solar Steam Pilot Case Study,” 2015) 
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2 OBJECTIVE AND METHODOLOGY 
 

In this chapter the objective of the thesis is presented as well as the materials and methodology 
used to perform the work and the delimitations that have been made in order to make the work 
achievable. 

 

2.1 Objectives 
The objective of this thesis is to conduct a feasibility study for a proof of concept1 for 
concentrating solar steam generation located on the campus of the Southern Alberta Institute of 
Technology (SAIT) in Calgary, Alberta. The solar potential of a proposed site as north located as 
Calgary has also been evaluated. Furthermore, the objective includes design of the system, 
including the different components used in order to maximize steam output of the system. The 
components evaluated and designed include: the solar receiver (and its absorber pipe), steam 
generator (heat exchanger), heat transfer fluid, thermal energy storage, control system and 
pumping and piping arrangement. In extension the thesis also examines the potential for utility 
scale solar steam generation to be used in the Oil Sands of northern Alberta for enhanced oil 
recovery (EOR).  

 

2.2 Materials and Methodology 
In this section the materials and methodology used to perform this thesis are presented.  

First and foremost an extensive literature review was conducted, and many people with 
experience in the industry were consulted, in order to obtain necessary knowledge and 
information on the subject. The current market for concentrating solar technologies have been 
investigated as well as what have previously been done in the area of concentrating solar steam 
generation. 

As mentioned above the objective of this thesis is to conduct a feasibility study analysing the 
viability of a concentrating solar steam generation proof of concept at the campus of SAIT and 
the potential of the technology for utility scale implementation in the Alberta Oil Sands. A 
feasibility study typically includes five areas: technical-, economic-, legal-, operational- and 
schedule feasibility. Due to the system being a proof of concept to be used mainly for 
instructional purposes, the emphasis of this thesis is on the technical aspect.  

The first part of the technical feasibility study was to validate weather data collected for the site. 
The weather data included direct normal irradiance (DNI), wind speed and ambient temperature. 
All aforementioned parameters are necessary for the calculation of the potential steam output 
from the system. 

After validating the weather data, components for the system were chosen and designed to 
maximize overall output. Calculations were made on an hourly basis using weather data dating 

                                                 
1 “Proof of concept” is a term used to mean the realization of a concept with the purpose of verifying its potential 
for real-world application. 
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back eight years to give an overview of how the steam output changed over time. The software 
used for the calculation model was Microsoft Office Excel which is a software that offers a good 
overview of calculations that are using many input parameters. 

After the system at SAIT was designed an assessment of utility scale implementation for solar 
thermal enhanced oil recovery (solar EOR) was made. This study included an estimation of 
possible savings from using solar energy to create steam in oil production as opposed to burning 
gas. This was conducted through calculating the Levelized Cost of Energy (LCOE) from both 
steam production methods. The site for this investigation was Cold Lake located in the Alberta 
Oil Sands, at which enhanced oil recovery methods are used to increase oil production rates. 

SAIT intends to start building the system on campus and have it operational within three years, 
which means the system will be functional before 2019.  

 

2.3 Delimitations 
In this section the delimitations of the work are described. Certain delimitations have been made, 
pursuant to requirements from SAIT, in order to simplify the model and enable the system to be 
evaluated mathematically. Delimitations have also been made due to the study being limited to 
twenty weeks of work. 

 

2.3.1 Specifications 

For the solar steam generator proof of concept there were a number of specifications that had to 
be met, including to: 

• Demonstrate the generation of steam from solar energy in Calgary, Alberta, Canada. 
• Provide design suggestions for a proof of concept of a solar steam generation system. 

The proof of concept is to be used for demonstrating solar steam generation for students, 
companies and other interested parties as well as to offer operational training. The steam 
production needs to be dispatchable.  

• Investigate the economic viability for utility scale implementation in solar enhanced oil 
recovery 

• Build a system using components already available on the market, due to, SAIT being an 
institution oriented towards applied science. 

The steam produced from the steam generator will be attached to the existing steam heating 
system of the Cenovus Energy Centre (CEC) building on the SAIT campus. As a result, the 
properties of the steam generated must match the steam currently in the heating system. The 
requirements of the steam are listed below: 

• Dry, saturated at a pressure of 10,34 bar (150 PSI) a temperature of 185,5 °C with an 
enthalpy of 2782 kJ/kg 

• Feedwater is provided at a temperature of 150 °C, pressure of 150 PSI and with an 
enthalpy of 441 kJ/kg 

• Mass flow of steam is 0,43 kg/s (3413 pounds/hour) 
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2.3.2 Assumptions 

Assumptions made in this thesis are as follows: 

• Weather data (including direct normal irradiance) from 1998 to 2005 that was used in this 
study also accurately describes future weather conditions. 

• Currently implemented energy policies in Canada will be followed for the coming years. 
This also includes the assumption that the carbon tax of $24-USD ($30 CAD) per tonne 
of carbon dioxide, expected to apply to the Alberta Oil Sands by 2017, will in fact be 
implemented.(Government of Alberta, 2016) 

• Basic costs of steam generation in Oman by once-through steam generation and 
cogeneration are assumed to be applicable to Cold Lake in the Alberta Oil Sands. 
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3 SOLAR IRRADIANCE AND WEATHER POTENTIAL 
 

Calgary receives the most sunlight hours per year of any Canadian city, and has on average 330 
sunny days per year(Current Results, 2010). This is part of the reason the idea for this thesis was 
created. However in order to thoroughly evaluate the potential for solar steam generation at the 
proposed location a large quantity of weather data was needed. This data was gathered from 
sources collecting weather data hourly and included direct normal irradiance (DNI), global 
horizontal irradiance (GHI), ambient temperature and wind speed and wind direction. Hourly 
data was required in order to make the calculation model more transient through implementing 
hourly energy equilibriums within the system. Figures 3.1 and 3.3 below show schematic pictures 
demonstrating global horizontal irradiance and direct normal irradiance respectively. 

 
Figure 3.1 Global Horizontal Irradiance (GHI) on a surface composed of direct radiation and diffuse radiation. 

Global Horizontal Irradiance (GHI) is the amount of solar energy that hits a surface horizontally 
oriented to the ground. As such it accounts for both direct irradiance and diffuse 
irradiance(Vaisala, 2010a). However since a tracking device is not used and the surface is 
horizontally placed the surface will be less exposed to the sun per surface area than a surface 
normally oriented towards the sun. This effect is called the cosine effect. Figure 3.2 further 
explains the cosine effect. Surface A will receive the same amount of solar energy as the projected 
surface B however the area of surface B is smaller than the area of surface A, therefore surface B 
has a higher solar intensity per unit area.(B. Stine and Geyer, n.d.) GHI is usually measured with 
the use of a pyranometer. Figure 3.5, in section 3.1 Solar Irradiance Potential and Validation 
below, shows a pyranometer used for GHI measurements at SAIT campus. 
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Figure 3.2 Illustrative picture explaining the cosine effect.(B. Stine and Geyer, n.d.) 

 
Figure 3.3 Direct Normal Irradiance (DNI) at three different moments of time. 

DNI is the amount of solar irradiance that hits a surface that is oriented normally to the direction 
of the solar rays.(Vaisala, 2010b)  When measuring DNI a tracking device must be used to follow 
the sun’s position in order to keep the plane with the measuring device normal to the solar rays. 
The device most commonly used is a pyrheliometer coupled with a tracking device, Figure 3.4 
shows the pyrheliometer used for DNI measurements at Hat Smart in Medicine Hat.(Dugaria 
and Padovan, 2015) DNI only accounts for direct irradiance and no diffuse irradiance is included 
in the DNI-value. In Figure 3.3 above, the black lines represent the normal plane to the direct 
radiation from the sun at three different moments in time. DNI is measured as the amount of 
energy per surface area, using W/m2 units.  
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Figure 3.4 Weather station at Hat Smart CSP Plant in Medicine Hat. 

Weather data was collected both for the site on SAIT campus in Calgary and for a proposed 
utility scale site in the Cold Lake Oil Sands. The weather data used for SAIT was collected from 
the Calgary International Airport which is located 8.5 km north-east of the campus.(“Google 
Maps,” 2016) Weather data was available for the period 1953-2005 and from this data, a sample 
8.year period of 1998-2005 was chosen for this review. It is assumed that the weather conditions 
observed from 1998 to 2005 are representative of the weather conditions occurring after 2005 
and into the future weather as well.  

Since the Calgary Airport is located over 8 km away from the site at SAIT campus, validations of 
the solar irradiance data and ambient temperature data were conducted.  

 

3.1 Solar Irradiance Potential and Validation 
The solar irradiance was validated using accessible solar data on an hourly basis. Direct normal 
irradiance (DNI) data and Global Horizontal Irradiance (GHI) data was acquired from the 
Calgary International Airport, however data from the airport was only available until 2005. In 
order to validate usage of solar irradiance data from the airport an average year of 1998-2005 was 
created. This average year was then compared to an average year at SAIT composed of data from 
the Green Building Technology group at SAIT. Hourly data from the Green Building 
Technology group was available from September 19, 2012 to June 14, 2014, and an average year 
of irradiance was calculated using this data.  

The GHI average over the eight years available from the Calgary Airport was 1485 kWh/m2 
yearly, and the average year of the weather station at SAIT campus was 1486 kWh/m2. The data 
from the airport is measured horizontally, however the pyranometer used for measuring GHI at 
SAIT was placed on a south-facing surface with a slope of approximately 22 degrees. The south-
facing pyranometer will therefore likely show a slightly higher value for GHI than a horizontally 
oriented pyranometer. Furthermore, the pyranometer at SAIT has been cleaned irregularly and it 
is therefore difficult to determine how good its transmittance has been throughout the 
measurements.  
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In Figure 3.5 the Green Building Technology group solar irradiance measurement station using a 
tilted pyranometer of is shown.  

 

 

Figure 3.5 Solar irradiance measurement station using tilted pyranometer at SAIT Campus built by the Green 
Building Technology-group.  

 

Figure 3.6 below shows a comparison of the GHI measured on campus and the values measured 
at the Calgary International Airport.  

 
Figure 3.6 Global Horizontal Irradiance (GHI) measurements of Calgary International Airport and SAIT 
Campus. 
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3.2 Ambient Temperature Comparison 
In order to validate the temperature data from the Calgary International Airport, temperature 
data taken from the Green Building Technology group was also used. The Green Building 
Technology group uses a dry bulb thermometer that logs the ambient temperature on the 
northwest part of SAIT campus hourly. This data was compared to the hourly ambient 
temperature data from the Calgary International Airport. The comparison is shown in Figure 3.7, 
where the grey line shows the temperature difference between the SAIT measurements and the 
airport measurements. Temperature data from SAIT is available from October 2012 to March 
2014 on an hourly basis and was compared to corresponding temperature data from the airport.  

 

 
Figure 3.7 Ambient temperature measured at SAIT campus and at the Calgary International Airport and the 
difference between the two measurements.  

 

It is seen that the temperature measurements of both measuring stations follow the same curve, 
thus validating the usage of temperature data from the Calgary International Airport. On average 
the difference in measuring was between two to three degrees with the measurements taken at 
SAIT showing a slightly higher temperature. In the calculation model, data from the airport is 
used due to its availability over a longer time span. The effects of changes in ambient temperature 
are shown in section 5.7 and are considered minor.  
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4 SYSTEM SITES 
 

In this thesis two different systems are investigated: one system to be placed on the SAIT campus 
and one utility scale system for use in the Cold Lake part of the Alberta Oil Sands in enhanced oil 
recovery (EOR).  

 

4.1 SAIT System 
The Southern Alberta Institute of Technology (SAIT) is a polytechnic institute located in Calgary, 
Alberta, Canada. The institute focuses largely on applied science, meaning proven technologies 
are exhibited and taught at the institute. Concentrating steam generation is used on multiple areas 
around the world, however most often this is in warmer areas (“Solar thermal power plants 
commercial use,” 2014). The purpose of installing this technology at SAIT is to demonstrate the 
viability of using this technology in Alberta, and also provide instructional- and training 
opportunities for students and plant operators in the oil and gas industry.  

The proposed site on SAIT where the system is to be built is shown in Figure 4.1 below. The 
yellow area shows the roof of the CEC building where the solar collectors will be placed. The 
dotted line shows the proposed site for the steam generator, which will be located on the third 
floor of the building. From here, the system is linked into the steam system of the CEC building. 
The thermal energy storage will be placed within the area marked with the blue diagonal stripes 
between the CEC building and the Eugene Coste building. Energy storage piping is necessary on 
the side of the building, up to the collector field and into the steam generator on the third floor. 

 
Figure 4.1 Proposed site for solar steam system to be built on. The height of the third floor of the Cenovus 
Energy Centre (CEC) building is three meters. 
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4.2 Utility Scale System 
Alberta’s economy is largely built on the oil- and gas industry, and the economic well-being of the 
province is very much dependent on keeping a consistent level of oil production (Johnson, 2015). 
The industry is based on reservoirs of Oil Sands situated in the northern parts of the province. 
The Oil Sands of Alberta are shown in Figure 4.2 below. 

Moreover the oil industry in Alberta is affected by oil price fluctuations on the world oil market 
and a drop in oil prices is devastating for the economy of the province. The recent low oil prices 
have negatively impacted many oil companies in Alberta, however industries that consume oil 
rather than produce it, are thriving, for example the plastics industry. These industries are 
investigating ways to invest their surplus, and solar thermal enhanced oil recovery could very well 
be a way of doing so.  

In this section the potential for implementing a solar steam generation system on a utility scale, 
and the extraction technologies that could be used, are presented . 

 

4.2.1 Alberta Oil Sands 

The Oil Sands of Alberta are oil reservoirs containing oil in the form of bitumen. The bitumen is 
mixed with sand, water and clay. Bitumen has a high viscosity making it difficult to extract from 
the reservoir. Recovering oil from oil sands is a relatively new method of recovery and it has been 
seen as an unconventional form. However, it has become more important as of late due to the 
depleting reservoirs and increasing global demand for crude oil, as well as the development of 
new extraction methods (“What are Oil Sands?,” 2016). 

It is believed that Alberta’s Oil Sands amount to ten percent of global oil reserves (“International 
Energy Statistics,” 2015). In fact, one of the largest oil sands reservoirs in the world is situated in 
Alberta, Canada. In order to extract oil from oil sands, different methods are used in order to 
enhance the extraction rate of bitumen.  

These enhanced oil recovery (EOR) methods include Steam-Assisted Gravity Drainage (SAGD) 
and Cyclic Steam Stimulation (CSS). Both methods involve the production of heat in the form of 
steam that is injected into the reservoir in order to lower the viscosity of the oil, thus making it 
more easily extractable (Weiss, 2016). 
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Figure 4.2 Location of the Oil Sands in the province of Alberta (“Oil Sands and the Regional Municipality of 
Wood Buffalo,” 2015). 

 

The likeliest part of the Alberta Oil Sands to have the ability to utilize concentrating solar steam 
generation is the southernmost part of Cold Lake, which receives the highest annual DNI. In the 
Cold Lake area most of the oil reservoir is situated 400-600 m below ground and currently CSS is 
commonly incorporated on the production sites. However, in the northern part of Alberta the oil 
reservoirs are only situated approximately 250 meters below the surface and in these areas SAGD 
is also implemented. The implementation methods to recover bitumen are called in situ methods. 
A picture of the DNI and the Oil Sands of Cold Lake as well as its in situ production plants are 
shown in Figure 4.3 (Muggeridge et al., 2014; Weiss, 2016). 
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Figure 4.3 Cold Lake Oil Sands DNI values and in situ production plants.(“Atlas of Alberta,” 2015; 
Djebbar et al., 2014) 
In Cold Lake, as opposed to some other parts of the Oil Sands, the oil reservoirs in the rocks are 
so-called water wet: this means that the oil is trapped in wet grains of sand (see Figure 4.4). This 
enables the usage of steam injection to enhance the extraction of oil (Brabant, 2016). 

 
Figure 4.4 Picture showing how oil gets trapped by water wet sand grains (Muggeridge et al., 2014). 
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4.2.2 Steam-Assisted Gravity Drainage (SAGD) 

Steam-Assisted Gravity Drainage (SAGD) or other steam injection technologies such as CSS to 
enhance oil recovery are used in different places around the world. Some places also use solar 
energy in order to produce the steam, for example the Coalinga EOR project in California, USA 
and GlassPoint Solar in Amal, Oman. Yet none of these plants are situated at as high of a latitude 
as Alberta (49-60° latitude). 

SAGD is a technique used within the field of enhanced oil recovery to maximize the output of an 
oil reservoir. SAGD is the process of injecting hot steam together with a solvent into the oil 
reservoir making it easier to pump (due to a lower viscosity) and consequently increasing the 
production of the oil reservoir. This process is widely used in oil reservoirs that have a highly 
viscous oil-content in the form of bitumen or heavy crude oil.  

To implement SAGD (as shown in Figure 4.5), two parallel horizontal holes are drilled 
approximately 4-6 meters apart into the reservoir. Hot steam is injected into the upper of the two 
wells, lowering the viscosity of the bitumen. Once the bitumen is heated sufficiently, gravitational 
forces will make the bitumen flow downwards to the lower horizontal well where the oil 
extraction occurs. SAGD usually enables a higher degree of oil recovery than CSS, at around a 
recovery rate of 50% compared to 20%, however, CSS has a higher degree of recovery of water 
and solvents. 

In Cold Lake applications, SAGD steam is injected at a pressure of 10-40 bar, with a steam 
temperature varying between 180 °C and 260 °C and the steam quality is maximized up to 
qualities close to 100% (vapour)(Brabant, 2016; Weiss, 2016). 

 
Figure 4.5 Schematic figure showing the concept of Steam-Assisted Gravity Drainage (SAGD) (“Inspiring 
innovation,” 2014). 
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One of the drawbacks of SAGD and other steam injecting oil recovery processes is that it 
consumes more energy per produced barrel of oil than conventional oil production. When this 
energy is coming from conventional fuel sources it imposes an additional cost on the cost of 
extraction. However, using solar energy in enhanced oil recovery methods eliminates the fuel 
dependent cost.  

Steam injecting processes require great amounts of water, which is a common topic of discussion 
regarding these types of oil production methods particularly in areas where water access is scarce. 
Water used in this process may also need to be purified before it can be returned to the reservoir 
from which it was drawn. However, the water usage for mining in the Oil Sands is even higher 
than of the water usage in SAGD and CSS facilities. For mining in the Oil Sands, the usage is 
100-500 litres per GJ of fuel produced and for SAGD/CSS the usage is only 50-100 litres per GJ 
of fuel produced. This can be compared to producing one GJ of energy from ethanol which 
requires 1000-12000 litres per GJ of fuel (Brabant, 2016; Weiss, 2016). 

 

4.2.3 Cyclic Steam Stimulation (CSS) 

Cyclic steam stimulation (CSS) is a technology that uses the injection of steam together with a 
solvent on a cyclical basis as opposed to SAGD, which injects steam continuously for a longer 
period of time. In the CSS process, steam is injected into a vertical borehole to decrease the 
viscosity of the bitumen or heavy crude oil, enabling it to flow into a production well from where 
it is then pumped up (“In Situ Methods used in the Oil Sands,” 2015). 

As shown in Figure 4.6, there are essentially three steps to CSS; the first step is the injection of 
steam into the reservoir, the second step is soaking which allows the heat to soak into the 
reservoir making it extractable, and the third step is production whereby the oil is pumped up to 
the surface. 

CSS used in the Cold Lake area of the Oil Sands uses steam generated at 140-170 bar flashed to 
an injection pressure of 100-140 bar. The temperature of the steam is approximately 310 °C to 
320 °C and the quality is about 60% (vapour)(Brabant, 2016; Weiss, 2016). 
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Figure 4.6 Schematic picture demonstrating how CSS works.(The facts on: Oil Sands, 2012)  

 

4.2.4 Natural Gas Prices 

The most common fuel used to produce steam for CSS and SAGD is natural gas, therefore the 
cost of using these technologies is highly dependent on the price of natural gas (Weiss, 2016). 
Accordingly, it is important to know the delivery price of natural gas and how the price will 
change in the future when comparing solar steam generation with steam generation by burning 
natural gas. 

The price of natural gas used by in situ facilities in Alberta is the delivery price given by AECO, 
which is the benchmark for the Canadian natural gas price (Weiss, 2016). The value of this price 
varies constantly and historically it has been unstable. However, from examining historical data, it 
can be concluded that the price increases during the winter and decreases during the summer, 
therefore a sufficient price for comparison is the annual average natural gas price. The 
approximate price for 2016 is currently $1,76 (USD)/GJ in Alberta. This is a low value as 
compared with previous years. AECO’s forecast for natural gas prices is presented in Figure 4.7 
below.  
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Figure 4.7 Forecast of delivery prices (AECO) to October -2019 for gas delivered within the Province of 
Alberta (“Market Prices,” 2016). 

The forecast shows a steady increase from May 2016, but projections of non-renewable resources 
are generally difficult to conduct and natural gas is no exception. Figure 4.8 shows the historical 
natural gas price. 

 
Figure 4.8 Historical natural gas prices and forecast by AECO (“Market Prices,” 2016). 
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4.2.5 Carbon Credits 

The use of carbon credits is an incentive for businesses that are emitting GHGs to reduce their 
emissions and acquire an additional revenue stream by selling carbon credits to companies unable 
to reduce their emissions. In Alberta, one carbon credit corresponds to a one tonne reduction on 
GHG emissions, however, the price of carbon credits is market-based, making it difficult to 
assess how much revenue these credits may generate. As a result, it has not been included in the 
Carbon Emissions Reduction Model in Section 6.8. However, carbon credits still have the 
opportunity to influence the use of solar EOR on a utility scale (“Welcome to the Alberta Carbon 
Registries,” 2016). 

 

4.3 SAIT and Utility Scale Implementation Differences 
An evident difference between the proof of concept proposed at SAIT and a utility scale system, 
is the limitation of size. In a utility scale implementation, it is possible to cover an essentially 
limitless area with solar collectors, whereas this is not possible on the SAIT campus. The Oil 
Sands reservoirs are located in remote and vast areas where the size of the system would be less 
restricted by space requirements.  

Another significant difference is that the utility scale system would be a direct steam generation 
system instead of an indirect system. As a result of this there would be no need for an expensive 
oil-based heat transfer fluid and water could be used instead. However, this would require the 
system to be pressurized. In CSS facilities there is no need for a storage tank because when 
enough heat is amassed to create steam, it will be pumped into the ground to heat the oil 
reservoir. 

Furthermore, the steam produced by the SAIT system is produced at a lower pressure than the 
steam produced by a utility scale system for steam injection in EOR applications. This difference 
is a result of the fact that SAIT requires the steam produced by the system to coincide with the 
existing steam system at SAIT. Thus, the solar steam produced at SAIT has a pressure of 10,34 
bar whereas the solar steam on a utility scale has a pressure of 10 to 140 MPa depending if CSS 
or SAGD is applied (Weiss, 2016). 
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5 SYSTEM DESIGN 
 

In the following chapter the overall system design and the design choices made are both 
demonstrated and justified. System design proposals for both the system on SAIT campus and 
for a utility scale system are included.  

 

5.1 Solar Collector 
Within the field of CSP technologies there are four major solar receivers that are used as the 
mirrors concentrating the solar irradiance to either a single point or onto a line. The four solar 
receivers are: the parabolic dish, parabolic trough, solar tower (central receiver) and linear 
Fresnel. The objective of the solar collectors is to concentrate the solar thermal energy with as 
few losses as possible, and to transfer it to a fluid. All four concentrating solar technologies can 
be seen in Figure 5.1. 

 
Figure 5.1 Different types of concentrating solar collectors (“How Solar Power Works,” 2016). 

 

5.1.1 Parabolic Trough 

The parabolic trough technology is a line focusing solar technology using mirrors with a parabolic 
shape that are reflectively coated. The mirrors reflect the sunlight to an absorber pipe at the focal 
point of the mirror. The absorber pipe usually consists of an outer glass tube and an inner-coated 
steel pipe with a vacuum in-between in order to minimize convective losses. Inside the absorber 
pipe the heat transfer fluid flows with a turbulent flow in order to maximize heat transfer with 
the walls of the steel pipe and gain as much energy as possible. Rows of the collectors or troughs 
can be mounted in series or in parallel. The rows can have an east-west or a north-south 
orientation. A north-south orientation is more efficient, whereas the east-west orientation 
provides a more even output throughout the year (Kalogirou, 2013). Parabolic trough collectors 
are coupled with tracking devices that track the sun in one axis to increase the amount of 
irradiance reaching the surface. Parabolic troughs typically reach temperatures ranging from 
200°C to 500°C depending on what heat transfer medium is used; the concentration ratio varies 
from 30 to 100 (Aichmayer, 2011; Simbolotti, 2013). The technology can be coupled with 
thermal storage, which increases its dispatchability. Parabolic trough technology is currently the 
most commercially used CSP technology (“Why Parabolic Trough?,” 2016). 
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5.1.2 Solar Tower 

The solar tower technology is a point concentrating technology using flat mirrors, called 
heliostats that focus the sunlight onto a receiver on a collector tower situated high over the arrays 
of mirrors. The tower may be over 100 meters high and temperatures up to almost 1000°C can 
be reached (Simbolotti, 2013). The concentration ratio for solar towers can vary from 500 to 
1500 (Aichmayer, 2011). The heliostat field may be situated on the north or south side of the 
tower or all around depending on whether the system is placed on the north or south side of the 
equator. Solar towers are typically an expensive technology requiring huge investments since all 
mirrors on the field have to track the sun in two axes. It is possible to increase the capacity factor 
of a central tower power plant by adding thermal storage and due to the high temperatures 
reached the storage can be more attractive for electric power production than that of a parabolic 
trough system. 

 

5.1.3 Linear Fresnel 

Linear Fresnel technology is a line concentrating solar technology that uses flat mirrors, which 
can be seen as a parabolic trough divided into parts. The mirrors concentrate the solar irradiance 
towards an absorber pipe situated a few meters above the rows of plates. The temperature range 
of a linear Fresnel system is usually from 200°C to 300°C (Simbolotti, 2013). The orientation of 
the rows is generally north-south and tracking is done on an east-west orientation. The absorber 
pipe may look like the absorber of a parabolic trough and it contains heat transfer fluid that 
harnesses the solar irradiance. In some systems a secondary receiver might be used which is 
situated over the absorber tube in order to account for astigmatism of the mirrors. Linear Fresnel 
systems are typically cheaper than parabolic trough systems since the mirrors are a lot cheaper, 
however the concentration ratio is typically lower (CR around 10-70) and presently there are no 
storage options coupled with linear Fresnel technology (Deign, 2013; “Linear Fresnel,” 2016). 
Furthermore, linear Fresnel is an immature technology, which makes system costs difficult to 
predict. Tests on molten salt as HTF and phase changing materials (PCM) as a storage medium 
are currently being made (Morin et al., 2016). Another advantage with linear Fresnel is that the 
mirrors can be mounted closer to the ground than in parabolic trough technology.  

 

5.1.4 Parabolic Dish 

The parabolic dish technology is a point focusing solar technology that utilizes a parabolic dish as 
its concentrating component. In concentrating solar power it is usually called a Stirling dish since 
the heat produced from concentrating the solar irradiance is usually coupled with a Stirling engine 
to produce power. Parabolic dish technology can reach temperatures as high as 1500°C 
(Simbolotti, 2013). The technology uses two-axis tracking to track the sun’s position. Parabolic 
dish technology has the highest efficiency of all concentrating solar technologies due to having 
the highest concentration ratio (CR can reach up to 2000) (Aichmayer, 2011). Parabolic dishes 
can easily be placed on inclined ground unlike other concentrating solar technologies. However, 
the major disadvantage of a parabolic dish is its significantly higher capital cost as compared with 
the other collector technologies.  
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5.1.5 Comparison Matrix of Different Collectors 

In order to provide a background on why solar receiver technology was chosen for use at the 
SAIT location, the following comparison matrix was made (Table 5.1). The weighting of the 
categories represents how important each category was evaluated to be. Reaching a high working 
temperature is fairly important, since very high temperatures are not necessary and therefore the 
weighting is set to 2 out of 5.  The space required by each technology is seen as more important 
since the area on the roof is restricted. As a result of this it is important that the technology 
chosen can fit in the location and still perform at a high level. Additionally, the overall efficiency 
of the system was seen as equally important as the space required since a high efficiency is needed 
in order to provide enough energy on such a small site. Finally, a requirement of the system was 
that it should be able to provide dispatchable steam, requiring the system to have energy storage. 
Since this is a requirement of the system it is weighted at the highest level. The capability of 
storage increases the capacity factor of the system since it allows the energy to be dispatched 
when it is needed rather than only when solar energy is available. 

The weighting of a certain category is multiplied with the score of 1 to 5 the technology receives 
in the same category in order to give the total score of the technology of that category. For 
example, if a category is weighted 2 and the technology gets a 3 in that category the total score of 
the technology is 2*3=6 in that category. 

Table 5.1 Matrix on concentrating solar thermal technologies, total score for each category is shown in bold font. 

Category Weighting 
(1-5) 

Parabolic 
Trough 

Linear 
Fresnel 

Solar 
Tower 

Parabolic 
Dish 

Working 
temperature 

2 200-400°C 
=> 4 / 8 

200-300°C 
=> 3 / 6 

250-800°C 
=> 5 / 10 

Up to 
1500°C 

=> 5 /10 

Space 
required 

5 5 / 25 3 / 15 1 / 5 4 / 20 

Efficiency 4 3 / 12 2 / 8 2 / 8 5 / 20 

Cost 
effectiveness 

2 4 / 8 3-5 / 6-10 1 / 2 1 / 2 

Thermal 
Energy 
Storage 

5 Both oil & 
molten salt 
=> 5 / 25 

Only DSG2 
=> 0 / 0 

Both oil  & 
molten salt 
=> 5 / 25 

Only DSG 
=> 0 / 0 

Overall score 78 35-39 49 52 

 

As seen above the highest overall score was awarded to the parabolic trough receiver technology. 

                                                 
2 DSG = Direct Steam Generation 
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5.1.6 Collector Chosen for SAIT Campus 

The suggested location for the SAIT system was on top of the roof of the Cenovus Energy 
Centre (CEC) building on the SAIT campus. Initially, it was intended that a location on the floor 
below the roof be used, however it was evaluated that the roof would be more suitable due to its 
larger surface area and higher solar irradiance. A model of the roof that includes its 
measurements is shown in Figure 4.1. These measurements formed the limitations of the size that 
the solar receiver system could be at this location. 

Due to the site being on the roof of a building, the concentrating solar power technologies of 
heliostat tower and linear Fresnel were rejected. Both technologies would increase the height of 
the system too much, making it less stable and more vulnerable to wind conditions. Additionally, 
the technologies would not cohesively fit with the architectural style of the SAIT campus. 

The two remaining technologies are parabolic trough and parabolic dish receivers. The latter is 
much more expensive, thus parabolic trough receiver technology was chosen for the SAIT site. It 
is also important to note that parabolic dish technology provides far greater temperatures than 
parabolic troughs, and this was unnecessary given the requirements of the site. 

It was concluded that for economic reasons it would be more reasonable to acquire two identical 
parabolic troughs to cover the two areas on the roof instead of acquiring two different troughs 
from different manufacturers. Due to the design decision of using the parabolic trough 
technology the calculation model is solely focused on this technology. 

More specifically, the parabolic trough collector chosen was the EuroTrough collector (Günther 
et al., 2011). The collector is accompanied by the SCHOTT PTR70 absorber tube (“SCHOTT 
PTR®70”, 2016). 

Given the dimensions of the EuroTrough solar collector and the dimensions of the roof of the 
CEC building, two EuroTrough collectors are able to fit on the roof. Figure 5.2 is a conceptual 
picture of how the parabolic trough collectors may look on top of the CEC building. 

 
Figure 5.2 Concept picture of how the parabolic trough collectors would look on top of the Cenovus Energy 
Centre building. 
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5.1.7 Solar Preheater 

Another area of investigation for the SAIT system is to look into the possibility of incorporating 
a solar preheater into the system. This would be done in the form of an east-west oriented 
parabolic trough collector on the south-facing solar deck of the fourth floor of the CEC building. 
This would decrease the energy required from the roof system, and increase the total amount of 
energy gained into the system. It would also allow easier access for visitors wanting to see the 
parabolic trough in operating mode. However, this possibility was not incorporated into the 
calculation model. In Figure 5.3 below, a conceptual picture of a solar preheater on the solar deck 
is shown. 

 
Figure 5.3 Concept picture of solar preheater on the solar deck of the fourth floor of the CEC building. 

 

5.1.8 Receiver Chosen for Utility Scale 

In utility scale implementation the limitations and requirements are slightly different from the 
ones presented for the application at SAIT. Most importantly, there are typically less size 
restrictions for a collector field on utility scale. Since oil production sites are typically in remote 
areas, there is less of a concern over building a very large system, other than the possible cost of 
land use. Since temperatures above 500°C are not necessary for enhanced oil recovery but only 
for electricity generation, both solar tower and parabolic dish technologies have been discarded 
for utility scale steam production implementation. Both of these also carry a significantly higher 
capital investment cost than the line concentrating technologies, making them less attractive for 
utility scale use. Linear Fresnel is an immature technology and the price of the system is 
uncertain; the capital cost of a linear Fresnel system may be less expensive or more expensive 
than a parabolic trough system depending on what estimations are used. Parabolic trough 
technology is the more proven alternative and has more certainty regarding pricing, therefore it 
was chosen for utility scale implementation. In order for oil production companies to invest in 
either technology, they need to be able to make an economic assessment of the system cost and 
therefore it is more feasible to choose parabolic trough over linear Fresnel.   
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Oil production sites need steam for oil recovery year-round, twenty-four hours a day. As a result 
of this, solar produced steam is presently not viable as the only steam production method on a 
production site due to variations in solar irradiance.  

However, solar energy could be advantageously used as a preheater of the feedwater which is to 
be converted into steam in a gas fuelled burner, or as a supplement provider of steam alongside a 
gas fuelled steam boiler. The solar energy could thus be used in different ways; as a supplement 
for SAGD-facilities where it acts as a preheater for the feedwater or as an additional steam 
producer in a similar facility. Both alternatives would reduce the overall need for natural gas in 
the production of steam. During the winter when less solar energy is available, it may not be 
possible to produce steam however preheating would be possible. This would also reduce natural 
gas consumption, although not in the same magnitude as it would during the summer. 

 

5.1.9 Enclosing of Rows 

Similar to GlassPoint’s solar thermal plant in Oman, an area subjected to harsh wind and soil 
conditions, the site on the roof of the CEC building at SAIT campus experiences high wind 
velocities. Due to this fact it is suggested that the troughs be enclosed by a glasshouse similar to 
the one used in Oman. A picture of the GlassPoint solar thermal plant is shown in Figure 5.4. 
Usage of this would prevent cooling effects on the absorber in the form of forced convection. It 
would also prevent disfiguration of the troughs due to wind conditions, as seen at the CSP plant 
Hat Smart in Medicine Hat, Alberta.  

Another advantage gained from enclosing the troughs is that they would need less material for 
stabilization making the frames less expensive and, furthermore, sun tracking is made more 
accurate when it is not subject to heavy winds. Enclosing the troughs also enables easier cleaning 
since the troughs would not need to be cleaned – instead, the outside of the glasshouse is 
cleaned. The cleaning process can be carried out automatically using robotic washers as seen in 
Oman (“PDO Solar Steam Pilot Case Study,” 2015). The temperature inside the glasshouses 
would be higher than the ambient temperature, which in itself increases the temperature of the 
HTF. This reduces the amount of solar energy needed to reach desired output temperature of the 
fluid. The drawback of enclosing is the reflectivity of the glass which prevents some of the solar 
irradiance from reaching the collectors, thus imposing an inefficiency.  

Given that there is already an existing market for  glasshouses, the cost of enclosing the troughs 
is not a barrier to its use and it may in fact lower overall cost of the system since the reduction of 
wind loads on the troughs will in turn reduce the structure material required to create the system.  
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Figure 5.4 Enclosed rows of parabolic troughs at GlassPoint Solar EOR Plant in Oman (al Tauqi, 2014). 

5.1.10 Hailstorm Problematics 

Calgary is one of the most hailstorm-prone cities of Canada and periodically experiences 
hailstorms that cause considerable damage. Major hailstorms have occurred in Calgary in 1991, 
1996, 2010 and 2012, resulting in damages in the millions of dollars. The possibility of serious 
hailstorms is therefore something that has to be assessed when designing the parabolic trough 
system (“Hail,” 2015). 

The Canadian Standards Association (CSA) currently issues certifications on solar PV cells to 
modules that can withstand Canadian weather conditions (Construction Electrician (NOC 7241) Solar 
Photovoltaic (PV) Systems (SPVC), 2012). 

The risk of hailstorms in Calgary suggests that glasshouses should not be used to enclose the 
troughs since hailstorms could possibly destroy the glasses of the glasshouses, which in turn 
would expose the troughs to the hail and likely cause deformation of their curvature. Because of 
this, the glasshouses need to be able to withstand hailstorms if they are to be used. Currently, 
there are no hail-proof glasshouses available on the market; glasshouses are covered with plastic 
when a hailstorm is expected (Davis and Davis, 2016). 

If glasshouses will not be used, then the troughs need to be reinforced in order to tolerate heavy 
hailstorms. This means that a more robust structure is required, and the material applied in the 
curvature must be strengthened. Furthermore, when a hailstorm is approaching the troughs need 
to be put in stow position. Stow position is when the troughs are oriented so that the collector 
area faces away from the sun. Below in Figure 5.5 a picture from the Hat Smart concentrating 
solar power plant of Medicine Hat is shown, with rows of parabolic troughs in stow position. 

The trough material or the enclosing glasshouse needs to meet CSA certification in order to be 
used in Alberta. Currently, photovoltaic cells in Alberta need to tolerate hail of 2.54 cm in 
diameter (1 inch) at a velocity of 88.5 km/h (55 mph), thus the proposed system must be able to 
tolerate hailstorms of the same severity (“Hail vs. Solar Panels,” 2012). 
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Figure 5.5 Rows of parabolic trough collectors in stow position of the Hat Smart CSP Plant in Medicine Hat. 

 

5.1.11 Tilting of Troughs 

Since Alberta is situated at a relatively high latitude that imposes lower solar angles (explained 
further in chapter 3), the possibility of tilting the troughs has also been evaluated. Tilting the 
troughs would increase the exposed area of the solar collector, thus gaining more solar energy. 
However, tilting troughs beyond a few degrees is not currently possible due to the fact that the 
troughs are not able to withstand axial stresses; commercially available troughs are able to 
withstand a tilting of approximately two degrees (Kleinknecht, 2016). However, this work 
investigates the possible gains from tilting the troughs significantly more than two degrees. By 
making the troughs able to withstand higher tilt angles, this would also allow the placing of 
troughs on surfaces sloped at higher degrees.  

 

5.2 Heat Transfer Fluid (HTF) 
A vital part of any system involving heat transfer is its heat transfer fluid (abbreviated HTF). The 
object of the HTF is to transfer the concentrated solar heat from the receiver into use. In this 
case the HTF either goes into the steam generator (heat exchanger) to give heat to water in order 
to produce steam or it is directed to the storage tank for later use. The overall design of the 
system and how much energy it is able to provide is highly dependent on what fluid is used and 
its properties.  

Usually in CSP applications the heat transfer fluid is one of the following three: water, thermal 
(synthetic) oil or molten salt, all with different advantages and disadvantages. These heat transfer 
fluid alternatives are compared below and a decision for what fluid to use is provided for 
application at SAIT and on utility scale based on their different requirements. Other fluids are 
available on the market however these three are the most commonly used and therefore the only 
ones to be compared.  
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5.2.1 Water 

An alternative for heat transfer fluid is water, which is advantageous due to its low cost and 
relatively high availability. Water is used if the system utilizes direct steam generation (DSG). A 
DSG system circumvents the need for a steam generator since steam is produced directly in the 
piping. Yet this requires the piping to be able to handle two phases since water will be in both 
vapour and liquid state in the piping. If the system is to have storage and dispatchable steam 
generation then DSG is not an option. If two-phased fluid is unwanted a system using water 
needs to be pressurized, otherwise steam formation will occur at temperatures lower than desired. 

 

5.2.2 Thermal Oil 

Thermal or synthetic oil is the most commercially used heat transfer fluid in parabolic trough 
applications. It provides good heat transfer and the possibility for thermal energy storage. 
Currently there are many different thermal oils available, although the most commonly used one 
in CSP applications is Therminol VP-1 provided by the company Eastman Therminol. The 
system is preferred to be non-pressurized. Therminol VP-1 has a normal boiling point at 257°C 
which would require the system to be pressurized to reach higher temperatures than 257°C. Thus 
Therminol VP-1 was deemed infeasible. Another thermal oil provided by the same company is 
Therminol 62, which offers the same qualities as Therminol VP-1 but its normal boiling point is 
significantly higher allowing the system to be non-pressurized. Using thermal oil as HTF requires 
the usage of a heat exchanger for producing steam from a supply of feedwater. A datasheet for 
Therminol 62 can be found in Appendix A. 

Therminol 62’s working temperature range (-23°C to 325°C) is suitable for solar thermal 
operations, however, it imposes flammability concerns due to its flash point being 160°C. The 
flash point is the lowest temperature where the fluid can possibly ignite if exposed to an ignition 
source. The auto ignition point is above 400°C making self-ignition a non-issue since 
temperatures in the system will never reach that high. An advantage with Therminol is that the 
pressure does not increase significantly with an increasing temperature. Due to the system being 
located in Calgary where the ambient temperatures can get lower than the operating temperature 
of the fluid it is suggested to use heat tracing of the fluid. Another option would be to drain the 
system of thermal oil when it is not running. It is also recommended by the manufacturer to 
blanket the fluid with an inert gas to protect against fluid oxidation. 

 

5.2.3 Molten Salt  

Molten salt is a relatively new HTF that can be used as fluid throughout the whole system or 
solely as a heat storage medium. In the latter option it gains its heat for storage through a heat 
exchanger with the HTF. Molten salt as an HTF usually comprised of a mixture of components, 
and one of the most common mixtures is sodium nitrate (NaNO3) 60% and potassium nitrate 
(KNO3) 40%. This is the mixture evaluated in this work. Molten salt can reach a higher 
temperature than other possible HTFs, and is therefore suitable for power generation that 
requires a high temperature to maximize the efficiency of electricity generation. It can also 
provide dispatchable heat for a longer time than any other fluid working as both heat transfer 
fluid and a storage medium thanks to its superior heat capacity. (“Molten salts properties,” 2016; 
Sohal et al., 2010) 
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Its main advantage is also one of its difficulties, since very high temperatures impose a safety 
concern and molten salt storage is therefore commonly situated far away from the plant where no 
employees are supposed to go due to leakage risks. Another issue with molten salt is that it 
freezes when it reaches a temperature under around 300°C, which forces the system to 
implement heat tracing to externally heat the fluid when the solar collector field is unable to 
provide enough heat. (“Molten salts properties,” 2016; Sohal et al., 2010) 

Table 5.2 Comparison matrix of different heat transfer fluids. 

Category Therminol 62 Molten salt Water 

System 
pressure 

Atmospheric Atmospheric Pressurized 

Temperature 
range 

-23 °C to 325 °C 260 °C to 550 °C 0 °C to 100  °C 

Heat capacity 2.53 kJ/kgK 
(at 300 C) 

2.67 kJ/kgK  
(at 400 C) 

4.2 kJ/kgK 
(liquid atm pressure) 

Thermal 
conductivity 

0.094 W/mK 
(at 300 C) 

0.55 W/mK 
(at 400 C) 

~0.65 W/mK 
(liquid atm pressure) 

Concerns Flammability Heat Two-phase 

 

5.2.4 Heat transfer Fluid Chosen for SAIT System 

For the location at SAIT the requirements of the system determined which heat transfer fluid was 
selected. First and foremost molten salt was discarded due to its very high temperatures and 
associated risks. Another risk with molten salt is that it freezes at a relatively high temperature 
(around 250°C). Due to the system’s objective being to produce steam, temperatures that high are 
not necessary, thus presenting another disadvantage with molten salt in this scenario. Using water 
as HTF was discarded due to the system requirement not to be pressurized and using water 
would require the system to handle two phases at the same time in the piping, which can be 
problematic. As a result of the above, the thermal oil Therminol 62 was chosen for application at 
SAIT. The properties of Therminol 62 can be seen in Appendix A. 

 

5.2.5 Heat Transfer Fluid Chosen for Utility Scale System 

For utility scale solar steam generation to be used in steam requiring enhanced oil recovery 
methods (such as SAGD and CSS) the need for thermal storage was not necessary since the 
steam produced is to be directly injected into the oil reservoir. Furthermore, the use of a heat 
exchanger between feedwater and an HTF would decrease overall efficiency. Therefore it is 
suggested to use water as HTF in a once through system (OTS) with direct steam generation 
(DSG) in utility scale implementation. 
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5.3 Thermal Energy Storage (TES) 
Renewable energy technologies are generally intermittent meaning that they are not able to work 
continuously and that they are dependent on uncontrollable factors. This is the case with solar 
energy technologies, which can only be utilized when the sun is shining. In order to decrease the 
intermittence of renewable energy systems, storage needs to be incorporated.  

This section investigates the thermal energy storage (abbreviated TES) that is coupled to the 
parabolic trough system investigated at SAIT. The objective of the TES is to enable dispatchable 
steam generation. As mentioned above the fluid within the system acts as both heat transfer fluid 
and as a storage medium. The storage medium is thus Therminol 62. 

Thermal energy storage usually consists of one or two tanks that contain the storage medium; the 
tanks are preferably insulated to minimize heat losses to the environment. The energy stored can 
be dispatched either through a heat exchanger (indirect system) or directly into the system if the 
storage medium is used throughout all of the system (as in this case).  

The requirements for the thermal energy storage are as follows: 

• The tank was to be placed between the CEC building and the Eugene Coste building on 
SAIT campus (see Figure 4.1), therefore, the outer diameter of the tank could not exceed 
2,5 meters. 

• The heat transfer fluid was to be used as the heat storage fluid. 
• Optimal dimensions of the storage should be found for the aforementioned 

requirements. 

In this work two different storage layouts are investigated: a two-tank direct system utilizing a 
cold tank and a hot tank and a single-tank thermocline storage system, as seen in Figures 5.6 and 
5.7. 

5.3.1 Two-Tank Direct System 

The first storage technology investigated is a two-tank direct system. A two-tank direct system 
uses, as its name suggests, two tanks. The storage medium is the same fluid as the heat transfer 
fluid and in the system contains one cold tank and one hot tank. The cold tank provides HTF to 
the solar receivers and the heated HTF is then directed into the hot tank.  

When enough heat is accumulated in the hot tank in order to produce steam, the hot HTF is run 
through the heat exchanger and the colder HTF returning from the heat exchanger is directed 
into the cold tank instead. (“Concentrating Solar Power Thermal Storage System Basics,” 2013) 
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Figure 5.6 Simplified system layout utilizing two-tank direct storage technology (Cocco and Serra, 2015). 

 

5.3.2 Single-Tank Thermocline Storage System 

A single-tank thermocline storage system only uses one tank that has one hot side (upper part) 
and one cold side (lower part). Also in this case the fluid in the storage system is the same as the 
HTF, however a filler medium may be introduced into the tank. This filler medium is usually a 
sand-type material that obstructs the fluid in the hot part of the tank from mixing completely 
with the fluid in the cold part of the tank. This is enabled by the properties of the filler material. 
It is essential that the filler material stays in the tank and does not follow the HTF throughout the 
system to avoid fouling. (Hoffmann et al., 2016) 

 
Figure 5.7  Simplified system layout utilizing single-tank thermocline storage technology (Cocco and Serra, 
2015). 

 

5.3.3 Storage Technology Chosen 

The main requirement for choosing energy storage technology at SAIT is to maximize storage 
capacity. A two-tank direct storage technology enables the highest possible heat recovery from 
storage and the longest time of dispatchability. As a result, the two-tank direct technology was 
chosen for the SAIT system. 
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However, the drawbacks with using this technology is that it may be slightly more expensive than 
using a thermocline as well as it may require more space. It is however considered that the space 
available for heat storage is sufficiently big enough to fit two tanks of a two-tank direct storage. 
According to (Cocco and Serra, 2015) it is assumed that using a thermocline usually gives 75% 
efficiency as compared to a two-tank direct storage. An optimization of the dimensions of the 
storage tanks has been made in section 6.5 and the results are shown in subsection 7.1.1. 

In the case of utility scale no thermal energy storage is considered due to the steam produced 
being injected into the oil reservoir directly.  

 

5.4 Insulation 
In order to reach required storage capacity insulation of the tank is needed. Insulation material is 
also needed for the piping connecting the system parts. The objective of the insulation material is 
to minimize heat transfer (heat losses) from the HTF in the pipes/tank and the ambient air 
outside of the pipes/tank. The insulation material needs to have an operating temperature which 
allows a temperature at above 300°C. Therefore only insulation materials able to withstand 300°C 
are considered in the insulation material comparison below.  

When choosing an insulation material there are different properties of the material that must be 
considered in order to choose the most suitable material for the application. These properties 
include: temperature range, thermal conductivity, density, moisture-vapour permeability, 
environmental issues and cost.  

Temperature range of the material is essentially at what temperatures the material is able to 
perform what is expected of it - its operational temperature range. Thermal conductivity of the 
material describes how well insulating the material is; a lower thermal conductivity means lower 
heat transfer which in turn means better insulation. Density is important since it eventually will 
demonstrate the weight of the insulation material, which might be a restriction. The moisture-
vapour permeability explains how resistant the material is to moisture and which if permeated 
will decrease the insulation capacity of the material. Safety concerns also have to be addressed if 
the material is toxic or highly flammable. The insulation costs are difficult to estimate since the 
price of a certain material can vary a lot depending on the location where the insulation material 
is acquired. Therefore, case studies need to be conducted in order to get a good overview of the 
difference in cost between the materials. 

The insulation materials investigated are the following, with names in parentheses: Calcium 
silicate (Thermo-12 gold), cellular glass (FOAMGLAS ONE), fiberglass (FIBERGLAS ASJ Max 
& No Wrap), mineral wool (ProRox PS 960) and perlite (Sproule WR-1200). In Table 5.3 below a 
comparison matrix between the different insulation materials is shown. (“FOAMGLAS®  
ONETM Insulation,” 2016, “General Physical Properties of FOAMGLAS® ONETM Insulation,” 
2016, “PIPE & MECHANICAL INSULATION,” 2015, “PRODUCT DATA SHEET: 
ProRox® PS 960NA,” 2016, “Product Data Sheet - Sproule WR-1200,” 2015, “Thermo-12® 
Gold - Pipe and Block Insulation Data Sheet,” 2015; Hart P.E. and Whitaker, 2009) 
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Table 5.3 Comparison of different insulation materials. 

Category Calcium 
silicate 

Cellular 
glass 

Mineral 
wool 

Fiberglass Perlite 

Temperature 
range [C] 

-18-650 -270-480 Up to 650 -20-540 25-650 

Thermal 
conductivity at 
200 °C [W/mK] 

0.07 0.084 0.055 0.062 0.088 

Density 
[kg/m3] 

>230 103.5-126.5 128 56-88 210 

Moisture 
permeability  

Seal needed Moisture 
resistant 

Less than 1% Resistant to 
intermittent 

water 

Less than 
0.5% 

Safety issues  Non- 
combustible 

Non- 
combustible 

Non- 
combustible 

Flame Spread 
Rating 253 

Non- 
combustible 

 

5.4.1 Insulation Material Chosen 

Resulting from the comparison matrix above the insulation material chosen for SAIT is mineral 
wool. The mineral wool evaluated has the lowest thermal conductivity at a mean temperature of 
200°C making it the best insulating material. The material is also non-combustible and essentially 
non-permeable by vapour. The weight of the insulation is currently not seen as a crucial property 
and the relatively high density of the mineral wool is considered a non-issue. Mineral wool is also 
able to perform within the temperature range that is required.  

The insulation material chosen will be used in both piping and as tank insulation. This is mainly 
to simplify the design and in reality it may end up needing two different insulation materials, one 
for piping and one for tank insulation. The evaluation of the insulation material has also only 
been done on five different materials and as a result of this a more extensive evaluation 
investigating more insulation materials may be needed in the future. 

More information on the insulation material can be found in Appendix C. 

For the utility scale case the solar steam production is seen as an add-on to an already existing 
plant and therefore the insulation used in the current facility will be used for the solar addition. 
As a result of this the insulation material for a utility scale system varies with the EOR-facility it is 
added onto.  

 

                                                 
3 Flame Spread Rating (FSR) is a way of explaining how fast a flame spreads on the surface of a material (“Flame 
Spread,” 2016). As an example, a rating of 25 equals the rating of concrete. 
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5.5 Steam Generator (Heat Exchanger) 
In order to produce steam from the system, a heat exchanger that transfers heat from the solar 
heated thermal oil to the feed water is needed. In this section both the selection and design of the 
heat exchanger (steam generator) of the system is explained. There are a variety of different heat 
exchangers available on the market, making the choice between different designs and 
technologies difficult. However, shell and tube is the most widely used technology and can be 
customized to fit almost any working conditions. 

 

5.5.1 Shell and Tube Technology  

The shell and tube heat exchanger technology is suitable when dealing with fluids in both liquid 
and gaseous phases. It is also a viable solution when dealing with high pressures such as in this 
case. The heat exchange occurs between one fluid being inside the shell and the other fluid 
flowing through the tubes that are led through the shell. Within the field of shell and tube heat 
exchangers there are a number of different designs. A common design is the kettle reboiler which 
was seen both at the Hat Smart CSP Plant in Medicine Hat and at the Suncor McKay River 
SAGD plant (Kleinknecht, 2016). Due to the above along with its applicability to the system and 
consultations with Rally Engineering Inc. and Exchanger Industries Limited, the kettle reboiler 
was chosen for the SAIT system. In Figure 5.8 a kettle reboiler is shown (Michelin, 2016). A 
more detailed description is shown in Appendix D. (Reich, 2016) 

 
Figure 5.8 Layout of a kettle reboiler with a U-tube preheater heat exchanger (“Reboiler Exchanger and 
System Type Selection,” 2016). 

The kettle reboiler contains U-tubes that hold the HTF and a surrounding shell containing the 
water. Heat is transferred from the HTF in the tube bundle to the water in the shell and 
evaporated water (steam) is extracted from the system into the steam system of the building. 

Due to the proposal to place the heat exchanger on the third floor of the CEC building, certain 
size restrictions was imposed. The size of the heat exchanger could not exceed 11,2 meters times 
8,2 meters and a height of 3 meters as seen in Figure 4.1.  
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5.6 Pumping and Piping 
In order to have the heat transfer fluid running through the system, piping and pumps are 
needed. In this section the design and number of pumps are explained as well as the piping in the 
system. The piping is the element of the system that connects the system as a whole and contains 
the HTF. Pumps are needed in order to increase the pressure of the fluid to force it through the 
system.  

Pumps and other electricity consuming devices impose a parasitic load on the system. The 
parasitic load explains how much electricity is needed to have the system operational. This load 
however has not been taken into account in the calculation model due to it being out of the 
scope of this thesis. 

Turbulent flow is a necessity in order to maximize heat transfer for the HTF in the absorber pipe 
of the parabolic trough. Therefore, a significantly high flow velocity is needed to reach turbulence 
within the pipe. Because of this a higher flow rate was used in the recirculation system through 
the solar collectors, than in the remainder of the system. The part-system with a higher flow rate 
is referred to as the High flow system (HF system) and the part-system with a lower flow rate is 
referred to as the Low flow system (LF system).  

A more laminar flow is sought in the LF system in order to minimize heat losses from the LF 
piping. 

In order to simplify, some assumptions have been made regarding the piping. The assumptions 
made are listed below: 

• The same pipe diameter is used all throughout the system. This diameter has been chosen 
to correspond to the diameter of the absorber pipe. As a result of this the outer diameter 
is chosen to be 70 mm and the inner diameter of the pipe is 66 mm. 

• The mass flow in the HF system has been optimized to reach the highest possible heat 
transfer between the absorber pipe and the HTF. 

• The insulation thickness is 75 mm on the piping is the same for all pipes. 
• The length and the number of bends of the piping has been estimated with regards to the 

measurements of the CEC building and the piping arrangement of the Hat Smart CSP 
Plant in Medicine Hat. As a result of this the total HF pipe length is 40 meters and the 
total LF pipe length is 32 meters. The number of bends are 16 with a radius of 0,1 
meters. 

The material of the piping is stainless steel grade 316 due to its high availability and accountability 
(“Properties: Stainless Steel - Grade 316 (UNS S31600),” 2016). The insulation material used is 
mineral wool, which has been further explained in section 5.4.  

Pumps are needed at different positions in the system, and the number of pumps required differs 
with the system layout and whether two-tank storage or single-tank thermocline storage is used. 
In the system using two-tank storage five pumps are needed and in the single-tank thermocline 
case four pumps are identified to be necessary. In both cases a feeder pump called a “start-up 
pump” is required, and needs to be located beside the storage in order to pump the fluid up onto 
the roof where the solar collectors are situated. A pump for the recirculation in the solar collector 
field is also needed, this pump is called a “trough recirculation pump”. Moreover, a pump is 
needed for pumping HTF from the thermal energy storage to the steam generator, this pump is 
called a “TES steam generation pump”.  
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These three pumps are considered the most important ones since they are essential for the 
system to be able to operate. The usage of the remaining pumps could be circumvented and still 
have the system operational. However a pump is also needed if it is decided to extract hot HTF 
directly from the solar collector field when avoiding it to be provided to the storage. The 
requirement of this pump is to help the HTF reach the required pressure for entering the steam 
generator, this pump has been called “Direct steam generation pump”. If the two-tank storage 
system is used a pump is required between the hot tank and the cold tank. The objective of this 
pump is to feed cooled down HTF from the hot tank to the cold tank in the case of the HTF 
losing enough heat to be unable to create steam, this pump is called “Hot-to-cold pump”.  

Figure 5.6 shows the system arrangement including the pumps used for the single-tank 
thermocline storage system and Figure 5.7 shows the same for the two-tank direct storage 
system. In addition to this a pump that provides the feedwater into the steam generator is 
needed. However this has not been taken into the account since it is seen as being part of the 
already existing steam system of the campus. The system also needs to incorporate an initiation 
pump that is used when the system is started and goes from stationary mode to operational 
mode.  

Calculations regarding pressure head that needs to be overcome are shown in the calculation 
model in subsection 6.4.2 Pump design requirements and have been made on the three essential 
pumps: the start-up pump, the trough recirculation pump and the TES steam generation pump.  

 

5.7 Operational Months 
Due to the varying weather conditions of Alberta throughout the year an assessment has been 
made as to which months the system should be operational. If the solar energy is too low it is 
favourable to turn the system off because not enough energy will be available to create a 
sufficient amount of steam. Therefore, the monthly DNI average has been calculated for each 
month. The average is calculated using the weather data available from 1998-2005. A minimum 
of 120 kWh/m2 was set in order for the system to be operational. This assessment has been made 
for both the site on SAIT campus and the utility scale system in Cold Lake.  

As mentioned above, weather data other than irradiance is also used in the calculation model. 
These are ambient temperature,4 sky temperature5 and wind speed which all affect the thermal 
efficiency of the solar collectors. The report “Generation of a Parabolic Trough Collector 
Efficiency Curve from Separate Measurements of Outdoor Optical Efficiency and Indoor 
Receiver Heat Loss” by National Renewable Energy Laboratory of the U.S. has calculated the 
effects from these parameters. The results are shown below in Table 5.4. This shows that the 
overall efficiency is barely impacted by changes in these parameters and as a result of this the 
DNI variation over the year has been the deciding factor for when to have the system 
operational. 

 

 

                                                 
4 Ambient temperature is the dry bulb temperate of the surrounding air. 
5 The sky temperature is the apparent temperature if the sky on which a surface can radiate heat to (“Sky 
Temperature,” 2016).  
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Table 5.4 Thermal efficiency impact of variation of different weather parameters (Kutscher et al., 2010). 

Parameter Parameter variation Change in thermal efficiency 

Ambient temperature 0C - 40C 0,1% 

Sky temperature -40C - 20C 0,1% 

Wind speed 0 m/s - 20 m/s 0,3% 

 

In Figure 5.9 the monthly DNI average from 1998 to 2005 in Calgary is shown. It is seen that the 
lowest DNI-values are reached in the months of November, December, January and February. 

 

 
Figure 5.9 Average monthly DNI from the Calgary International Airport from 1998 to 2005 in kWh/m2. 

 

In the following Figure 5.10 the monthly average DNI from 1998 to 2005 in Cold Lake is shown. 
Similarly to Calgary it shows the lowest rates of DNI in the months of November, December, 
January and February who all have a DNI of less than 100 kWh/m2. 
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Figure 5.10 Average monthly DNI from Cold Lake from 1998 to 2005 in kWh/m2. 

As a result of the monthly DNI-averages, it is decided to have the system non-operational during 
the four aforementioned months.  

 

5.8 Process Flow Diagram (PFD) 
When all of the components for the system had been chosen, a Process Flow Diagram 
(abbreviated PFD) was established. This diagram shows an overview of all components and how 
they interact with each other through pumping, piping and valves.  

Figure 5.11 shows the layout of the SAIT solar steam plant system including its components. 
This layout uses the two-tank direct thermal energy storage previously explained in section 5.3 
“Thermal Energy Storage (TES)”.  The dotted lines represent the floors in the CEC building that 
the part-systems are situated on. This PFD incorporates an HTF heater for preheating the fluid 
before entering the solar collector field. The system could also be designed without the HTF 
heater. On ground level, situated outside of the current power plant building on campus (see 
Figure 4.1) is the thermal energy storage and the start-up pump (P1) whose objective is to pump 
the HTF up to the collector field. The cold tank of the storage provides the cold HTF to the 
solar collector loop and receives the cold HTF after it has gone through the steam generator. 
Furthermore the hot tank provides hot HTF to the steam generator and receives hot fluid from 
the collector loop. The hot tank may also provide HTF to the cold tank if the temperature of the 
fluid in the hot tank is lower than what is needed in order to produce steam, thus the need for the 
hot tank to cold tank pump (P5). This pump delivers cooled thermal oil from the hot tank to the 
cold tank where it can be pumped into the collector loop again to regain heat. Another pump is 
situated on the ground floor whose task is to pump (P2) oil from the energy storage to the steam 
generator situated on the third floor. On the third floor there is an option for the fluid to be run 
through the HTF heater if necessary. Furthermore, on the third floor the steam generator is 
situated including the piping for supply of feedwater and the piping for steam going out of the 
steam generator. The direct steam generation pump (P3) is also situated on the third floor, whose 
job is to pump thermal oil directly from the parabolic trough collector field into the steam 
generator. Moreover, the solar collector field of parabolic troughs is situated on the roof of the 
building. The trough recirculation pump (P4) is also situated on the roof and its objective is to 
recirculate the thermal oil to reach the desired temperature.  
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Figure 5.11 System layout with two-tank direct storage system. 

 

 



-39- 
 

5.8.1 Valves 

The system layout includes a number of valves and both two-port and three-port valves are 
utilized. The valves are needed to make sure that the heat transfer fluid is transferred to the 
correct component and that the amount of HTF is correct. All valves are proposed to have the 
ability to be gradually opened enabling the HTF flow to be controlled by the valves.  

 

5.9 Control System 
A control system is required in order for the system to run correctly. The control system covers 
the regulation of the troughs through the tracking device and the operation of the valves that are 
used throughout the system. It also manages when to extract oil from the thermal energy storage 
to produce steam and when to guide the oil directly from the collector field to the steam 
generator. Furthermore, the control system supervises the oil mass flow in both the HF system 
and the LF system. 

Firstly, it has to be ensured that the control system provider is compatible with the manufacturer 
of the collector and the rest of the system. SAIT is currently working with the process control 
company Spartan Controls (part of Emerson Process Management) on other control systems on 
campus. Spartan Controls use a Distributed control system (DCS) Ovation. They currently offer 
control narratives for similar systems other places in the world and as they have an expertise 
within the field it is suggested to make use of their services to build the control system. It is also 
sensible to use a control system that is seen in industry on utility scale, seeing as the solar steam 
system will be used for instructing purposes. (Albion et al., 2016) 

The control system will decide when to have the system operational and when to put the troughs 
in a stow position. Stow positioning of the troughs has to be made in an efficient way. This 
proposes that stow positioning only occurs during the day when there is major blocking of the 
sun from clouds. The troughs should not be put into stow position due to small clouds that only 
block the sun for a short time span, so as to prevent the trough from being put in and out of 
stow positioning too frequently. Therefore, the control over the trough positioning needs to be 
connected to the solar irradiance and preferably the weather pattern within a smaller time span.  

Furthermore, the controlling of the valves is explained by the control system. The valves are seen 
in Figure 5.11. 

• Valve (V1) is a two-port valve with a valve actuator used for bypassing the solar 
collectors in order to heat the system when performing a cold start. This valve is closed 
when the system reaches a predetermined temperature. This procedure is also seen at the 
Hat Smart CSP Plan in Medicine Hat. However, the need for this valve could be removed 
by implementing heat tracing into the system, meaning that the pipes will be electrically 
heated to a certain temperature and thus a cold start would not have to occur. 

• Valve 2 (V2) is a three-port valve that enables recirculation of HTF in the solar collector 
field. When all ports are open, HTF is circulated in the collector field in order to gain 
heat and then the heated HTF is directed to the steam generator or the hot tank. When 
the port towards the steam generator and hot tank is closed recirculation of the HTF 
occurs in the solar collector field. The port to the steam generator and the hot tank will 
open once enough heat has been gained by the HTF. 
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• Valve 3 (V3) is a three-port valve that offers the ability for an HTF heater to be used on 
the third floor of the CEC building. By closing the port to the solar collector field the 
HTF is directed through the heater and from there it goes either to the hot tank or the 
steam generator. This offers the option of steam production during days with low solar 
irradiance. When the port towards the heater is closed the HTF goes up to the solar 
collector field instead, to be recirculated and gain heat from the solar collectors. The 
input for this valve is how much irradiance is available and therefore whether the heater is 
needed or not.  

• Valve 4 (V4) is also a three-port valve that offers the choice to either guide the HTF 
directly to the steam generator to produce steam or to enter the hot tank. 

• Valve 5 (V5) is a three-port valve as well and it is used to regulate the amount of HTF 
that is provided to the solar collector field. When the HTF is recirculating and no 
additional fluid is needed the port to the upper part of the system is closed and the heat 
transfer fluid is recirculated into the cold tank instead. 

The hot tank will provide HTF for steam generation once enough heat has been gained; this is 
controlled by a level meter that controls how much fluid is in the hot tank, and a thermometer 
measuring the temperature of the HTF in the hot tank. 

Furthermore, cleaning of the mirrors has to be assessed. If glasshouses are used to enclose the 
troughs an automatic cleaning device can be used to clean the roof of the glasshouse during the 
night, much like what is seen at GlassPoint solar EOR plant in Oman. If no glasshouses are used, 
then another approach is needed. In this case a dirt detection system can be utilized which 
indicates what the troughs lose in reflectivity due to dirt, from which the need for cleaning can be 
assessed.  

 

5.10 Safety Issues 
In order for the system to run consistently without interruptions it is important to address the 
safety concerns associated with the system. The main concern associated with the system 
proposed at SAIT is that of the HTF. The heat transfer fluid Therminol 62 has a flash point at 
160°C, meaning that if it is subjected to a source of ignition at a temperature over this it may 
ignite and cause a fire. Because of this, measures have to be taken in order to prevent this from 
happening. Self-ignition of Therminol 62 can occur at temperatures over 400°C and therefore the 
temperature of the system should never reach up to this temperature including a safety factor.  

To ensure this, the troughs need to be put in stow position if the control temperature is reached. 
Therminol 62 is not explosive. According to safety instructions from the manufacturer of the oil, 
water spray, foam, extinguishing powder or carbon dioxide can be used as extinguishing media. If 
a fire were to occur all pumps would need to be turned off so as to not pump the burning fluid 
further around in the system. If a leakage of the HTF occurs it should be cleaned up immediately 
as well as preventing it from entering soil and waterways. Therefore, both a containment system 
and a leakage detection system must be incorporated into the full system. (Kleinknecht, 2016) 

The freezing point of the HTF is -29°C which is a temperature that can be reached during cold 
winter days in Calgary. Therefore, to prevent the fluid from freezing and possible deterioration of 
the absorber pipe, heat tracing should be applied to ensure the HTF never reaches temperatures 
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this low. The material safety data sheet provided by the manufacturer of the HTF is shown in 
Appendix B. 

Another issue that needs to be addressed is implications from wind conditions. Due to the 
collectors being situated on the roof they are even more susceptible to harsh winds and as a result 
of this the structure of the troughs needs to be stable enough to withstand winds at high 
velocities. The alternative of tilting the troughs at a certain angle also imposes higher material 
stresses on the structures, which may have to be strengthened in order to withstand a tilt angle.  

 

5.11 Utility Scale Layout 
Figure 5.12 shows a possible layout for a utility scale solar EOR facility. Due to the 
aforementioned operational months for concentrating solar technologies in Alberta it is 
reasonable to see the technology as an addition to an existing EOR-facility. EOR facilities need 
to keep the steam injection into the reservoir steady and due to the intermittency of solar energy 
it is not plausible to see solar EOR as an isolated facility. The layout suggested has been proven 
for solar EOR in Amal, Oman at the GlassPoint solar EOR plant and in California, USA at the 
Coalinga solar EOR plant (“Coalinga Enhanced Oil Recovery Project,” 2012, “PDO Pilot,” 
2015).  

The layout below also suggests that the solar field can be used as a preheater for the feedwater if 
an insufficient amount of heat is available to create steam in the solar field. This would decrease 
the fuel demand of the OTSG to attain the steam quality needed for injection. In Figure 5.12 as 
follows, a solar EOR layout is shown. 

 
Figure 5.12 Possible layout of a solar EOR facility using a solar field as an add-on to the conventional layout. 
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6 CALCULATION MODEL 
 

In the following chapter the calculation model and its steps are explained. All of the values of the 
chosen inputs as well as some results from calculation steps can be found in Appendix E. The 
model for the SAIT system calculations is based on the design choices made in Chapter 5. 

In order to model the system, a stationary time series model with a time step of one hour was 
applied. This means that stationary energy balances for the system are calculated for each hour to 
simulate the transient state that the system will undergo in operation. The hourly time step was 
chosen based on the weather data available.  

The system has been divided into three parts: the solar collector field, the thermal energy storage 
(TES), and the steam generator. An overview of how the system delivers energy is shown in 
Figure 6.1. 

The DNI-value used in the calculations is the highest theoretically achievable irradiance to be 
utilized. However due to the troughs only tracking in one axis and not two axes this theoretical 
maximum will not be achieved. Instead the concept of aperture normal irradiance (ANI) is 
introduced. The ANI is the irradiance that hits the aperture and the practically usable solar energy 
added in the system. The ANI is smaller than the DNI as a consequence of the cosine effect 
explained in Chapter 3. 

 
Figure 6.1 Schematic figure of system layout. 

The system is designed so that the solar energy is collected by the parabolic troughs in the solar 
collector field in the form of thermal energy from the sun. The energy collected by the solar 
collector is then delivered through the HTF to either the thermal energy storage or the steam 
generator depending on whether steam production is required at the time or not. When the TES 
has reached the necessary temperature or if steam generation is desired, the HTF can be delivered 
to the steam generator directly from the TES. Finally, steam is produced in the steam generator. 
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The system calculations have been made on an hourly basis for calculations at the SAIT campus. 

Conversely, on utility scale the calculations are made on a yearly basis since it is assumed that all 
harnessed solar energy is converted into steam. Since no storage is required in the utility scale 
system there is no need to make hourly calculations, neither is there any need for storage at the 
utility site since the steam is to be injected directly into the reservoir in the ground (see section 
4.2 Utility scale system). As a result of this, the calculation model for utility scale is less complex 
than the one used for the SAIT system. 

 

6.1 Solar Position 
In order to calculate the amount of sunlight that reaches the solar collecting surface (the mirrors) 
it is necessary to determine from what angle the solar rays are hitting the area; this angle is called 
the incidence angle (i). The Aperture Normal Irradiance (ANI) (shown in Formula (6.1)) is the 
most important description of the irradiance due to it being the energy that can possibly be 
utilized in the system (Kleinknecht, 2016). The incidence angle modifier (IAM in Formula (6.2)) 
is the factor used to convert instantaneous DNI to instantaneous ANI. Formula (6.2) has been 
empirically determined by NREL in their report (Burkholder and Kutscher, 2009).  

 𝐴𝑁𝐴𝑖𝑖𝑖𝑖 = 𝐷𝑁𝐴𝑖𝑖𝑖𝑖 ∙ 𝐴𝐴𝐼 (6.1) 

 𝐴𝐴𝐼 = 𝐿𝐿𝑐 (𝑖) + 0,000884 ∙ 𝑑𝑑𝑑 (𝑖) − 0,00005369 ∙ (deg(𝑖))2 (6.2) 

The first step in calculating the incidence angle is to determine the direction of the rays from the 
sun. The weather data provided for this study have values gathered in clock time. Clock time is 
not fully correlated with what position the sun is in the sky and therefore it is not used for 
calculating solar angles. The clock time has to be corrected into what is the so-called “Solar 
time”, which is shown in Formula (6.3). Solar time represents the exact horizontal position of the 
sun. For example, at solar noon in the northern hemisphere the sun position is directly south and 
at its highest point in the sky. Formulas (6.3) to (6.9) have been taken from the Master’s course 
Renewable Energy Technology at the Royal Institute of Technology in Stockholm, Sweden 
(Aichmayer, 2014). 

 𝑡𝑖𝑠𝑠 = 𝑡𝑐𝑠𝑐 +
Ψ𝑖𝑖𝑠 − Ψ𝑠𝑠𝑐

15°
+
∆𝑡𝐸𝐸𝐸

60°
+ ∆𝑡𝐷𝐷𝐸 (6.3) 

 Where: 
𝑡𝑖𝑠𝑠 Solar time 
𝑡𝑐𝑠𝑐 Clock time 
Ψ𝑖𝑖𝑠 Time zone meridian 
Ψ𝑠𝑠𝑐 Local longitude 
∆𝑡𝐸𝐸𝐸 Equation of time, presented in Formula (6.4). 
∆𝑡𝐷𝐷𝐸 Daylight savings time 

 
∆𝑡𝐸𝐸𝐸 = 𝐴 cos �2𝜋

𝑛 − 1
365

� + 𝐵 sin �2𝜋
𝑛 − 1
365

� + 𝐶 cos �4𝜋
𝑛 − 1
365

�

+ 𝐷 sin �4𝜋
𝑛 − 1
365

� 
(6.4) 
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Where: 
𝑛 Gregorian calendar day 
 

Table 6.1 Coefficients for the Equation of time. 

A 0,258 

B -7,416 

C -3,648 

D -9,228 

 

In this model the so-called Solar position angles (shown in 6.2) are calculated through the 
following equations. 

 
Figure 6.2 The solar position angles relating the direction of solar irradiance and the cardinal directions. 

In Formulas (6.5), (6.6) and (6.7) the hour angle, declination angle and the solar zenith angle are 
presented respectively. 

 𝜔 =
𝜋

12
(𝑡𝑖𝑠𝑠 − 12) (6.5) 

 𝛿 = arcsin �0.39795 cos �2𝜋
𝑛 − 173

365
�� (6.6) 

 𝜃𝑧 = arccos (cos𝜑 cos𝛿 cos𝜔 + sin𝜑 sin 𝛿) (6.7) 

Where: 
𝜑 Local latitude 

Below in Formula (6.8) the Solar elevation angle is shown. 

 𝜃𝑖 =
𝜋
2
− 𝜃𝑧 (6.8) 

The solar azimuth angle is presented in Formula (6.9). 
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 𝛾𝑖 = 𝑐𝑑𝑛(𝜔) ∙ �cos−1 �
cos 𝜃𝑧 ∙ sin𝜑 − sin 𝛿

sin𝜃𝑧 ∙ sin𝜑
�� (6.9) 

 

The parabolic trough is tracking the sun in one axis. The axis is tilted with an angle “β” so that 
the overall ANI is optimized. The aperture normal “N” is the direction in which the collector 
area has optimal exposure; this is shown in Figure 6.3. The angle between the aperture normal 
and the solar ray direction is the incidence angle i. 

 
Figure 6.3 A tilted parabolic trough collector’s motion when tracking the sun. 

Due to single-axis tracking the aperture normal is bound to move in a plane that is normal to the 
rotation axis. This plane is shown as the blue plane in Figure 6.4. The objective of solar tracking 
is to minimize the angle between the direct solar rays and the direction of the normal from the 
aperture area. In other words, actively minimize the incidence angle i. 

 
Figure 6.4 The plane which the PTC’s aperture normal is bound to move in for tacking the sun. 

The optimal rotation position of the solar collector occurs when the incidence angle is 
minimized. In linear algebra the angle between a vector intercepting a plane can be determined by 
projecting the vector onto the plane. The projection vector represents the closest path on the 
plane to the vector. To find the optimal normal vector, the direction of the direct solar rays have 
to be considered a vector as well, in this case called “SV”. The normal vector is the projection of 
the solar ray vector onto the normal plane, shown in Figure 6.5. 
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Figure 6.5 The incidence angle (i) between the aperture normal and the solar arrays. 

To find the optimal normal vector a projection onto the surface is made. Below in Formula (6.10) 
the relation is shown of how to find the normal vector. (Di Rocco, 2012) 

 𝑁��⃗ = proj𝐀�𝑆𝑆�����⃗ � = 𝐀T(𝐀T𝐀)−1𝐀T ∙ 𝑆𝑆�����⃗  (6.10) 

In Formulas (6.6) and (6.7) the angles that represent the direction of the solar rays in a spherical 
coordinate system. To simplify the transformation has been converted into a Cartesian 
coordinate system, shown in Formulas (6.11), (6.12) and (6.13). (Westerbäck, 2012) 

𝑆𝑆ℎ𝑑𝑒𝑖𝐿𝐿𝐿 (𝑒, 𝛾𝑖,𝜃𝑧) → 𝐶𝐿𝑒𝑡𝑑𝑐𝑖𝐿𝑛(𝑥,𝑦, 𝑧) 

 𝑥 = 𝑒 sin𝜃𝑧 cos 𝛾𝑖 (6.11) 

 𝑦 = 𝑒 sin 𝜃𝑧 sin 𝛾𝑖 (6.12) 

 𝑧 = 𝑒 cos 𝛾𝑖 (6.13) 

Where the length of the vector r = 1. The x-, y- and the z-components represent the directions 
west, south, and height respectively. The Solar ray vector looks like the following in Formula 
(6.14). (Di Rocco, 2012) 

 𝑆𝑆�����⃗ �
𝐿
𝑐
𝑧
� = �

sin𝜃𝑧 ∙ sin 𝛾𝑖
sin𝜃𝑧 ∙ cos 𝛾𝑖

cos 𝜃𝑧
� (6.14) 

In Formula (6.10) the Matrix A is the matrix that represents the plane. The matrix is made of two 
base vectors that are parallel with the plane and linearly independent of each other. In this case 
the first vector is made up of a unit vector directed in the same direction as the east axis, the 
second vector is a unit vector tilted with the parabolic through tilt angle (𝛽) from the height axis. 
Below in Formula (6.15) the plane-matrix is presented. (Di Rocco, 2012) 

 𝐀 = �
𝑆1(𝐿) 𝑆2(𝐿)
𝑆1(𝑐) 𝑆2(𝑐)
𝑆1(𝑧) 𝑆2(𝑧)

� = �
1 0
0 sin𝛽
0 cos𝛽

� (6.15) 
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To determine the first factor in Formula (6.10) some matrix operations are needed. Below in 
Formula (6.16) the end product is shown. 

 
𝐀T(𝐀T𝐀)−1𝐀T = �

(sin𝛽)2 + (cos𝛽)2 0 0
0 (sin𝛽)2 sin𝛽 ∙ cos𝛽
0 sin𝛽 ∙ cos𝛽 (cos𝛽)2

�

∙
1

(sin𝛽)2 + (cos𝛽)2
 

(6.16) 

The optimal normal vector explained in Formula (6.10) is shown in its complete form in Formula 
(6.17). 

 

𝑁��⃗ = proj𝐀�𝑆𝑆�����⃗ �

= �
sin𝜃𝑧 ∙ sin 𝛾𝑖 ( (sin𝛽)2 + (cos𝛽)2)

(sin𝛽)2 ∙ sin𝜃𝑧 ∙ cos 𝛾𝑖 + sin𝛽 ∙ cos𝛽 ∙ cos 𝜃𝑧
sin𝛽 ∙ cos𝛽 ∙ sin𝜃𝑧 ∙ cos 𝛾𝑖 + (cos𝛽)2 ∙ cos𝜃𝑧

�

∙
1

(sin𝛽)2 + (cos𝛽)2
 

(6.17) 

In order to acquire the cosine effect which is cos 𝑖 from the first factor in Formula (6.2), the 
angle between the normal vector and the solar ray vector has to be determined. Below in 
Formula (6.18) the cosine effect is calculated. The cosine effect is part of the incidence angle 
modifier (IAM) mentioned in Formula (6.1) above. 

 cos 𝜃 =
𝑆𝑆�����⃗ ∙ 𝑁��⃗

�𝑆𝑆�����⃗ � ∙ �𝑁��⃗ �
 (6.18) 

Given that the irradiance data available consists of DNI, the optimal ANI is determined for the 
parabolic trough through Formula (6.1). 

 

6.2 Solar Collector Calculations 
The solar collectors capture the heat gained in the system by mirroring the solar rays onto the 
absorber pipe containing the HTF. To understand how much heat the collectors collect from the 
DNI at any given moment, the instantaneous efficiency (𝜂𝑖𝑖𝑖𝑖) is calculated. Many factors and 
properties are taken into account to acquire the final product. In the following Formula (6.19) the 
instantaneous efficiency is derived (Aye, 2015). This efficiency is dependent on many factors that 
vary for each given moment; therefore, the instantaneous efficiency (𝜂𝑖𝑖𝑖𝑖) is calculated for every 
hour. 

 
𝜂𝑖𝑖𝑖𝑖 =

𝑄𝑢𝑖𝑢
𝐷𝑁𝐴𝑖𝑖𝑖𝑖𝐴𝑐𝑠𝑠

= 𝐹𝑅 �
𝜂𝑔𝑢𝑠𝜂𝑖𝑡𝑡𝜂𝑢𝑖𝑠𝜂𝑖ℎ𝑡 ∙ 𝐴𝑐𝑠𝑠 ∙ 𝐴𝑁𝐴𝑖𝑖𝑖𝑖 ∙ 𝜂𝑣,𝑠𝑖𝑡𝑖 ∙ 𝑣 ∙ 𝜂𝜏,𝑠𝑖𝑡𝑖 ∙ 𝜏 ∙ 𝛼 ∙ 𝛾 − 𝑄𝐿,𝑡𝑎𝑖

𝐷𝑁𝐴𝑖𝑖𝑖𝑖 ∙ 𝐴𝑐𝑠𝑠
� 

(6.19) 



-48- 
 

Where: 
𝜂𝑔𝑢𝑠 = (1 − 𝜀𝑔𝑢𝑠) The geometry error due to imperfect alignment. 
𝜂𝑖𝑡𝑡 = (1 − 𝜀𝑖𝑡𝑡) Tacking error. 
𝜂𝑢𝑖𝑠 = (1 − 𝜀𝑢𝑖𝑠) End loss, shown in Figure 6.8 
𝜂𝑖ℎ𝑡 = (1 − 𝜀𝑖ℎ𝑡) Shadowing from the next parallel collector row. 
𝜂𝑣,𝑠𝑖𝑡𝑖 = (1 − 𝜀𝑣,𝑠𝑖𝑡𝑖)  The dirt factor for the reflectivity-. 
𝜂𝜏,𝑠𝑖𝑡𝑖 = (1 − 𝜀𝜏,𝑠𝑖𝑡𝑖)  The dirt factor for the transmittance. 
𝐴𝑐𝑠𝑠  Collector aperture area. 
𝑄𝐿,𝑡𝑎𝑖  The absorber heat loss 
𝑣, 𝜏, 𝛼  Reflectivity of the collector, transmittance of absorber glass envelope 
and absorptance of the absorber pipe. 
𝐹𝑅  Heat recovery factor 

To calculate the instantaneous efficiency, all of the factors above need to be determined. In the 
following sections all properties and factors in the above equation are explained and derived.  

 

6.2.1 Collector properties 

The parabolic trough dimensions have to be defined in order to determine the collector area 
(𝐴𝑐𝑠𝑠) and the absorber area (𝐴𝑡𝑎𝑖). Below in Figure 6.6 the required measurements are defined. 

 

 
Figure 6.6 Schematic picture over a parabolic trough collector including explanations of aperture width (𝐿𝑡𝑎) and 
collector length (𝐿𝑐𝑠𝑠). 

The absorber area is where all of the solar irradiance from the collector mirrors gets 
concentrated. The absorber area is visualized in Figure 6.6 as the red part of the absorber tube. It 
is the envelope surface area of the absorber tube inside the glass envelope. The collector area is 
the area which is the aperture width multiplied by the collector length, subtracted with the cross-
sectional area of the absorber tube.  
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This is how much exposure to solar irradiance the collector has in the aperture normal direction. 
In Formulas (6.20) and (6.21) the absorber area as well as the collector area are defined (Aye, 
2015). 

 𝐴𝑡𝑎𝑖 = 𝜋 ∙ 𝐷𝑡𝑎𝑖 ∙ 𝐿𝑐𝑠𝑠 (6.20) 

 𝐴𝑐𝑠𝑠 = 𝐿𝑡𝑎 ∙ 𝐿𝑐𝑠𝑠 − 𝐷𝑡𝑎𝑖 ∙ 𝐿𝑐𝑠𝑠 (6.21) 

The optical properties are taken mainly from the chosen solar collector and absorber. However, 
due to the collector being exposed to the outdoor environment some properties vary. This is 
mainly because outer surfaces get dirty and dusty. Therefore, both the transmittance on the 
absorber glass envelope and the reflectivity of the collector mirrors have been chosen to a value 
lower than that of the providers. This has been conducted by introducing two dirt factors called 
𝜀𝜌,𝑠𝑖𝑡𝑖 and 𝜀𝜏,𝑠𝑖𝑡𝑖 which get multiplied to both the transmittance and the reflectivity. In Table 6.2 
the optical properties are listed. 

The intercept factor (𝛾) is the fraction of irradiance captured by the absorber. This factor is 
dependent on many factors from a microscopic level, for example scratches on surfaces, to a 
macroscopic level such as buckles. To increase the intercept factor the size of the absorber can be 
increased however, that also increases heat losses. In this work an intercept factor of 0,93 has 
been chosen due to it being a typical value for correctly installed PTCs (Goswami and Kreith, 
2008).  

An error due to imperfect alignment when installing the solar collectors is called the “Geometry 
error”; this error has been set to 2%. Errors also occur because of inexact sun tracking. The size 
of the tracking error varies from 0,317% to 0,6% in different reports (Sallaberry et al., 2015). 
Because this report studies feasibility, the worst-case scenario has been chosen, thus a tracking 
error of 0,6%. (Wendelin, 2008) 

Below in Table 6.2 a summary of the condition independent optical properties and the errors for 
the solar collector calculations are shown. These values have been discussed previously in this 
chapter. 

Table 6.2 Overview of the optical properties and errors for the EuroThrough PTC and the Schott PTR70 
absorber tube. 

Parameter Symbol Value Reference 
Intercept factor 𝛾 0,93 (Goswami and Kreith, 

2007) 
Absorptance on the solar 
absorber 

𝛼 0,955 (SCHOTT PTR®70 Receiver 
- Setting the benchmark, 2016) 

Clean collector mirror reflectivity 𝑣 0,94 (Lüpfert et al., 2004) 
Absorber glass envelope 
transmittance 

𝜏 0,965 (SCHOTT PTR®70 Receiver 
- Setting the benchmark, 2016) 

Dirt factor for reflectivity 𝜀𝑣,𝑠𝑖𝑡𝑖 1-(0.88 to 0.93)/𝑣 (Wendelin, 2008) 
Dirt factor for transmittance 𝜀𝜏,𝑠𝑖𝑡𝑖 1-(𝑣+1)/2 (Wendelin, 2008) 
Geometry error 𝜀𝑔𝑢𝑠 0,02 (Wendelin, 2008) 
Tracking error 𝜀𝑖𝑡𝑡 0,006 (Wendelin, 2008) 
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Shading errors and end losses are dependent on the sun’s position in the sky; therefore, these 
errors have to be evaluated at each hour.  

The shading error occurs due to shading from parallel rows of PTCs as shown in Figure 6.7. 
When the sun’s altitude is low in the east or west direction, the rows of collectors can shade each 
other. In the following Formula (6.22) the potential error is estimated (Morin et al., 2016). 

 𝜀𝑖ℎ𝑡 = 1 − |cos(𝜃𝑧)|
𝐿𝑖𝑠𝑡𝑐𝑢
𝐿𝑡𝑎

 (6.22) 

Where: 
 𝐿𝑖𝑠𝑡𝑐𝑢  Distance between each solar collector row.  

 

If 𝜀𝑖ℎ𝑡 receives a value below zero, the whole product is set to zero.  

 
Figure 6.7 Shadowing due to collectors standing in rows (Morin et al., 2016). 

End losses occur due to the irradiation hitting the mirror surface at a specific angle (incidence 
angle). Some irradiance will miss the end part towards south of the absorber tube. This effect is 
visualized in Figure 6.8 and its value is approximated in the Formula (6.23) below (Morin et al., 
2016). 

 𝜀𝑢𝑖𝑠 =
𝐿𝑓 tan(𝑖)
𝐿𝑐𝑠𝑠

 (6.23) 

Where:  
𝐿𝑓  Focal length of the solar collector. 
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Figure 6.8 Picture explaining the end losses for a parabolic trough collector (Morin et al., 2016). 

 

6.3 Heat Transfer 
Generally the heat transfer part of the calculation model has been evaluated one-dimensionally 
for each component. In instances where surfaces are curved, a shape factor has been used or the 
represented area (effective area) has been determined, for example heat transfer in pipes. In the 
following section the calculation model for the heat transfer of the system is shown. 

 

6.3.1 Absorber and Collector Heat Transfer 

In the absorber tube heat transfer is occurring on different areas simultaneously. Below, the heat 
transfer is divided into steps and presented. The first step is to determine how the solar rays turn 
into heat and as well how the heat can escape into the surroundings. This is shown in Figure 6.9. 
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Figure 6.9 Schematic picture showing one-dimensional steady state heat transfer through the absorber tube 
(Burkholder and Kutscher, 2009). 

The core of the heat transfer calculations is how much heat is converted into useful heat from 
the solar irradiance hitting the trough collectors. This efficiency is dependent on many factors 
that vary for each given moment. One important factor is the heat loss from the absorber. The 
equation for the instantaneous collector efficiency is shown in Formula (6.19). 

The calculation for determining the end result of the instantaneous efficiency by the heat transfer 
fluid and the total heat loss from the absorber is a complex model. There are reports where 
experiments have been made to determine what factors the heat loss has and how much impact 
each factor has. “Heat Loss Testing of Schott's 2008 PTR70 Parabolic Trough Receiver” is a 
report that covers the absorber chosen for this study (the Schott PTR70) (Burkholder and 
Kutscher, 2009).  

Below in Formula (6.24) the equation from the aforementioned report is shown.  

 
𝑄𝐿,𝑡𝑎𝑖,/𝑚𝑢𝑖𝑢𝑡 = 𝐴0 + 𝐴1 ∙ (𝑇𝐻𝐻 − 𝑇𝑡𝑚𝑎) + 𝐴2 ∙ 𝑇𝐻𝐻2 + 𝐴3 ∙ 𝑇𝐻𝐻3 + 𝐴4 ∙ 𝐴𝑁𝐴𝑖𝑖𝑖𝑖

∙ 𝑇𝐻𝐻2 + �𝑆𝑎 ∙ (𝐴5 + 𝐴6 ∙ (𝑇𝐻𝐻 − 𝑇𝑡𝑚𝑎)) 
(6.24) 

Where: 
𝑆𝑎  Wind speed 
𝑇𝐻𝐻 HTF temperature in the absorber 
𝑇𝑡𝑚𝑎 Ambient temperature  

 

The heat loss coefficients for a fully working absorber with the vacuum in the glass envelope still 
intact are stated below in Table 6.3. 
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Table 6.3 Heat loss coefficient from testing of an evacuated Schott PTR70 absorber pipe. 

Coefficients Values for vacuum 

𝐴0 4,05 

𝐴1 0,247 

𝐴2 -0,00146 

𝐴3 5,65E-6 

𝐴4 7,63E-8 

𝐴5 -1,70 

𝐴6 0,0125 

 

The heat removal factor (𝐹𝑅) describes of how well the absorber is collecting the heat generated 
and is used in Formula (6.19). This factor is dependent on many parameters, which vary actively, 
and therefore the heat removal factor is estimated hourly. Below in Formula (6.25) the equation 
for the heat removal factor is shown. (Manikandan et al., 2012) 

 𝐹𝑅 =
�̇�𝐻𝐻 ∙ 𝐿𝑠,𝐻𝐸𝐻 ∙ (𝑇𝐻𝐻 − 𝑇𝑡𝑚𝑎)

𝑄𝐿,𝑡𝑎𝑖
�1 − exp� 

𝐹′ ∙ 𝑄𝐿,𝑡𝑎𝑖

�̇�𝐻𝐻 ∙ 𝐿𝑠,𝐻𝐸𝐻 ∙ (𝑇𝐻𝐻 − 𝑇𝑡𝑚𝑎)
�� (6.25) 

Where 𝐹′ and 𝐴𝑚,𝑡𝑎𝑖 are shown below in Formulas (6.26) and (6.27) (Havtun, 2012a; 
Manikandan et al., 2012). 

 𝐹′ =
1

𝑄𝐿 �1 +
𝑄𝐿,𝑡𝑎𝑖 ∙ 𝐷𝑠,𝑡𝑎𝑖

𝐴𝑚,𝑡𝑎𝑖 ∙ 𝐷𝑖,𝑡𝑎𝑖 ∙ 𝐻𝑐𝑠𝑖𝑣,𝐻𝐻 ∙ (𝑇𝐻𝐻 − 𝑇𝑡𝑚𝑎)�
 (6.26) 

 

 

 

𝐴𝑚,𝑡𝑎𝑖 =
𝜋 ∙ 𝐿 ∙ (𝐷𝑠,𝑡𝑎𝑖 − 𝐷𝑖,𝑡𝑎𝑖)

ln �
𝐷𝑠,𝑡𝑎𝑖
𝐷𝑖,𝑡𝑎𝑖

�
 (6.27) 

6.4 Pumping and Piping Calculations 
In this section the calculation methods regarding the pump and pipe arrangements are presented. 
Both the thermal heat losses from the pipe arrangements and the pump design requirements are 
evaluated in this section. 

 

6.4.1 Heat Loss from Pipes 

Generally the pipe heat loss is calculated by considering it as a one dimensional heat transfer case. 
For each pipe arrangement the following Formula (6.28) has been applied.  
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 𝑄𝐿,𝑠𝑖𝑠𝑢 = (𝑈𝐿𝐴)𝑠𝑖𝑠𝑢 ∙ (𝑇𝐻𝐸𝐻 − 𝑇𝑡𝑚𝑎) (6.28) 

Where: 
(𝑈𝐿𝐴)𝑠𝑖𝑠𝑢 Overall heat transfer coefficient times the representative outer pipe area. 
𝑇𝐻𝐸𝐻 , 𝑇𝑡𝑚𝑎 Temperature of the HTF inside the pipe and the outside ambient temperature. 

For each pipe arrangement the (𝑈𝐿𝐴)𝑠𝑖𝑠𝑢 value is individually investigated and estimated. The 
overall equation for the (𝑈𝐿𝐴)𝑠𝑖𝑠𝑢 is shown below in Formula (6.29) (Havtun, 2012a). 

 

(𝑈𝐿𝐴)𝑠𝑖𝑠𝑢

=
1

1
𝐴𝑠,𝑠𝑖𝑠𝑢 ∙ (𝐻𝑐𝑠𝑖𝑣,𝑡𝑚𝑎 + 𝐻𝑡𝑡𝑠,𝑡𝑚𝑎) + 𝑥𝑖𝑖𝑖

𝐴𝑚,𝑖𝑖𝑖 ∙ 𝑘𝑖𝑖𝑖
+

𝑥𝑠𝑖𝑠𝑢
𝐴𝑚,𝑠𝑖𝑠𝑢 ∙ 𝑘𝑠𝑖𝑠𝑢

+ 1
𝐴𝑖,𝑠𝑖𝑠𝑢 ∙ 𝐻𝑐𝑠𝑖𝑣,𝐻𝐸𝐻

 (6.29) 

Where: 
𝐴𝑠,𝑠𝑖𝑠𝑢 , 𝐴𝑖,𝑠𝑖𝑠𝑢 Outer pipe area of the insulation and the inner pipe area respectively 
𝐴𝑚,𝑖𝑖𝑖 ,  𝐴𝑚,𝑠𝑖𝑠𝑢 The effective area for the insulation and the steel pipe respectively. 
𝐻𝑐𝑠𝑖𝑣,𝑡𝑚𝑎 , 𝐻𝑡𝑡𝑠,𝑡𝑚𝑎 The convective- and the radiation heat transfer coefficient between 
the pipe outer surface and the surroundings. 
𝑥𝑖𝑖𝑖 , 𝑥𝑠𝑖𝑠𝑢  The thickness for the insulation and the pipe. 
𝐻𝑐𝑠𝑖𝑣,𝐻𝐸𝐻  The convective heat transfer coefficient between the HTF and the 
inside wall of the pipe. 

For calculating the convective heat transfer coefficient 𝐻𝑐𝑠𝑖𝑣,𝐻𝐸𝐻, it is assumed to be turbulent 
flow in the pipes, which is the worst case for all pipe arrangements. The so called “classic” 
correlation proposed by Dittus and Boelter is therefore used which is shown below in Formula 
(6.30) (Havtun, 2012a). 

 𝐻𝑐𝑠𝑖𝑣,𝐻𝐸𝐻 =
𝑘𝐻𝐸𝐻
𝐷𝑖,𝑠𝑖𝑠𝑢

∙ 0,023 ∙ 𝑅𝑑0,8 ∙ 𝑃𝑒𝑡𝑖𝑡0,4 (6.30) 

Where: 
𝑘𝐻𝐸𝐻 The thermal conductivity of air 
𝐷𝑖,𝑠𝑖𝑠𝑢 The inner diameter of the pipe 
𝑃𝑒𝑡𝑖𝑡 Prandtl number of air shown in Formula (6.31) below (Havtun, 2012a). 

 𝑃𝑒𝑡𝑖𝑡 =
𝜇𝑡𝑖𝑡 ∙ 𝐿𝑠,𝑡𝑖𝑡

𝑘𝑡𝑖𝑡
 (6.31) 

In section 6.5 “Thermal Energy Storage calculations” the same model for the heat transfer 
coefficients from the outside wall to the surroundings has been implemented. The equations used 
to estimate the heat transfer coefficients are presented below in Formulas (6.32) to (6.36), starting 
with convection (Havtun, 2012a). 

 𝐻𝑐𝑠𝑖𝑣,𝑡𝑚𝑎 =
𝑘𝐻𝐸𝐻
𝐿𝑠𝑖𝑠𝑢

∙ 0,56 ∙ (𝐺𝑒 ∙ 𝑃𝑒𝑡𝑖𝑡)1 4�  (6.32) 
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Where: 
𝐿𝑠𝑖𝑠𝑢 Length of pipes in the arrangement. 
𝐺𝑒 Grashof’s number shown below in Formula (6.33) (Havtun, 2012a). 

 𝐺𝑒 =
𝑑 ∙ 𝜌𝑡𝑖𝑡 ∙ (𝑇𝑡𝑚𝑎 − 𝑇𝑎𝑡𝑠𝑠,𝑠𝑖𝑠𝑢) ∙ 𝐿𝑠𝑖𝑠𝑢3

𝑇𝑡𝑚𝑎,𝐾𝑢𝑠𝑣𝑖𝑖 ∙ 𝜇𝑡𝑖𝑡
 (6.33) 

Where: 
𝜌𝑡𝑖𝑡 The density of air. 
𝑇𝑎𝑡𝑠𝑠,𝑠𝑖𝑠𝑢 Temperature of outside pipe wall estimated by iteration. 
𝜇𝑡𝑖𝑡 The dynamic viscosity of air 

 

Together with convection, heat is also lost through radiation. To estimate the heat transfer 
coefficient from radiation the definition in Formula (6.34) is used (Havtun, 2012a). 

 𝐻𝑡𝑡𝑠,𝑡𝑚𝑎 = 𝜎 ∙ 𝑑𝑠𝑖𝑠𝑢 ∙ �
𝑇𝑖𝑐𝑠/𝑔𝑡𝑠𝑢𝑖𝑠
4 − 𝑇𝑎𝑡𝑠𝑠,𝑠𝑖𝑠𝑢4

𝑇𝑖𝑐𝑠/𝑔𝑡𝑠𝑢𝑖𝑠 − 𝑇𝑎𝑡𝑠𝑠,𝑠𝑖𝑠𝑢
� (6.34) 

Where: 
𝜎: Stefan-Boltzmann constant (=5,67 ∙ 10−8 𝑊/(𝑚2 ∙ 𝐾4)) 
𝑑𝑠𝑖𝑠𝑢: Emissivity, (=0,3 for Aluminium cover) (Havtun, 2012a). 
𝑇𝑖𝑐𝑠/𝑔𝑡𝑠𝑢𝑖𝑠: Average temperature between sky temperature and ambient temperature shown in 
Formula (6.35). 

 𝑇𝑖𝑐𝑠/𝑔𝑡𝑠𝑢𝑖𝑠 =
𝑇𝑡𝑚𝑎 + 𝑇𝑖𝑐𝑠

2
 (6.35) 

Where: 
𝑇𝑖𝑐𝑠 Sky temperature approximated with Daguenet’s method of estimating the sky 
temperature, shown in Formula (6.36) below (Adelard et al., 1998). 

 
𝑇𝑖𝑐𝑠,𝐾𝑢𝑠𝑣𝑖𝑖

= �𝑇𝑡𝑚𝑎,𝐾𝑢𝑠𝑣𝑖𝑖
4 ∙ (1 − 0.261 ∙ exp (−7,77 ∙ 10−4) ∙ �𝑇𝑡𝑚𝑎,𝐾𝑢𝑠𝑣𝑖𝑖 − 273.15�

2
)

4
 

(6.36) 

 

6.4.2 Pump Design Requirements 

To estimate the power needed from the pumps, the first step is to calculate the highest pressure 
losses that can occur for each of the three main operating pumps. As mentioned above the main 
operating pumps are: the start-up pump, the TES steam generation pump and the trough 
recirculation pump. The pressure losses are approximated by using the Bernoulli equation seen in 
Formula (6.37) (Havtun, 2012a). 
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∆𝑆𝑠𝑢𝑚𝑠 = 𝜌𝐻𝐸𝐻 ∙

𝐿12 − 𝐿2
2

2
+ 𝑑 ∙ 𝜌𝐻𝐸𝐻 ∙ (𝑧2 − 𝑧1) + 𝑓 ∙ 𝜌𝐻𝐸𝐻 ∙ 𝐿2 ∙

𝐿𝑠𝑖𝑠𝑢
𝐷𝑖,𝑠𝑖𝑠𝑢

+ �(𝜁) ∙
𝜌𝐻𝐸𝐻 ∙ 𝐿2

2
 

(6.37) 

Where: 
𝐿 Velocity 
𝑧 Height 
𝑓 Friction factor 
𝜁 Pressure loss coefficient 

 

The pressure loss is calculated for a worst-case scenario meaning the highest pressure loss 
possible is used, which occurs when the flow is maximized. All pipes contain turbulent flow 
(Reynolds number over 3000) during the maximum flow case. Furthermore the friction factor is 
estimated from the Blasius’ relation shown in Formula (6.38). (Havtun, 2012a)  

 𝑓 = 0,158 ∙ 𝑅𝑑−1/4 (6.38) 

Where, 3000 < Re < 100 000 

In all cases the velocity is kept constant due to the uniform pipe diameter throughout each flow. 

This gives: 𝐿2
2 = 𝐿12 => 𝑎2

2−𝑎12

2
= 0. 

The number of bends and their radius as well as the pipe length for all cases has been estimated 
from the piping arrangement at the Hat Smart CSP Plant in Medicine Hat as a basis. The rest of 
the terms vary from case to case. Below the differences between each pump are stated: 

• The trough recirculation pump 
o Due to the pipes always being filled with HTF, the recirculation piping has zero 

net height difference, giving 𝑧2 = 𝑧1 => 𝑑(𝑧2 − 𝑧1) = 0. 
o The pipe diameter is adapted to the absorber pipe diameter. 
o The mass flow used is chosen from the optimal flow to reach optimal heat 

transfer. 
• The start-up pump 

o The pump is pumping the HTF up to the trough recirculation system on the roof 
of the CEC building. The height difference used in Formula (6.37) has been 
estimated using the distance from the ground to the roof. 

o The flow used in the calculations is the maximum flow occurring in the system. 
• The TES steam generation pump 

o The pressure drop from both the preheater and the kettle reboiler (steam 
generator) are added onto Formula (6.37); the pressure drop can be found in 
Appendix D. 

o The kettle reboiler is placed on the third floor of the CEC building, therefore, the 
height difference has been estimated by the distance from the ground up to the 
third floor. 

o The flow rate has been calculated from the design mass flow rate of the heat 
exchangers, found in Appendix D. 
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Finally, the required power for each motor driving the pumps has been estimated. This is 
calculated from Formula (6.39) shown below (Havtun, 2012b). 

 𝑃𝑠𝑢𝑚𝑠 =
�̇� ∙ ∆𝑆𝑠𝑢𝑚𝑠

𝜂𝑚𝑠𝑖𝑠𝑡 ∙ 𝜂𝑠𝑢𝑚𝑠
=
𝜋 ∙ 𝐷𝑖,𝑠𝑖𝑠𝑢2 ∙ 𝐿 ∙ ∆𝑆𝑠𝑢𝑚𝑠

4 ∙ 𝜂𝑚𝑠𝑖𝑠𝑡 ∙ 𝜂𝑠𝑢𝑚𝑠
 (6.39) 

Where:  
𝜂𝑚𝑠𝑖𝑠𝑡 The efficiency of the motor to the pump 
𝜂𝑠𝑢𝑚𝑠  The mechanical efficiency of the pump. 

 

6.5 Thermal Energy Storage calculations 
The two-tank direct storage system contains two separate tanks in the form of cylinders where 
the cylinders are oriented upright. Both tanks have the same shape and measurements and are 
made of stainless steel with a uniform layer of insulation outside the steel. The amount of HTF is 
given from the volume of one tank minus 0,5 meters of height in order to allow thermal 
expansion of the HTF. An optimization of the dimensioning of the height and diameter of the 
tanks for this system has been conducted. The objective of the optimization was to find the 
biggest TES with the highest system efficiency possible.  The results from the optimization are 
shown in Figure 7.1. 

Furthermore, heat losses appear as a result of heat transfer in the form of natural convection 
between the tank walls and the ambient air. Heat losses for both tanks have been calculated 
considering tanks completely filled with HTF and the difference between the actual ambient 
temperature and their individual tank temperatures. Natural convection is assumed to occur both 
on the inside of the tank wall and on the outside tank wall.  

The method of calculating the heat loss has the same concept as the heat loss resulting from 
piping, seen in Formula (6.28) and (6.29). However, the model for estimating the convective heat 
transfer coefficient between the HTF and the inside walls vary for each case. 

The tank heat losses are dependent on how much HTF the tanks contain. For an empty cold 
tank the heat loss is 93% of a completely full cold tank and for an empty hot tank the heat loss is 
98% compared to a completely full hot tank (Schulte-Fischedick et al., 2008). The heat loss 
equation has been assumed to be linear between an empty and a full tank. 

 

6.6 Steam Generator Calculations 
In this paragraph the calculations regarding the kettle reboiler working as a steam generator in the 
system at SAIT are shown.  

The generated steam is the end result from the steam generator and the preheater. To estimate 
what the energy of steam generated is, how much heat is transferred from the HTF has been 
investigated. In Formula (6.40) the energy equilibrium is presented. 

 𝐸𝑢𝑒𝑖𝑡 = 𝑚ℎ𝑠𝑖 𝑖𝑡𝑖𝑐 ∙ (𝑇ℎ𝑠𝑖 𝑖𝑡𝑖𝑐 ∙ 𝐿𝑃,𝐻𝐸𝐻 − ℎ𝑠𝑢𝑖,𝑠𝑡𝑢ℎ𝑢𝑡𝑖) (6.40) 

Where:  
𝐸𝑢𝑒𝑖𝑡  The heat of steam output 
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𝑚ℎ𝑠𝑖 𝑖𝑡𝑖𝑐  Extracted mass of HTF from the hot tank. 
𝑡ℎ𝑠𝑖 𝑖𝑡𝑖𝑐  Temperature of the hot tank. 
ℎ𝑠𝑢𝑖,𝑠𝑡𝑢ℎ𝑢𝑡𝑖  Enthalpy of the HTF going out of the preheater at the design condition. 

In the system calculation model, steam is extracted every time the hot tank gets full. In cases 
where the temperature of the hot tank is not enough for steam generation, the HTF in the hot 
tank is transferred to the cold tank. 

 

6.7 Economic Calculations 
For utility scale consideration, the economic aspect plays a major role in whether oil-producing 
companies will consider the alternative of incorporating solar steam generation into their EOR 
facilities. In order to investigate this, economic calculations have been made that compare the 
levelized cost of energy (LCOE) (presented in Formula (6.41)) for solar EOR to steam produced 
in an EOR facility produced by OTSG-boilers and steam produced in a combined cycle plant 
(Kandpal, 2015). 

 

𝐿𝐶𝐿𝐸𝑅

=
𝐶𝐶 + ∑  𝐿𝐼

(1 + 𝑑𝑁)𝑖 + ∑
𝐶𝑓𝑢𝑢𝑠

(1 + 𝑑𝑁)𝑖
𝑁
𝑖=1 + ∑

𝐶𝐶𝐸2
(1 + 𝑑𝑁)𝑖

𝑁
𝑖=1 − 𝑅𝑆

(1 + 𝑑𝑁)𝑁
𝑁
𝑖=1

∑ 𝐸𝑡𝑖𝑖𝑢𝑡𝑠
(1 + 𝑑𝑅)𝑖

𝑁
𝑖=1

 
(6.41) 

Where: 
𝑁 The project lifespan. 
𝑑𝑅, 𝑑𝑁 The real- and nominal discount rates. 
𝐶𝐶  The capital cost.  
𝐿𝐼  Annual Operating and Maintenance Cost. 
𝐶𝑓𝑢𝑢𝑠  Annual fuel cost. 
𝐶𝐶𝐸2 Cost from emitting carbon dioxide. 
𝑅𝑆  The residual value. 
𝐸𝑡𝑖𝑖𝑢𝑡𝑠 The annual energy of steam produced. 

 

Below in Formula (6.42) the relation between 𝑑𝑅 and 𝑑𝑁 is presented (Kandpal, 2015). 

 (1 + 𝑑𝑅) ∙ (1 + 𝑖) = (1 + 𝑑𝑁) (6.42) 

For each steam generation technology the residual value of the project (RV) is assumed to be 
zero. Additionally, it is assumed that the following stated parameters from Formula 7.31 are the 
same value every year during the project: 

● Steam produced annually (𝐸𝑡𝑖𝑖𝑢𝑡𝑠). 
● Fuel cost for cogeneration and OTSG (𝐶𝑓𝑢𝑢𝑠). 
● Carbon taxing for cogeneration and OTSG (𝐶𝐶𝐸2). 
● Operating and Maintenance cost (𝐿𝐼). 
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The parameters have a uniform tendency and therefore a present value factor is applied instead 
of calculating each year by itself. This factor is presented in Formula (6.43) below. (Kandpal, 
2015) 

 𝑃𝑆𝑢𝑖𝑖𝑓𝑠𝑡𝑚 = �
(1 + 𝑑)𝑁

𝑑 ∙ (1 + 𝑑)𝑁
� (6.43) 

Applying Formula (6.43) into Formula (6.41) gives the following tailored Formula (6.44): 

 𝐿𝐶𝐿𝐸𝑅 =
𝐶𝐶 + (𝐿𝐼 + 𝐶𝑓𝑢𝑢𝑠 + 𝐶𝐶𝐸2) ∙ � (1 + 𝑑𝑁)𝑁

𝑑𝑁 ∙ (1 + 𝑑𝑁)𝑁�

𝐸𝑡𝑖𝑖𝑢𝑡𝑠 ∙ �
(1 + 𝑑𝑅)𝑁

𝑑𝑅 ∙ (1 + 𝑑𝑅)𝑁�
 (6.44) 

 

6.7.1 Solar Steam Generation 

For solar steam generation, the LCOE has been based on a case study for a 160 hectare (around 
450 MW thermal) solar steam production field for EOR in Oman (Chaar and Venetos, 2014). 
The case study is based on a solar EOR facility made by the parabolic trough developer 
GlassPoint. Cost-values and parabolic trough efficiency have been taken from the study on 
GlassPoint and applied to the study on Cold Lake. The DNI values and the average incidence 
angle modifier (𝐴𝐴𝐼𝑡𝑣𝑡) during the time span from March to October have been adjusted to the 
LCOE in Oman.  

Below in Formula (6.45) the annual steam production is divided into parts and in Formula (6.46) 
the method of adjusting the production to Cold Lake conditions is shown.  

 𝐸𝑡𝑖𝑖𝑢𝑡𝑠,𝑖𝑠𝑠,𝐸𝑚𝑡𝑖 = 𝐴𝐴𝐼𝑡𝑣𝑡,𝐸𝑚𝑡𝑖 ∙ 𝐷𝑁𝐴𝑡𝑖𝑖𝑢𝑡𝑠,𝐸𝑚𝑡𝑖 ∙ 𝐴𝑐𝑠𝑠,𝐸𝑚𝑡𝑖 ∙ 𝜂𝑡𝑣𝑡 ∙ 𝜂𝑡𝑣𝑡 (6.45) 

   

 
𝐸𝑡𝑖𝑖𝑢𝑡𝑠,𝑖𝑠𝑠,𝐶𝐿 =

𝐴𝑁𝐴𝑡𝑖𝑖𝑢𝑡𝑠,𝐶𝐿,𝑀−𝐸

𝐴𝐴𝐼𝑡𝑣𝑡,𝐸𝑚𝑡𝑖 ∙ 𝐷𝑁𝐴𝑡𝑖𝑖𝑢𝑡𝑠,𝐸𝑚𝑡𝑖
𝐴𝐴𝐼𝑡𝑣𝑡,𝐸𝑚𝑡𝑖 ∙ 𝐷𝑁𝐴𝑡𝑖𝑖𝑢𝑡𝑠,𝐸𝑚𝑡𝑖

∙ 𝐴𝑐𝑠𝑠,𝐸𝑚𝑡𝑖 ∙ 𝜂𝑡𝑣𝑡 ∙ 𝜂𝑡𝑣𝑡 
(6.46) 

Where: 
𝜂𝑡𝑣𝑡 , 𝜂𝑡𝑣𝑡  The annual availability and the average system efficiency. 

Combining Formula (6.44) with Formulas (6.45) and (6.46) following Formula (6.47) for the Real 
LCOE of Solar steam generation in Cold Lake is formed: 

 𝐿𝐶𝐿𝐸𝑅,𝐶𝐿 =
𝐴𝐴𝐼𝑡𝑣𝑡,𝐸𝑚𝑡𝑖 ∙ 𝐷𝑁𝐴𝑡𝑖𝑖𝑢𝑡𝑠,𝐸𝑚𝑡𝑖

𝐴𝑁𝐴𝑡𝑖𝑖𝑢𝑡𝑠,𝐶𝐿,𝑀−𝐸
∙ 𝐿𝐶𝐿𝐸𝑅,𝐸𝑚𝑡𝑖 (6.47) 

 

 

 

apostolradev
Highlight

apostolradev
Highlight



-60- 
 

6.7.2 OTSG and cogeneration 

Generally the model for estimation of the LCOE for both OTSG and cogeneration is taken from 
the “Economics of Steam Generation for Thermal EOR” report (Chaar et al., 2015). The models 
are based on two cases of fuel cost, 6,3 USD/GJ and 13,7 USD/GJ and from these prices a 
linear relation to fuel price is constructed. The individual models for OTSG and cogeneration are 
explained later in this subsection. 

The cost from the upcoming Alberta carbon emission tax which is being introduced in 2017 has 
been implemented into the LCOE (“Capping oil sands emissions,” 2016). This has been 
calculated for both OTSG and cogeneration by the following Formula (6.48): 

 𝐿𝐶𝐿𝐸𝑅,𝐶𝐿 = 𝐿𝐶𝐿𝐸𝑅,𝐸𝑚𝑡𝑖 +
𝐶𝐶𝐸2,𝐴𝐴 ∙ �

(1 + 𝑑𝑁)𝑁
𝑑𝑁 ∙ (1 + 𝑑𝑁)𝑁�

𝐸𝑡𝑖𝑖𝑢𝑡𝑠 ∙ �
(1 + 𝑑𝑅)𝑁

𝑑𝑅 ∙ (1 + 𝑑𝑅)𝑁�
 (6.48) 

 

The cost per produced tonne of steam from the Carbon emission tax depends on the following 
Formula (6.49). 

 𝐶𝐶𝐸2,𝐴𝐴 =
𝐶𝑖𝑡𝑒 /𝐶𝐸2,𝐴𝐴 ∙ 𝐹𝐶𝐸2/𝑁𝑁 ∙ (ℎ𝑖𝑖𝑢𝑡𝑚 − ℎ𝑎𝑡𝑖𝑢𝑡) ∙ 𝑚𝑖𝑖𝑢𝑡𝑚./𝑠𝑡𝑠

𝜂𝐷𝑖𝑢𝑡𝑚𝑁𝑢𝑖
 (6.49) 

 

Where:  
ℎ𝑖𝑖𝑢𝑡𝑚  Enthalpy of steam with 100 bar pressure and steam quality of 80%. 
ℎ𝑎𝑡𝑖𝑢𝑡  Enthalpy of water at 55 C. 
𝐶𝑖𝑡𝑒 /𝐶𝐸2,𝐴𝐴  Carbon tax of Alberta. 
𝐹𝐶𝐸2/𝑁𝑁  Fraction of carbon emissions per amount of burned natural gas. 
𝜂𝐷𝑖𝑢𝑡𝑚𝑁𝑢𝑖  The efficiency of the steam generating process. 

 

In the case of the OTSG model, eight boilers with 800 tonnes of steam generated per day are 
used to simulate roughly the same daily steam production. The total cost was estimated for each 
fuel price scenario and including the carbon tax of Alberta, shown in Formula (6.50). 

 𝐿𝐶𝐿𝐸𝑅,𝐸𝐸𝐷𝑁 =
�(𝐶𝑖𝑠𝑖,𝐸𝐸𝐷𝑁 + 𝐶𝐶𝐸2,𝐴𝐴,𝐸𝐸𝐷𝑁) ∙ � (1 + 𝑑𝑁)𝑁

𝑑𝑁 ∙ (1 + 𝑑𝑁)𝑁��

𝐸𝑡𝑖𝑖𝑢𝑡𝑠,𝐸𝐸𝐷𝑁 ∙ �
(1 + 𝑑𝑅)𝑁

𝑑𝑅 ∙ (1 + 𝑑𝑅)𝑁�
 (6.50) 

 

Regarding cogeneration, when using OT-HRSG for EOR it is common to consider electricity as 
the main product and the waste heat generated as a side-product that is considered to be free. 
Heat can be used for many things for example water desalination. Therefore, the heat has value 
and wasting heat can be seen as a cost, which is called the “Opportunity cost”. In cases where 
electricity is the main product a combined cycle can be used instead of OT-HRSG with a lower 
LCOE and a better efficiency.  
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By comparing the LCOE of OT-HRSG and a combined cycle seeing heat as a valuable output 
the total opportunity cost is calculated and added to the Levelized cost of energy for 
cogeneration.  

The equation for calculating the LCOE for cogeneration is shown in Formula (6.51):  

 𝐿𝐶𝐿𝐸𝑅,𝐶𝑠𝑔𝑢𝑖 =
�(𝐶𝑠𝑖ℎ𝑢𝑡,𝐶𝑠𝑔𝑢𝑖 + 𝐶𝑃𝐸,𝐶𝑠𝑔𝑢𝑖 + 𝐶𝐶𝐸2,𝐴𝐴,𝐶𝑠𝑔𝑢𝑖) � (1 + 𝑑𝑁)𝑁

𝑑𝑁 ∙ (1 + 𝑑𝑁)𝑁��

𝐸𝑡𝑖𝑖𝑢𝑡𝑠,𝐶𝑠𝑔𝑢𝑖 ∙ �
(1 + 𝑑𝑅)𝑁

𝑑𝑅 ∙ (1 + 𝑑𝑅)𝑁�
 (6.51) 

Where:  
𝐶𝑠𝑖ℎ𝑢𝑡,𝐶𝑠𝑔𝑢𝑖 Other annual costs of cogeneration. 
𝐶𝑃𝐸,𝐶𝑠𝑔𝑢𝑖 The power opportunity cost of cogeneration. 

A summary of the main specifications and assumptions for the different steam generating 
technologies are shown in Table 6.4 below. 

Table 6.4 Specifications and assumptions for the different technologies. 

 Solar Steam Generation Cogeneration OTSG 

Average steam generation per 
day [tonne of steam/day] 

3300 5500 6400 

Availability [%] 99 92 90 

Efficiency on LHV basis [%] - 80 85 

 

6.7.3 Upscaling Solar Steam Generation 

By increasing the size of the solar collector field, the LCOE for solar steam generation can be 
lowered. This possibility has been investigated by using cases of CSP plants as a basis from the 
cost breakdown that is presented in the IRENA report Renewable Energy Technologies: Cost 
Analysis Concentrating Solar Power (Gielen, 2012). The report investigates two cases, one 50 
MW electrical power plant and one 200 MW electrical power plant, both with a solar multiple of 
two. A solar multiple of two means that the solar collector field is two times as big as what is 
required for generating electricity during nominal irradiance conditions. This essentially means 
that the time a power plant with a solar multiple of two can deliver its nominal power is doubled. 

To relate the scale of the CSP plants to solar steam generation for EOR, an estimation of how 
much thermal power the electrical power corresponds to has been made. By using an electrical 
efficiency of 30% and a solar multiple of 2 the 50 MW electrical and the 200 MW electrical CSP 
plants convert to 350 MW thermal and 1400 MW thermal respectively.  

The costs for the HTF, Thermal Storage, Power Block and the Grid Access has been removed 
from the cost breakdown for CSP in order to make it comparable to the costs of solar steam 
generation in EOR. The cost breakdown is shown in Figure 6.10 below. 
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Figure 6.10 Cost breakdown of a 50 MWe and a 200 MWe CSP plant as well their representative solar 
steam generation plants (Gielen, 2012).  

By comparing the costs of a 350 MW thermal plant with a 1400 MW thermal plant the cost 
reduction resulting from upscaling can be estimated. Since the 350 MW thermal solar field is 
close to the same capacity of the 450 MW thermal solar field that is used for the LCOE 
calculations, this comparison is assumed to be representative for upscaling solar steam generation 
for EOR. The comparison results in a 22% reduction of the LCOE by upscaling the solar 
collector field by a factor of four.  

 

6.8 Carbon Emissions Reduction Model 
By implementing solar steam generation to an existing EOR facility, steam produced by natural 
gas can be replaced by solar produced steam. This imposes carbon emission reductions. Currently 
SAGD and CSS facilities with good Steam to Oil ratios (SOR) of three emit 60 kg of CO2 
equivalents per barrel of produced bitumen. SOR means how much steam in cubic meters6 must 
be injected into the reservoir to get one cubic meter of bitumen. Examples of solar EOR facilities 
with an SOR of three are Nabiye and Mahkeses; each produces around 6000 tonnes of oil per day 
from 18 000 tonnes of steam injected per day.  

                                                 
6 Cubic meter of steam is measured in cold water equivalents, therefore one cubic meter of steam equals one tonne 
of steam. 
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Both facilities are situated around 40 km northwest of Cold Lake, but there are cases of facilities 
with an SOR of 10 due to the reservoir being inefficient and other factors. This results in 200 kg 
of carbon emissions per barrel of bitumen produced.  Below in Formula (6.52) the equation used 
for carbon emissions per barrel is presented. (Weiss, 2016)  

 𝑚𝐶𝐸2/𝑎𝑎𝑠 =
𝐹𝐶𝐸2/𝑁𝑁 ∙ (ℎ𝑖𝑖𝑢𝑡𝑚 − ℎ𝑎𝑡𝑖𝑢𝑡) ∙ 𝑚𝑖𝑖𝑢𝑡𝑚/𝑎𝑎𝑠 ∙ 𝑆𝐿𝑅𝐷𝐴𝑁𝐷/𝐶𝐷𝐷

𝜂𝐸𝐸𝐷𝑁
 (6.52) 

Ultimately the emissions of one barrel of crude oil amounts to 317 kg of CO2. Therefore, the 
production of one barrel of oil from a facility with an SOR of three accounts for 20% of the total 
emissions of the usage of one barrel of oil, just for production of the steam needed for SAGD or 
CSS. 

In this investigation the 160 hectare solar field used in the LCOE calculations above have been 
used to investigate the potential carbon emissions by replacing conventionally produced steam 
with solar steam in an EOR facility. The analysis is made by comparing solar steam generation 
with steam generated by burning natural gas in an OTSG. This is seen as a realistic comparison 
since many EOR facilities produce their steam this way today. Below, Formula (6.53) is a model 
of how the amount of carbon emissions is estimated. 

 𝑚𝐶𝐸2,𝑡𝑖𝑖𝑢𝑡𝑠 =
𝐹𝐶𝐸2/𝑁𝑁 ∙ (ℎ𝑖𝑖𝑢𝑡𝑚 − ℎ𝑎𝑡𝑖𝑢𝑡) ∙ 𝑚𝑖𝑖𝑢𝑡𝑚,𝑡𝑖𝑖𝑢𝑡𝑠,𝐷𝐷𝑁

𝜂𝐸𝐸𝐷𝑁
 (6.53) 

Where:  
𝑚𝐶𝐸2/𝑡𝑖𝑖𝑢𝑡𝑠 Mass of carbon emissions reduced each year. 

The current usage of natural gas in the Oil Sands is 1,5*106 GJ/day and it is projected to increase 
to 3,5*106 GJ/day by 2035, which corresponds to 31 and 72 mega tonnes of CO2 emissions per 
year respectively (Energy Futures Supplement: Demand Sensitivities, 2016). The total emissions emitted 
from the Oil Sands in 2013 was 62 mega tonnes of CO2 equivalents (9% of Canada's total GHG 
emissions that year) (2016, “Greenhouse Gas Emissions,” 2016). Therefore the combustion of 
natural gas accounts for 50% of the total emissions in the Oil Sands. 

 

6.9 Sensitivity Analysis 
A sensitivity analysis has been conducted on the calculation model. The analysis is composed of a 
worst and a best-case scenario for the total steam output from the system. The two scenarios 
were created by varying the input parameters in both a negative and a positive direction. All of 
the parameters have been examined and evaluated individually of how they affect the final steam 
output and how they should be modified to suit the two scenarios. 

Each parameter is modified with 5% each step from -15% to +15% of each original value to 
identify the trend of change in the total steam output from the system. This is done in order to 
investigate what factors have the most impact and as well to look for factors that do not have 
much effect. Another purpose for modifying the parameters is to evaluate each individual 
parameter's effect on the total steam output. This is for detecting unexpected trends from 
increasing or decreasing the factors. 

The parameters regarding the LCOE such as the cost of SSG, OTSG and cogeneration are based 
on the solar EOR report of Oman. Cost uncertainties have also been based on this report.  
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7 RESULTS 
This chapter shows the results of the work presented in the previous chapters. The results from 
the calculation model are based on the system design and on the assumptions made. The 
assumptions made are shown in Appendix E. 

 

7.1 SAIT System Results 
In the following section the results regarding the solar steam system on SAIT campus are shown. 

 

7.1.1 Thermal Energy Storage Results 

In Figure 7.1 the results from finding the optimal dimensions for the TES tanks are shown. The 
five TES sizes to the far left in Figure 7.1 give the highest efficiencies. Larger storage is preferred 
but increasing the storage too much imposes efficiency losses and therefore a storage of 680 kWh 
has been chosen. The dimensions giving a storage of 680 kWh were an outer diameter of 2,4 
meters and a height of 4 meters. This design is within the restricted size imposed by the 
dimensions of the alley between the CEC building and the Eugene Coste building shown earlier 
in Figure 4.1.  

 
Figure 7.1 Diagram on how the system efficiency is dependent on the TES size. Every dot in the diagram 
represents one TES size.   

The optimal mass flow in order to reach the highest heat transfer for the HF system is 1,2 kg/s. 
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7.1.2 Tilting of Troughs - SAIT System 

In choosing the optimal tilt angle for the trough collectors, only angles over 4° were considered, 
due to the fact that lower tilt angles give too small of a contribution. The optimal angle to 
increase the system efficiency per meter of vertical structure needed for tilting the parabolic 
troughs is 8°, as seen in Figure 7.2. 

 
Figure 7.2 A diagram of the percentage increase of the system efficiency per meter of added vertical structure 
needed to tilt the parabolic trough more south facing.  

 

Below in Figure 7.3 the average weekly steam output is presented. Three different tilting angles 
are presented to show the effect of tilting on different months. A tilt angle of 28° gives the 
maximum steam output. 
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Figure 7.3 The weekly average of steam generation output for each month of the year. Results from the different 
tilt angles are shown. 

With the design decisions mentioned above implemented and the operational months set from 
March to October, the average number of steam extractions7 per year is 155 times. The peak 
thermal capacity of the system is 0,7 MWh per extraction and the system reaches peak 
performance when the hot tank is close to 300°C.  

The steam generator is designed to produce 1 MW with 300°C as the HTF inlet temperature and 
therefore the steam extraction runtime is 0,7 hours (40 min). The average steam output is 0,6 
MWh for each extraction, with a steam generating power of 0,9 MW. This amounts to an average 
annual total steam output of 90 MWh. The system efficiency is 44% based on the incoming DNI 
during the time span stated above. 

 

7.1.3 Pump Results 

The calculated minimum design requirements for efficient operation of the three main operation 
pumps is presented below in Table 7.1.  

 

 

                                                 
7 An extraction is when steam is produced in the steam generator by the extraction of heat from the hot tank. 
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Table 7.1 Requirements of the main operational pumps. 

 Required pump 
motor power [W] 

Pressure increase 
from pump[kPa] 

Mass flow [kg/s] 

Trough recirculation pump 
(HF system) 

100 41 1.2 

Start-up pump (LF system) 90 140 0.38 

TES steam generation pump 1070 153 3.5 

 

The total pumping power from all the main operating pumps when the system is in full operation 
is 1260 W electrical. 

 

7.1.4 Sensitivity Analysis 

The results from varying the parameters with different modification factors are shown in Figure 
7.4. The diagram shows that all of the parameters are close to linear dependent on the total steam 
output, and that the DNI has the biggest influence on the output. 

 
Figure 7.4 How the parameters of the calculation model affect the total steam output.  
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Figure 7.5 shows the weekly average steam output per calendar month for the three cases 
presented above.  

 

 
Figure 7.5 Sensitivity analysis of weekly average steam output per month for three cases. 
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7.2 Utility Scale Results 
In the following subsections the results for the utility scale parabolic trough system are shown. 

 

7.2.1 Tilting of Troughs - Utility Scale System 

Below the percentage increase of total steam output is shown as an effect of tilting the troughs 
towards south. It is seen in Figure 7.6 below that the optimal tilt angle is 39°.  

 
Figure 7.6 Percentage increase of steam output by tilting of the troughs. 

 

7.2.2 Economic Results 

Considering the potential of implementation on a utility scale in EOR facilities using steam for 
enhanced oil recovery, the deciding factor is the economic potential of implementation. Measures 
to reach emissions reductions are done in order to reduce overall costs or increase revenue. The 
results from the economic analysis performed on the utility scale implementation are shown 
below. 

In Figure 7.7 the levelized cost of energy for solar EOR, OTSG and gas-fired cogeneration are 
shown compared to the market price of natural gas fuel. The LCOE of a four-times increased 
solar EOR field is also shown. 
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Figure 7.7 LCOE for solar steam generation for a 500 MWt and 2000 MWt, cogeneration and OTSG are 
shown.  

 

In Table 7.2 below, the breaking points for when solar steam generation in EOR facilities 
become economically feasible is shown. The breaking points are shown in fuel prices for natural 
gas in USD/GJ.  

 

Table 7.2 Matrix of fuel price break-even points when solar steam generation becomes economically feasible, 
based on Figure 7.7. 

Type of steam generation OTSG Cogeneration with OT-HRSG 

500 MW thermal (25,1 
USD/tonne of steam) 

7,1 USD/GJ 11,4 USD/GJ 

2000 MW thermal (19,7 
USD/tonne of steam) 

5,0 USD/GJ 7,7 USD/GJ 

 

In Figure 7.8 below the sensitivity analysis of the economic results is shown.  
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Figure 7.8 Sensitivity analysis of LCOE results for different steam generation technologies. 

 

7.2.3 Carbon Emission reduction 
An added 500 MW peak thermal solar field to an existing EOR facility will reduce annual 
emission of around 180 000 tonnes of carbon emissions, if the solar field were to be placed near 
the Cold Lake area. This is compared to burning natural gas in an OTSG. If an SAGD facility 
that produces 6000 tonnes of bitumen from 18000 tonnes of steam (SOR9 = 3) would integrate 
25% of its steam from solar energy.  The carbon emission would be around 300 000 tonnes of 
carbon emissions annually.  

                                                 
9 SOR is the steam to oil ratio. 
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8 DISCUSSION 
 

In this chapter the results presented in the previous chapters are discussed.  

The aim of this study was to provide the preliminary design of a solar steam system using 
concentrating solar technology on the SAIT campus in Calgary, Alberta, Canada, and to 
investigate the potential for this technology to be used on a utility scale in the Alberta Oil Sands 
in enhanced oil recovery.  

The proposed system uses components currently available on the market; however, these 
components must be customized for the conditions present in Alberta. Assessments must be 
made in order for the system to withstand hail storms and cold weather conditions.   

This thesis demonstrates that while it is technically feasible to produce steam from concentrating 
solar technologies, there are both political and economic obstacles to its implementation. 

It was seen in the results that tilting the parabolic troughs towards the south could generate a 
significant increase in total steam output. As a result of this, south-sloping areas can be used 
advantageously for the placement of parabolic troughs. However, the parabolic troughs currently 
available on the market are unable to withstand the stress that this imposes in the axial direction. 
Currently available parabolic troughs are only able to withstand two degrees of slope. 

Solar energy technologies can play a major part in reducing global greenhouse gas emissions. The 
oil industry in Alberta is a large emitter of CO2, especially since the majority of oil reservoirs in 
Alberta consist of oil that is difficult to recover, requiring more energy to extract. By 
incorporating steam generated through concentrating solar technologies the emissions per 
amount of oil extracted can be decreased significantly. The carbon tax to be implemented in 
Alberta provides another incentive for the use of solar EOR facilities. 

In order to truly investigate the renewability of a solar steam generation system the lifetime 
emissions of the different components of the system have to be evaluated as well as the 
emissions for operation and maintenance of the system.  

In the calculation model the orientation of the troughs are south-north, which is the orientation 
receiving the highest amount of irradiance on an annual basis. An east-west orientation of the 
troughs would give a more even output throughout the year and might be interesting to 
investigate in the future for steam use in EOR facilities. 

The feasibility of adding solar energy to EOR facilities can vary greatly due to the many different 
factors at play when evaluating a long-term investment for an oil production company. Firstly, 
there needs to be significant amount of land available where the collector field can be placed in 
order to produce steam at an economically viable rate. The facility must be willing to make a 
long-term commitment to solar energy, which may be difficult with the variance in oil prices even 
over a short time span. Because of this the potential for carbon credits and future carbon tax may 
play a major part in the decision-making process for the implementation of solar EOR facilities in 
the future. Currently, many EOR facilities in the Cold Lake area, including the Nabiye Plant and 
the Mahkeses Plant, inject 18 000 tonnes of steam per day which produces 6000 tonnes of oil 
(SOR = 3). The 500 MW peak thermal solar steam generating field that is used for this study 
provides an average output of 3300 tonnes of steam per day.  
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This field will then account for 18% of the total steam output. Therefore, it imposes no technical 
barriers to add a 500 MW thermal solar steam production plant onto an existing EOR facility.  

Another significant factor is whether the facility has natural gas provided internally for steam 
production in the EOR-process, or if the fuel needs to be purchased from an external source. If 
the site is producing natural gas itself, it is difficult to determine a specific price for this natural 
gas since it is not determined by the market. However, if natural gas must be purchased the 
incentive for implementing solar energy to the facility will increase. In this case the price of 
natural gas will be higher and provides an uncertainty in the company’s budget since the gas 
market is constantly changing. A sudden increase in the price of natural gas would increase the 
overall oil extraction cost to the company. This effect could partially be eliminated by having 
some of the facility’s steam production come from solar steam generation where the cost of 
steam production is constant with time and independent of the price of fuel.  

The water usage when one GJ of fuel is produced from solar EOR is significantly lower than the 
water usage of one GJ of fuel produced in the form of ethanol, making solar EOR a viable 
option in areas where water is scarce. 

The system to be placed on the campus at SAIT is a small-scale system, intended for educational 
purposes and as a proof of concept. As a result of this the economic viability of the system is less 
of an issue. The system is not designed to make a profit for SAIT, but to display the proof of 
concept and determine the amount of steam that can be produced in Alberta’s weather 
conditions.  

The preferred time of steam extraction that was specified was four hours of extraction per week. 
And the results showed that a variation from around one MWh per week to around four MWh 
per week over the eight operational months was possible. The average time of weekly steam 
output is three hours and it is seen as an acceptable amount of steam produced. This provides the 
opportunity for students to operate the system and produce a significant amount of steam on 
demand during the eight months with the highest solar irradiance of the year.  

However, due to the intermittence of solar energy it is difficult to predict when sufficient amount 
of solar energy will be available. Therefore it may be hard to schedule operation classes during 
fall and spring semesters. A solution for this could be to incorporate an external heater for the 
hot tank, which would allow the hot tank to reach the temperature necessary for steam 
extraction. This would allow the system to be more reliable and also give the possibility of a 
prolonged extraction time.  

In the different steam-using enhanced oil recovery facilities of the Alberta Oil Sands, steam is 
being injected into the ground year-round at a high rate. In the long-term this is, apart from 
draining the area of its oil reservoirs, creating a giant heat reservoir. When the oil in Alberta is 
depleted it is reasonable to believe that this immense heat reservoir will need to be used in a 
different way. It could therefore be used to provide heating for nearby housing, providing 
domestic water, or possibly for power generation. 

Currently it is only seen as viable to have the solar collector field running during the months with 
the highest irradiance of the year, meaning the eight months from March to October. This is 
partly due to the irradiance being low and not able to provide a significant amount of steam 
during the winter months and also partly due to the problems arising from snow formation 
during the winter months.  



-74- 
 

If the current trend of improving efficiencies for concentrating solar technologies coupled with 
decreasing prices of components continues, it may become economically feasible to have the 
solar steam system running year-round.  

Carbon credits have not been taken into consideration in the economic analysis due to the 
considerable uncertainty of the revenue that can be generated from this. The uncertainty comes 
from the competition from other carbon emission reducing projects that will “bid” for the 
carbon credits. There is a lot of potential for receiving carbon credits from solar EOR due to the 
large amount reduction in carbon emissions that this provides. 

From the sensitivity analysis done for the SAIT system, seen in Figures 9.4 and 9.5, a conclusion 
can be drawn that not all of the factors have an unexpected result on the total steam output. The 
steam output is actually close to linear dependent on the factors. As well, the parameters have an 
equal effect on the steam output over the course of a year. It is seen that the DNI is by far the 
most important weather parameter affecting the steam output of the system.  

An increase in the amount of gas available for domestic use will in turn allow for more 
investments in industry and subsequent job creation in different sectors. 
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9 CONCLUSIONS AND RECOMMENDATIONS 
 

In this chapter the conclusions drawn for this thesis are presented. 

● Building a concentrating solar steam generation system at SAIT is seen as technically 
feasible, with the obstacles being mainly economic and political. 

● Tilting of the troughs’ rotational axis towards the south can significantly increase the total 
output of the system, therefore this is an area suggested to be further evaluated in order 
to design troughs with a structure able to withstand the axial stresses that tilting imposes. 

● The utility scale system proposed offers a great potential for reduction of GHG 
emissions and a 500 MW thermal plant added onto an existing EOR plant would enable a 
reduction of 180 000 tonnes of CO2 equivalents. 

● Solar EOR should be seen as an add-on to existing EOR facilities due to its intermittency 
and inability to provide a steady amount of steam.  

● On a utility scale, the deciding factor for solar EOR implementation is its economic 
viability. Currently the natural gas price is too low for this to happen, thus heavier 
taxation of natural gas or further incentivizing of solar energy is needed for solar EOR to 
become an economically viable option. In order for solar steam generation to be 
economically feasible the delivery price of natural gas in the EOR facility has to be 
around $7 USD/GJ. 

 

9.1 Future work 
This section includes future work, which consists of recommended additional research in order 
to further develop this study. 

● A thorough cost estimate for the SAIT system must be developed in order for the system 
to be implemented. 

● Further work suggested for the SAIT system is to develop a pumping and 
instrumentation diagram (P&ID) coupled with a control narrative of the system.  

● The pumping power required for the initiation pump at SAIT should be calculated. 
● An evaluation of an external heater to the hot tank of the SAIT system is suggested 

which would make the system more reliable and less intermittent. 
● Conducting site-specific evaluations of possible EOR facilities where the solar energy 

technologies could be used. Currently many factors affect the prospect of adding solar 
energy to an EOR facility and case studies for different existing plants are suggested. 

● For the utility scale system an investigation into the potential revenue stream of solar 
EOR in the form of carbon credits received should be made and thus reducing the 
LCOE for the system. 
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APPENDIX A – HEAT TRANSFER FLUID (THERMINOL 62) 
Specification sheet for the heat transfer fluid Therminol 62. 
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APPENDIX B – HEAT TRANSFER FLUID (THERMINOL 62 
SAFETY DATA SHEET) 

Safety data sheet for the heat transfer fluid Therminol 62. 
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APPENDIX C – INSULATION MATERIAL (PROROX PS 960) 
Specification sheet of insulation material ProRox PS 960. 
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APPENDIX D – STEAM GENERATOR (EXCHANGER 
INDUSTRIES LIMITED) 

Specification sheet of steam generator provided by Exchanger Industries Limited. 
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APPENDIX E – INPUT PARAMETERS FOR CALCULATION 
MODEL 

Input parameters for the calculation model used in Microsoft Office Excel. 

Parameter Symbol Value Unit Reference 
Solar steam generator on SAIT Campus 

Calgary International Airport location 
    Time Zone Meridian psi_std -105 degrees [1] 

Longitude psi_loc -114.1 degrees [2] 
Latitude phi 51.1 degrees [2] 
Equation of time coeffs 

    Equation of time coeff A A 0.258 - [3] 
Equation of time coeff B B -7.416 - [3] 
Equation of time coeff C C -3.648 - [3] 
Equation of time coeff D D -9.228 - [3] 
General inputs 

    Stefan-Boltzmann const sigma 0.000000567 W/(m^2*K^4) [4] 
Gravitational const g 9.81 m/s^2 [4] 
Density air (40C) rho_air 1.1 kg/m^3 [5] 
Viscosity air mu_air 0.0000187 Pa*s [6] 
Specific heat air (40C) C_p,air 1005 J/kgK [7] 
Thermal cond air (40C) k_air 0.027 W/mK [7] 
Expansion coeff air (40C) beta_air 0.0032 1/K [7] 
Prandtl number air Pr_air 0.6926 - - 
Absorber 

    Absorptance absorber alfa_abs 0.955 - [8] 
Transmittance absorber tao_abs 0.965 - [8] 
Diameter glass outer D_o,glass 0.125 m [9] 
Diameter absorber pipe outer D_o,abs 0.07 m [9] 
Diameter absorber pipe inner D_i,abs 0.066 m [9] 
Thickness absorber pipe x_abs 0.002 m [9] 
Length absorber L_abs 4.06 m [9] 
Number of absorber pipes n_abs 6 

 
- 

Effective absorber pipe outer area (ln) A_m,abs 0.867 m^2 - 
Absorber pipe outer area A_o,abs 0.893 m^2 - 
Intercept factor gamma 0.95 - [10] 
Solar collector 

    Concentration ratio CR 26.19 - - 
Area collector A_col 69.30 m^2 - 
Focal length f_col 1.71 m [11] 
Rim angle phi_r 80.3 degrees [12] 
Aperture width L_aw 5.77 m [11] 
Collector length L_col 12 m [12] 
Number of collector elements n_col 2 - - 
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Reflectivity collector v 0.94 - [27] 
Space between collectors L_space 10.73 m - 
Tracking error epsilon_tra 0.006 - X 
Heat transfer fluid (Therminol 62) 

    Circulation temp T_circ 300 C - 
Heat capacity HTF (290C) C_p,HTF,290 2520 J/kgK [13] 
Temperature out from steam generator T_out 179.4 C [14] 
Enthalpy out from steam generator (179C) h_out 451500 J/kg [15] 
Heat capacity HTF (240C) C_p,HTF,240 2430 J/kgK [15] 
Thermal cond HTF (240C) k_HTF 0.1014 W/mK [15] 
Dynamic viscosity HTF (240C) mu_HTF 0.000396 Pa*s [15] 
Density HTF (240C) rho_HTF 786 kg/m^3 [15] 
Piping (general) 

    Design atm temp T_design 13.51 C - 
Thermal cond insulation k_ins 0.055 W/mK [16] 
Thermal cond pipe (steel) k_pipe 15 W/mK [17] 
Radiation heat coeff surface H_rad 1.99 W/m^2*K - 
Thickness insulation x_ins 0.05 m [16] 
Thickness pipe x_pipe 0.002 m [17] 
High Flow System 

    Effective area pipe HF(ln) A_m,pipe,HF 8.61 m^2 - 
Outer area pipe HF A_o,pipe,HF 8.86 m^3 - 
Length pipe HF L_pipe,HF 40.3 m - 
Outer pipe diameter HF D_o,pipe,HF 0.07 m - 
Inner pipe diameter HF D_i,pipe,HF 0.066 m - 
Conv heat transfer coeff pipe HF H_pipe,HF 565.73 W/m^2*K - 
Velocity circulation w_circ,HF 0.4463 m/s - 
Mass flow circulation m_circ,HF 1.2 kg/s - 
Reynolds number circulation Re_HF 58459 - - 
Overall heat transfer coeff HF/A_o,pipe U_L,HF 0.713 W/m^2*K - 
Low Flow System 

    Length pipe LF up L_up,pipe,LF 18 m - 
Length pipe LF down L_down,pipe,LF 14 m - 
Outer pipe diameter LF D_o,pipe,LF 0.04 m - 
Inner pipe diameter LF D_i,pipe,LF 0.036 m - 
Outer area pipe LF/m A/m_o,pipe,LF 0.126 m^2 - 
Inner area pipe LF/m A/m_i,pipe,LF 0.113 m^2 - 
Effective area pipe LF(ln)/m A/m_m,pipe,LF 0.119 m^2 - 
Conv heat transfer coeff pipe LF H_pipe,LF 10.309 W/m^2*K - 
Outer diameter insulation LF D_o,ins,LF 0.14 m - 
Inner diameter insulation LF D_i,ins,LF 0.04 m - 
Outer area insulation LF/m A_o,ins,LF 0.4398 m^2 - 
Inner area insulation LF/m A_i,ins,LF 0.1257 m^2 - 
Effective area insulation LF(ln)/m A_m,ins,LF 0.2508 m^2 - 
Grashof number LF Gr_LF 4.7367E+12 - - 
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Rayleigh number LF Gr*Pr_LF 3.2806E+12 - - 
Constant C LF C_LF 0.1 - [4] 
Constant y LF y_LF 0.333 - [4] 
Nusselt number LF down Nu_LF 1485.9 - - 
Conv heat transfer coeff LF H_LF 2.866 W/m^2*K - 
Outer total heat transfer coeff LF h_o,tot,LF 4.856 W/m^2*K - 
Overall heat transfer coeff HF/A_o,pipe U_L,LF 1.607 W/m^2*K - 
Heat loss/meter pipe Q_LF 48.47 W/m - 
Thermal Energy Storage (Tanks) 

    Tank diameter inner steel D_i,tank 2.1 m 
 Steel thickness x_steel,tank 0.005 m - 

Tank diameter outer steel D_o,tank 2.11 m - 
Tank diameter inner insulation D_i,ins,tank 2.11 m - 
Tank insulation thickness x_ins,tank 0.15 m - 
Tank diameter outer insulation D_o,ins,tank 2.41 m - 
Thermal cond steel k_pipe 15 W/mK [17] 
Tank height inner steel z_i,tank 3.7 m - 
Tank height outer steel z_o,tank 3.71 m - 
Tank height inner insulation z_i,ins,tank 3.71 m - 
Tank height outer insulation z_o,ins,tank 4.01 m - 
Height expansion allowed delta_z,exp 0.5 m - 
Effective volume-area ratio R_m,V/A 0.362 m - 
Area tank steel inner A_i,tank 31.34 m^2 - 
Effective area tank steel A_m,tank 31.40 m^2 - 
Area tank steel outer A_o,tank 31.59 m^2 - 
Area insulation tank inner A_i,ins,tank 31.59 m^2 - 
Effective area insulation tank A_m,ins,tank 35.42 m^2 - 
Area insulation tank outer A_o,ins,tank 39.48 m^2 - 
System mass m_syst 8711.7 kg - 
High temp start mass m_circ,start 200 kg - 
Grashof number tank Gr_tank 4743623 - - 
Rayleigh number tank Gr*Pr_tank 3285398 - - 
Constant C tank C_tank 0.56 - [4] 
Constant y tank y_tank 0.25 - [4] 
Nusselt number tank Nu_tank 23.84 - - 
Convective heat transfer coeff tank H_o,tank 0.161 W/m^2*K - 
Outer total heat transfer coeff tank H_o,tot,tank 2.151 W/m^2*K - 
Temp surface diff tank guess delta_T,tank 36.35 C - 
Temp surface diff tank check T_diff,check,tank 36.73 C - 
Overall heat transfer coeff HF/A_i,tank U_L_tank 0.347 W/m^2*K - 
Temperature gradient difference delta_T,grad 20 C - 
Empty/full cold tank HL factor F_e/f,CT 0.93 - [18] 
Empty/full hot tank HL factor F_e/f,HT 0.98 - [18] 
Steam generator 
Inlet temp HTF T_in 300 C - 
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Feedwater temp T_fw 105 C - 
Enthalpy feedwater h_fw 440 kJ/kg [4] 
Steam temp T_steam 180 C - 
Enthalpy steam h_steam 2750 kJ/kg [4] 
Amount of steam energy extracted E_extr 709.2 kWh - 
Extraction time t_extr 0.33 h - 
Mass flow steam m_steam 0.930 kg/s - 
Overall heat transfer coeff U_HE 3000 W/m^2*K - 
Mean temp difference delta T_m 99.63 C - 
Preheater heat Q_preheater 100 kW - 
Heat exchanger area A_HE 0.335 m^2 [14] 

Pump design requirements 

Bend loss factor C_bend 0.5 - [4] 
Motor efficiency eta_motor 0.9 - [19] 
Pump efficiency eta_pump 0.7 - [19] 
Recirculation (High Flow System) 
Length pipe HF incl abs L_pipe,HF,abs 66 m - 
Inner pipe diameter HF D_i,pipe,HF 0.066 m - 
Sum of loss factors HF S_HF 8 - - 
Maximum height difference HF delta z_HF 5 m - 
Friction factor HF f_HF 0.01016 

 
- 

Pressure drop from HF piping delta p_HF 40809 Pa - 
Pump power needed for HF piping P_pump,HF 98.90 W - 
HTF feeding (Low Flow System) 
Inner pipe diameter LF D_i,pipe,LF 0.036 m - 
Sum of loss factors LF S_LF 4 

 
- 

Mass flow circulation LF m_circ,LF 0.3056 kg/s - 
Velocity circulation LF w_circ,LF 0.3819 m/s - 
Peak Reynolds number circulation LF Re_LF 27290 - - 
Maximum height difference LF delta z_LF 18 m - 
Friction factor LF f_LF 0.01229 

 
- 

Pressure drop from  LF piping delta p_LF 140102 Pa - 
Pump power needed for  LF piping P_pump,LF 86.45 W - 
Extraction piping 
Length pipe extraction L_pipe,extr 30 m - 
Inner pipe diameter extr D_pipe,i,extr 0.066 m - 
Sum of loss factors extr S_extr 4 

 
- 

Mass flow circulation extr m_circ,extr 3.4571 kg/s - 
Velocity circulation extr w_circ,extr 1.2856 m/s - 
Peak Reynolds number circulation extr Re_extr 168418 - - 
Maximum height difference extr delta_z,extr 10 m - 
Friction factor extr f_extr 0.00780 

 
- 

Steam generator pressure drop delta p_SG 41369 Pa [14] 
Preheater pressure drop delta p_PH 27579 Pa [14] 
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Pressure drop from extraction piping delta p_extr 153337 Pa - 
Pump power needed for extr P_pump,extr 1070.54 W - 
Utility scale economics 

Steam quality x_steam 0.8 - - 
Steam pressure p_steam 100 bar - 
Enthalpy steam h_steam 2.471 GJ/tonne [4] 
Feedwater temp T_fw 55 C - 
Feedwater enthalpy h_fw 0.23 GJ/tonne [4] 

Carbon tax (introduced 2017) C_CO2,tax 24 
USD/tonne 
CO2 [20] 

Emission intensity factor F_CO2,NG 0.0560 tonne CO2/GJ [21] 
Project lifetime N 25 years [22] 
Lower Heating Value Natural Gas LHV_NG 47.14 MJ/kg [23] 
Solar Steam Generation 
Solar field size A_sol 1658880 m^2 - 
Approximated power of field in Cold Lake P_sol,CL 455 MW [24] 

Avr daily steam produced 500 MW m_steam/day,sol 3273 
tonne 
steam/day - 

Solar LCOE in Oman LCOE_sol,Oman 17 
USD/tonne 
steam [22] 

Yearly avr DNI in Oman DNI_Oman 2057 W/m^2 [25] 
Yearly avr Incidence Angle Modifier IAM_Oman 0.86 - - 
Yearly avr DNI in Cold Lake DNI_CL 1711 W/m^2 [26] 
ANI in Cold Lake, Mar-Oct ANI_CL,Mar-Oct 1281 W/m^2 - 
Solar plant availability Mar-Oct Av_sol,Mar-Oct 0.99 - - 
Once Through Steam Generator 
System efficiency OTSG eta_OTSG 0.85 - [22] 

Daily steam generation OTSG m_steam/day,OTSG 800 
tonne 
steam/day [22] 

Availability OTSG Av_OTSG 0.92 - [22] 

Carbon tax OTSG C_CO2,tax,OTSG 3.54 
USD/tonne 
steam - 

Other costs 6,3 USD/GJ OTSG C_other,OTSG,6.3 20.00 
USD/tonne 
steam - 

LCOE for HRSG 6,3 USD/GJ OTSG LCOE_OTSG,6.3 18.08 
USD/tonne 
steam - 

Other costs 13,7 USD/GJ OTSG C_other,OTSG,13.7 38.00 
USD/tonne 
steam - 

LCOE for HRSG 13,7 USD/GJ OTSG LCOE_OTSG,13.7 36.08 
USD/tonne 
steam - 

Cogeneration 
System efficiency cogen eta_cogen 0.80 - [22] 

Daily steam generation cogen m_steam/day,cogen 5500 
tonne 
steam/day [22] 

Carbon tax cogen C_CO2,tax,cogen 3.76 
USD/tonne 
steam [22] 

Other costs cogen C_other,cogen 5.00 
USD/tonne 
steam - 

Power opportunity cost 6,3 USD/GJ cogen C_PO,cogen,6.3 10.10 
USD/tonne 
steam - 

LCOE for cogen 6,3 USD/GJ cogen LCOE_cogen,6.3 12.85 
USD/tonne 
steam - 
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Power opportunity cost 13,7 USD/GJ 
cogen C_PO,cogen,13.7 19.90 

USD/tonne 
steam - 

LCOE for cogen 13,7 USD/GJ cogen LCOE_cogen,13.7 22.65 
USD/tonne 
steam - 
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