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ABSTRACT 

Although Concentrated Solar Power (CSP) is one of the promising renewable energy 

technologies, several technical and economic challenges should be addressed. One of the major 

issues associated with Concentrated Solar Power technologies is the reliability limitation of the 

plant in the stand-alone configuration. Therefore, Concentrated Solar Power systems can be 

integrated with either thermal energy storage (TES) or a fossil-fuelled power assist FFPA). 

However, initial and maintenance costs and emission production are the main challenges for the 

developing countries. Integrating biofuel/biogas with CSP increases the renewability while solar 

irradiation is in absent. The paper main objective is to perform a feasibility study of integrating 

a biofuel based gas turbine power units in a Concentrated Solar Power plant for electricity and 

water cogeneration. The study includes the thermodynamics analysis and assessment of three 

biofuels, namely, Jatropha oil, castor oil, and palm oil. In addition, a cost lifecycle, sensitivity, 

and Monte Carlo analyses were performed. The results showed that Castor oil had a better 

performance in terms of efficiency and carbon dioxide emissions with a maximum daily 

freshwater production of 181,000 m3/day. The proposed integration resulted in a levelized cost 

of water that is lower than the water tariff in the UAE by $1.39/m3 with a payback period of 5 

years. 

KEYWORDS 

Concentrated solar power (CSP), Gas turbine, Biofuel, Cogeneration renewable energy, Economic 
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INTRODUCTION 

Concentrated solar power (CSP) technologies' importance alongside other renewable 

energy technologies arises with the increasing threat of a future environmental catastrophe lead 

by global warming. Therefore, the developments and enhancements in terms of the technical 

feasibility, reliability, and profitability of renewables are most crucial to increase the 

investments in such technologies for sustainable development. Although renewable energy is 

one of the main pillars of the solution, several challenges emerged, such as the mismatch 

between the supply and load throughout the day, as well as the problem associated with the 

 
* Corresponding author 

mailto:w8n@windowslive.com
mailto:mohamed.ali@ku.ac.ae


Al Nahdi, W., Ali, M. 
Feasibility Study for Water-Electricity Cogeneration … 

Year 2021 
Volume 9, Issue 3, 1080372  

 

Journal of Sustainable Development of Energy, Water and Environment Systems 2 

grid in terms of loading. Furthermore, the fluctuation and uncertainty of the supply increase 

the challenges. As a result, extensive research was made in this field, including energy storage 

and energy management through the hybridization of renewable sources with either fossil fuels 

or total renewable hybridization. CSP technologies were not an exception, hybridization of 

parabolic troughs, solar towers, linear Fresnel, and solar dishes were also discussed [1].  

CSP systems are heavily dependent on the direct normal irradiance (DNI), which is the 

source of energy received from the sun by the collectors. This dependence limits technology 

due to weather fluctuations and daily operational hours during daylight. In most CSP systems, 

the collectors receive the irradiance and direct it to a focal point in which it absorbed by a heat 

transfer fluid (HTF) and thereby supplies the heat to a Rankine cycle across a heat exchanger. 

Thus, CSP plants are generally equipped with either thermal energy storage or equipped with 

gas fire heaters and, in some cases, with both. By this integration, smooth operation with a 

continuous supply of power is assured. Several studies suggested integrating natural gas (NG) 

turbine units as a support or a combined solar hybrid plant with different configurations to 

increase the overall plant efficiency. Configurations such as hybridizing a steam power plant 

with a CSP regenerative system [2], Integrated solar combined cycle that is composed from a 

two stage CSP solar troughs [3], retrofitting gas turbines (GTs) to an established CSP plant [4], 

and an Organic Rankine cycle that uses solar power from a parabolic trough as a heat source 

and liquefied NG as a cooling agent that is also connected to a GT for electricity production[5]. 

Despite using fossil fuels in CSP plants as a reliable and flexible source of energy, this 

significantly increases the carbon dioxide emissions and thus increasing the carbon footprint 

of the plant. However, using biofuels to subsidize the fossil fuels in such plants will maintain 

the reliability and renewability with significant cuts in CO2 emissions. San Miguel and Corona 

[6] investigated and compared the environmental performance as well as the life cycle 

assessment of a hybrid parabolic trough CSP plant that runs with an auxiliary heater and a 

hybrid mode fuelled by NG versus biofuels. The study concluded that substituting NG with 

biogas when operating in an axillary mode would save 6 to 10% of greenhouse emissions. The 

authors showed that when operating the plant in hybrid mode with 12% of NG, the substitution 

with biomethane has a significant reduction of the impact of climate change, fossil fuel 

depletion, and natural land transformation [6]. 

Biomass is the raw material of biofuels that can be acquired from different kinds of 

resources. Depending on the given raw material and its components, a specific chemical 

building block can be obtained and converted to a particular product. Therefore, biomass can 

be classified into four generations[7]: 

• First-generation: edible crops such as sugarcane, corn, wheat, rice, etc; 

• Second-generation: plant or animal residues such as manure, crop waste; 

• Third-generation: algae, e.g., Chlorella Vulgaris, Botryococcus braunii; 

• Fourth-generation: non-edible crops, e.g., jatropha, castor, Karanja, etc. 

 

Despite the controversy that some biomasses bring in terms of its environmental collateral 

damage, biomass has the highest share of renewables in the European Union, accounting for 

nearly 60% [8]. This is due to the high reliability and compatibility compared with other 

renewables. A technological assessment and review were performed on hybrid power 

generation assessing different solar-biomass systems, including parabolic trough, solar tower, 

and linear Fresnel in [9]. Climate data and economic performance were also considered in this 

study. Results indicate that biomass and CSP hybridization power plants are a viable substitute 

to fossil-fuelled thermal power assist especially parabolic troughs [9].   

Figure 1 shows the possible potential for hybrid biomass and CSP plants around the globe. 

This advantage motivated many researchers to explore the feasibility of this technology in 

different case studies. Peterseim and his co-worker (2014) investigated the feasibility of 

increasing the overall efficiency of a conventional CSP plant by superheating the steam using 

external heating. An HTF loop was used to transfers heat from fire heaters that are fuelled by 
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several fuels, including refuse-derived fuel and various types of forestry biomass [10]. Results 

showed a 10.5% increase in the net efficiency of the cycle and a reduction of $1.33 m/MWe of 

the specific investment [10]. The research team further investigated the feasibility of 

incorporating the same equipment on a Solar-tower CSP plant, and it showed a 43% decrease 

in the investment cost when compared to the stand-alone plant [11]. Another study proposed 

integrating a CSP unit into a biomass-based combined power plant with two configurations 

[12]. The first configuration used the parabolic troughs as a pre-heater to the working fluid by 

the HTF. In contrast, the latter took a fraction from the output of the condenser to the parabolic 

troughs and was sent directly to the expander. Results concluded that the Levelized cost of 

electricity (LCOE) for standard, first, and second proposed configurations was 79.34, 79.88 

and 74.94 $/MWh respectively [12].  
 

 
 

Figure 1. Potential regions for CSP-biomass hybrids plants worldwide [10] 

 

A novel configuration of a combined cycle was also proposed in [13]. The study compared 

a stand-alone two-stage GT supplied by biofuel using gasified wood by combining a steam 

cycle and a solar tower field. The solar heat is integrated into the second stage of the GT, and 

the steam cycle acts as a bottoming cycle for the system. Adding the solar field integration 

enhanced power production by 25% and decreased CO2 emissions by 31% while integrating 

the steam bottoming cycle increased the overall power production by 51% with a 49% decrease 

in CO2  [13]. Moreover, a novel hybrid power plant consisting of a solar-tower and a NG turbine 

integrated with two supercritical CO2 bottoming cycles were proposed for power generation 

[14]. Furthermore, a study proposed a two-stage gasification process using parabolic troughs 

for pyrolysis in the first stage from corn straw to produce tar and char. The second stage uses 

a beam-down concentrated solar energy for tar cracking and char gasification to produce syngas 

to fuel a combined cycle [15]. Also, several studies discussed the performance of trigeneration 

and polygeneration of power, biomass processing, and heating/cooling applications. For 

instance, a study proposed a trigeneration system composing power generation, biomass 

gasification, and domestic heating/cooling [16]. A similar study also proposed a trigeneration 

system of power generation of 90 MWe, chilled water, and industrial process heat that is 

generated from a hybrid power cycle of a GT integrated with a CSP steam cycle [17]. Another 

study proposed a system to produce power, biomass gasification, and hydrogen production [18]. 

Similarly, a polygeneration system was also proposed by utilizing several CSP technologies to 

generate power and methanol [19]. The study was then further explored technically and 

economically in [20].  
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The present study aimed to study the feasibility of replacing the NG fire heaters that are 

used on Shams 1 CSP located in Abu Dhabi with different types of biofuels operated gas 

turbines (BFGT). The gas turbine exhaust gases will be used for superheating the CSP produced 

dry steam in one scenario, and it will be used to heat the HTF in the absence of the solar 

radiation in another scenario. The main objective is to develop a techno-economic model that 

will combine gas and steam thermodynamics analysis with the economic analysis of the 

combined plant. A comparison between the current plant design and the proposed integration 

design will be investigated for the proposal feasibility. Detailed description is given in the 

following section.  

METHODS 

The theoretical foundations of this study are based on thermodynamics analysis including 

fuel energy conversion as well as economic feasibility study. Therefore, a thermodynamics 

model is developed on IPSEproTM software to calculate the plant power output and the overall 

thermal efficiency for three proposed CSP/BFGT modules with different biofuels. Economic 

analysis using cash flow based pm the net present value (NPV) and the internal rate of return 

(IRR) and Levelized Cost of Water (LCOW) will be implemented for feasibility of the 

proposed modules. Sensitivity analysis using minimum attractive rate of return (MARR) and 

Monte Carlo analysis are adapted to investigate the most sensitive variable among the 

considered variables. The following subsections will describe these methods as well as the data 

used for the analysis and the following results.   

Thermodynamics analysis 

The thermodynamic modelling of the plant is based on evaluating the parameters and 

configuration of shams1 as a case study shown in Table 1 using a thermodynamic modelling 

interface (IPSEpro). The HTF used in Shams 1 is DowthermA [26], which is a widely used HTF 

in the industry. DowthermA is composed of Biphenyl (C12H10) and Diphenyl Oxide (C12H10O) 

where their thermal properties are obtained from the datasheet provided by the oil manufacturer 

[27]. The gas turbine unit in each case was modelled to meet the minimum load required for 

heating the steam/HTF. The assumptions made in the thermodynamic model are the following: 

• Gas and steam cycles friction, pressure drop, kinetic energy, and potential energy are 

neglected;  

• SSSF process analysis for all components; 

• Adiabatic power and pipeline components; therefore, no heat losses were considered; 

• Working fluid is saturated liquid at the exit of the condenser. 

The following are the thermodynamics equations that have been used in the analysis where 

the thermal efficiency of the cycle is given by: 

 

𝜂Ι =
�̇�net

�̇�in

=
�̇�out − �̇�in

�̇�in

 (1) 
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Table 1. Conditions of the plant's steam cycle 

 

Parameter  Unit 

CSP plant capacity (MW) 100 

Maximum Steam Pressure (bar) 150 

Condenser Pressure (mbar) 150 

Steam turbine outlet steam quality (-) 0.95 

Steam mass flow rate (kg/s) 125 

HTF oil mass flow rate (kg/s)  1173 

Maximum HTF temperature (C) 393 

Steam outlet temperature (C)  360 

Booster heater outlet temperature (C)  540 

Condenser outlet air temperature (C) 50 

Ambient temperature (C)  35 

 

The hot gases heat rejection, �̇�out,T, equals the steam heat reception, �̇�in,s, in the heat 

exchangers: 

�̇�out,T = (�̇�𝑐𝑝) oil∆𝑇= �̇�in,s = �̇�s(ℎout − ℎin) (2) 

 

The total output power is the sum of the work generated by the steam and gas turbine cycles: 

�̇�out =  𝑚ṡ (ℎin − ℎout) + �̇�(fuel+air)(ℎin − ℎout) (3) 

 

The generated heat rate by the combustion can be expressed as: 

�̇�comb = �̇�fuel𝐶𝑉 (4) 

 

 

Pump input power, for water and HTF fluids, is given by: 

�̇�in = �̇�s𝑣∆𝑝Rankine + �̇�oil𝑣∆𝑝oil (5) 

 

 

The mass balance of the RO plant:  

 𝑚f = 𝑚p + 𝑚b (6) 

 

Salt balance equation is given by:   

 𝑉f𝑆f = 𝑉p𝑆p + 𝑉b𝑆b  (8) 

 

 

The salt rejection equation is expressed by:  

 𝑆𝑅 = (1 −
𝑆p

𝑆f
) × 100  (9) 
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The power consumption of the distillation process is calculated based on the feed (f) and permeate 

(p) pumping power and the pump's efficiency:  

   �̇�f,p =
�̇�f,p× ∆𝑝f,p

𝜁p
 

(10) 

Economic analysis 

The parameters used in the economic assessment were extracted from two sources, technical 

data from IPSEpro software and lifecycle costing from recent market studies, fuel cost, and 

electricity tariff. The gas turbine capital and operations and maintenance (O&M) costs data are 

based on the Energy Sector Management Assistance Program data shown in Table 2 and 

Table 3, respectively [28]. In addition, the heat exchanger cost estimation included 

approximations using a contingency factor. In regards to the RO plant, the costing was based 

on historical, tracked, and anticipated project data using the cost EPC forecast tool 

DESALDATA to estimate both the capital (CAPEX) and operation (OPEX) expenditures [29]. 

As for the biofuel prices, the Jatropha, Castor, and palm oils were taken from previous studies 

in [27–29]. The water and electricity tariff used in the economic analysis was the base rate of 

Abu Dhabi residences [33].  

The economic analysis performed considers the best performing fuel as well as the lowest 

price among biofuels studied. Each alternative will be considered as mutually exclusive. 

Therefore, the study will include the economic effect of replacing the booster heater 

(alternative 1) and the HTF heater (alternative 2) independently with a biofuel-based gas 

turbine unit taking into account the RO plant integration. Another alternative is to include both 

cases in a single alternative to supply a RO plant and investigate if the LCOW will be reduced 

(alternative 3). These alternatives will be compared with the current plant design, which in this 

case, will be running the heaters with biofuels. 

In this section, the analysis will cover three aspects: 

• Cashflow analysis based on the Net Present Value (NPV) and the Internal Rate of 

Return (IRR) as well as incremental IRR; 

• Levelized Cost of Water (LCOW);  

• Sensitivity analysis for the best alternative scenario by investigating the variation of the 

Minimum Attractive Rate of Return (MARR), fuel price, capital cost, operational costs, 

and water tariff; 

• Monte Carlo analysis to the most sensitive variables using the triangular method. 

The analysis used a MARR of 10% as a baseline for this study. Furthermore, the following are the 

mathematical expressions for the present value worth and the LCOW: 

 

LCOW =
present value of total costs ($)

Total production of water (m3)
 

(12) 

 

 

 

 

 

 

 

 

 

 

 

PV = ∑ 𝐶𝐹𝑡/(1 + 𝑟)𝑡
𝑛

𝑡
 

(11) 
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Table 2. Capital cost breakdown of the gas turbine integration  

depending on capacity 

 

Capacity 5 MW 25 MW 

Cost Estimate Summary U.S. (Thousands $) 

Civil 400 1,260 

Gas Turbine 2,920 9,770 

SCR 300 970 

Gas Compressor 640 1,000 

Electrical 550 1,790 

Piping 140 470 

Instruments and Controls 90 240 

Balance of Plant/General Facilities 340 890 

Total Direct Costs 5,380 16,390 

Indirect Costs 280 750 

Engineering and Home Office Costs 630 1,680 

Process Contingency 0 0 

Project Contingency 940 2,820 

Total Plant Cost 7,230 21,640 

Total Plant Cost per kW 1,446 865.6 

Estimated Integrating Heat exchanger  

cost & installation 
357 446  

Total GT plant cost $11,694,966 $19,559,963 

 

Table 3 operational and variable costs of the gas turbine integration 

Gas CT First Year Annual O&M Expenses U.S. (Thousands $) 

Facility Staff Labor Costs 1330 variable overhead 

Consumables 160 variable overhead 

Office Administration 160 fixed overhead 

Maintenance & Minor Repairs 510 variable overhead 

Corporate & Administrative Charges 410 Fixed cost 

Total 2570  

Variable O&M and LTSA Costs 0.91 $/MWh 

System description 

Shams 1 is a 100 MW CSP plant located in Abu Dhabi, UAE. It is equipped with several 

NG-based fire heaters that serve as booster heaters for the steam cycle and as a heater for the 

HTF in the absence of solar energy. The design of this concept was employed before the 

commercialization of the TES. However, later on, the team studied the possibility of retrofitting 

a TES to the plant [21]. Furthermore, the feasibility of retrofitting GT units to substitute the 

fire heaters was studied [4]. In addition, running GTs on biofuels has been investigated in 

several studies and showed promising results; Sequera et al. [22] studied the emissions of using 

biofuels through a swirl-stabilized burner mimicking the combustion of a GT. Later on, Habib 

et al. [23] investigated the performance and emission characteristics of a number of biofuels 

in a small-scale GT engine. Similarly, Rehman et al. [24] studied the technical feasibility of 

running a GT on a jatropha oil based-biodiesel. Christopoulou and hassan [25] also examined 

several biofuels on a single shaft GT.  
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The study aims to increase the plant's efficiency and renewability by investigating the 

feasibility of retrofitting a biofuel operated GT with the CSP plant examining three types of 

biofuels, namely; Jatropha oil, Castor oil, and palm oil. The first two fuels are considered 

fourth-generation biofuels, while the third biofuel is an attractive option due to its availability 

in the region of the Shams 1 plant. The three biofuels are assessed in terms of their energy 

performance. 

Figure 2 shows the current layout of Shams1. Solar collectors and the Gas-fire heaters heat 

the HTF to 393 °C depending on the operational time and the conditions before it supplies the 

steam cycle through the heat exchanger producing superheated steam. The steam is then further 

superheated to 540 °C by the booster heater before it enters the steam turbine. After expansion, 

the exhausted steam is condensed in an air-cooled condenser at 150 mbar.  Direct fire heaters 

and booster heaters are fuelled by natural gas. The high-temperature flame due to natural gas 

combustion reaches around 1700 C, which might lead to chemical degradation of the HTF oil. 

Also, the oil flammability can put the heater in explosion risk. The replacement of the HTF fire 

heaters with biomass-based GT would serve as a topping cycle and will enable to utilize the 

flue gas with lower temperature compared to the direct flame and to match the heat required 

for the HTF. In contrast, the direct fire in the booster heater also degrades the superheater tubes. 

Similarly, avoiding direct heat by incorporating a GT unit will decrease the risk of the pipe 

burn. However, the required flue gas temperature for superheating the steam must be higher 

than 540 C. 
 

 

 

Figure 2. Shams1 schematic [4] 

 

 

Figure 3a shows the schematic of replacing the direct-fire booster heaters with a gas 

turbine unit. The exhaust gases from the turbine outlet enter a heat exchanger to supply heat to 

superheat the saturated steam.  

Figure 3b shows the schematic of replacing the HTF heater with gas a turbine unit. In this 

case, the flue gases will be collected from the gas turbines and will run through a heat exchanger 

to heat the HTF. The power generated through the gas turbines is then used to desalinate 

seawater using a reverse osmosis (RO) plant equipped with an energy recovery unit that allows 

recovering pressure from the brine by positive-displacement, as shown in Figure 3c.   
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Figure 3. Schematic of proposed systems: replacement of booster heater with GT (a); replacement of 

HTF heater (b); RO plant equipped with an energy recovery system (c) 

RESULTS AND DISCUSSIONS 

Figure 4 shows the results of the net power output for alternatives 2&3 with a minimum 

required biofuel mass flow rate to deliver the plant's nominal loads. The net power output for 

the booster gas turbine ranged between 7.8 and 8.2 MW, as shown in Figure 4a, whereas the 

net power output for the HTF gas turbine ranged between 22.6 and 23.5 MW, as shown in 

Figure 4b depending on the type of biofuel used. It can be seen that the difference in the 

biofuels performance in terms of the input mass flow and the net power output is rather 

insignificant. However, palm oil showed the highest mass flow rate despite the similar net 

power output, which depicts the least performance among the fuels. On the other hand, castor 

oil had the highest net power output among the biofuels.  
 

  

Figure 4. Net power output and fuel mass flow rate of additional gas turbine unit using three biofuels 

for: (a) booster heater replacement; (b) HTF heater replacement 
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The power output from the gas turbines is used to simulate the water production using RO 

desalination plant on the same platform. Table 4 below shows the results of the simulation 

carried out to quantify the distillate water and CO2 emissions associated with the fuel 

combustion. The table displays both these variables by comparing them based on the fuel type 

as well as the base case (via the original fire-heaters). The water production that can be 

extracted through the power of the gas turbine equipped in the HTF loop is nearly double as 

much as the production of the booster loop. As a result of the minor difference between the 

fuel types in terms of power production, it can be noticed that it also has an insignificant 

difference in water production. However, Castor oil had a slightly higher water production in 

the HTF loop compared with the other two fuels with about 120k m3/day and, at the same time, 

lower CO2 emissions per kWh of power. Although Castor oil has better performance for this 

application, there is a significant disadvantage in terms of its price compared with the other 

fuels. However, the impact of the fuel price is further discussed in the next section of the 

economic analysis. 
 

Table 4. Summary results and comparison between the base case and retrofitting the new system  

in terms of water production and CO2 emissions for the three biofuels 

 

 

Water 

production 

GT-booster 

[m3/day] 

Water 

production 

GT-HTF  

[m3/day] 

CO2 emission 

booster heating 

[kgCO2/kWh] 

CO2 emission 

HTF loop 

[kgCO2/kWh] 

Fuel 

Price 

[$/liter] 

Jatropha 

oil 

without 

GT 
- - 0.19 0.65 

0.39 [7] 
with 

GT 
58,752 112,680 0.35 0.89 

Palm oil 

without 

GT 
- - 0.21 0.69 

0.57 [8] 
with 

GT 
59,297 113,290 0.37 0.93 

Castor 

oil 

without 

GT 
- - 0.19 0.64 

0.92 [9] 
with 

GT 
61,376 119,682 0.34 0.86 

Economic analysis 

After comparing the fuel types performance and prices, Jatropha oil seems the most attractive 

fuel option in terms of its price and its relative performance competitiveness.  Therefore, 

jatropha oil is considered in the following analysis.  

Table 5 shows the specifications of the three alternatives using jatropha oil. The minimum 

power capacity of the GT's to match the load of the heaters in the table below shows values 

closer to the cost presented in Table 2. Thus, the capital costs of the GT unit were 

approximated to be the same. The cost of the heat exchangers between the flue gases and the 

working fluids were also added to the total expenditure. The capital costs of the GTs are minor 

compared with the cost estimation of the RO plant using the CAPEX & OPEX method. The 

capital cost for utilizing the power produced by the booster GT, the oil heat GT, and considering 

both combined gives a capital cost of around 87M, 145M, and 205M, respectively.  

Figure 5 clearly shows the linear relation between the capacity of the RO and the capital 

cost in the range of design points. In regards to the LCOW of the three alternatives compared 

to the water tariff in Abu Dhabi ($2.136 per cubic meter) [33], all the prices were lower, 
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especially alternatives 2 & 3. At the same time, the booster GT was relatively higher. However, 

this factor alone is not an indication of the feasibility of an alternative; thus, the cash flow 

analysis is essential. 
 

Table 5. Cost and specifications of the three alternatives 

 

 Alt. 1 Alt. 2 Alt 3 

GT Capacity [MW] 7.8 22.6 30.4 

Operation [hrs/ year] 8640 5840  

Estimated heat exchanger total cost [$] 297,400 446,100 743,500 

GT total plant cost [$] [28] 11,280,000 19,563,000 31,254,929 

Estimated Life [years] 15 

 Alt. 1 Alt. 2 Alt 3 

GT Operation. Admin, Maintenance, etc 

[$]/year 
2,631,000 2,748,000 5,325,529 

RO capital cost [M$] 87  145 205 

RO operation cost [$] 5,059,076  8,225,757 11,348,061 

LCOW [$/m3] 0.8 0.71 0.75 

 

 
 

Figure 5. RO capital cost in USD vs. water capacity 

Cash flow analysis  

The cashflow diagram of the three alternatives is presented in Figure 6. All alternative 

showed positive NPVs by the end of the plants lifecycle. Alternative 1 has a payback peroid of 

7 years with a total NPV of $68M. In contrast, both alternatives 2 & 3 showed relatively higher 

values of NPV while both having a payback period of 5 years which is considered feasible 

especially with the high-income rate. Similarly, all three alternatives in ascending order had 

higher IRR compared to the base of the MARR with values of 21%, 31%, and 30% 

respectively. In such cases, a mandatory Incremental IRR analysis is required due to the fact 

that all IRR values were higher than MARR and choosing the highest IRR sometimes give 

misleading decision. The results of using the incremental IRR shows that alternative 3 is the 

most profitable alternative. Furthermore, a sensitivity analysis is also required to assess the best 

alternative, which in this case, is alternative 3. This is done by analysing the impact and 

sensitivity of the most significant variables that would affect the precision of the overall 

costing.  
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Figure 6. Cash flow diagram for: (a) Alternative 1; (b) Alternative 2; (c) Alternative 3 

Sensitivity analysis 

The sensitivity analysis was performed to assess variables that might alter the results 

significantly, which include MARR, CAPEX, fuel price, and water tariff. These variables were 

varied accordingly from -75% to 125% with an increment of 25%. The results of the variation 

are shown in Figure 7 where it can be noticed that water tariff was the most significant variable 

since it determines the revenue of the project. As the water tariff increases, the NPV increases 

significantly. In contrast, the fuel cost was the second most sensitive variable as any increase 

in the fuel price by approximately 60% would result in a negative NPV. The sensitivity of the 

CAPEX of the RO and MARR had similar sensitivity profiles where an increase of either 

variable by 130% will result in a zero NPV. On the contrary, varying the capital cost of the GT 

showed no significance on the NPV compared to the other factors where it can be noticed from 

its horizontal slope as well as its positive NPV throughout the profile.  

 

 

Figure 7. Sensitivity analysis for alternative 2 
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Monte Carlo simulation 

The significant factors discussed in the previous section are further studied using the Monte 

Carlo simulation. This simulation comprises combining random variations of the variables 

within a specific range shown in Table 6, generating 1000 combinations of NPVs and IRRs. 

The values of the ranges specified below are discussed further in the discussion section. The 

Monte Carlo simulation results are illustrated in a histogram shown in  

Figure 8 for both the NPV & IRR. The reliability of the simulation was ensured minimal 

with stability of 98%. Therefore, it can be observed in  

Figure 8a, that all of the values calculated for the NPV remained positive. Moreover, most 

of the NPVs calculated were larger than the NPV estimated by the cashflow analysis; thus, it 

is most likely that the project might have a shorter payback period. On the other hand, 75% of 

the IRR values were higher than the value obtained in the estimated cash flow analysis.  
 

Table 6. Variables to be considered in the Monte Carlo simulations 

 

Variable Low% Hi% 

fuel price variation -30% 30% 

Water Tariff variation -10% 20% 

RO capital cost variation -20% 20% 

   

 

 

 

 
 

 

 

 

 

 

 

 

Figure 8. Monte Carlo simulation histogram for: (a) NPV frequency; (b) IRR frequency 

Discussion 

The purpose of this work was to assess the feasibility of replacing the gas-fire heaters with 

a cogeneration system of power and water production in shams 1 CSP plant as a case study. 

The proposed study will have a solution for current technical issues regarding the direct fire-

heating of both the steam & HTF as mentioned in detail in the system description.  Unlike the 

previous study in [4], the suggested design was meant to install the unit with a minimum load 

required for heating the fluids while increasing the renewability of the system. This suggestion 

was carried out by studying three biofuels on two alternatives: (1) integrating the cogeneration 

unit in replacement of the booster heater and (2) integrating the cogeneration unit in 

replacement of the HTF heater. After identifying the most suited biofuel, an economic analysis 

was conducted to the mentioned alternatives with the addition of alternative (3), which was a 

combination of the two GT integrations stated above to facilitate a single RO plant. The 

economic analysis included a cash flow analysis, a sensitivity analysis, and a Monte Carlo 

simulation to derive various iterations. 

Castor oil showed slightly better performance over jatropha and palm oils. However, castor 

oil cannot be adopted due to its relatively high-cost since fuel prices showed high sensitivity to 

the feasibility of the project. Alternative (1) proved to be the least feasible due to the low output 

compared to the high total capital cost ($1480/m3/day). On the other hand, the expenditure per 

(a) (b) 
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unit cost for replacing the HTF was ($1287/m3/day) due to the higher capacity where water 

generation was larger than alternative 1 due to the high load required to heat the HTF loop. As 

for alternative 3, increasing the capacity of the plant would result in an enhanced NPV although 

having a similar IRR of alternative 2. Hence, alternative 3 can be considered to be a more viable 

option. It is important to note that the LCOW in the three alternatives were lower than the water 

tariff of Abu Dhabi given in Table 5; nevertheless, the high capital costs of these alternatives 

give it a disadvantage in terms of investment. 

 Thus, considering alternative 3, Monte Carlo simulation was conducted by changing the 

significant cost variables mentioned in Table 6. 

. In general, the fuel price is governed by the extraction technology available, as well as 

other factors such as transportation. The cost of transportation has not been considered in the 

cash flow analysis, but it has been accommodated in the simulation by increasing fuel cost 

percentage by 30%. On the other hand, biofuel prices are affected by other factors such as fossil 

fuel prices, policies, and feedstock availability. Even though the biofuels price is expected to 

decrease in the next decade [34], the water tariff, as the source of income for the project, may 

remain the same. However, the variation put forward in this study is for anticipating the future 

change in the tariff, noting that it is more likely to increase. 

Furthermore, the RO capital cost was subjected to variations (were set to ±20%) in case of 

costs overrun or underrun. Given the inputs of the UAE as a case study, the project did show 

promising results with the current situation. Furthermore, in some developing countries, the 

infrastructure in some rural regions cannot facilitate water collection; however, such regions 

are abundant in feedstocks and biomass. Therefore, such technologies might have significant 

enhancements in the infrastructure depending on the location, country, conditions, and inputs, 

it will have a different impact on the feasibility of the project. 

CONCLUSION 

This study was conducted to assess the feasibility of replacing the gas-fire heaters in CSP 

plants with a biofuel cogeneration system of power and water production to increase the plant's 

overall performance and renewability. The main findings of this paper are summarized as 

follows:  Firstly, Jatropha oil was found to be suitable for this application due to its relatively 

low price. Although castor oil had a better performance that can generate a maximum water 

production of 181 thousand m3/day Secondly, replacing the booster heater with the 

cogeneration integration proved to be feasible with a 7-year payback period, whereas replacing 

the HTF heater had a shorter period of 5 years. Lastly, the feasibility of the project is 

subjectively determined by several factors in which they vary by country and location. This 

work can be extended to analysing various biofuels such as algae and other non-edible biomass. 

Also, conducting similar studies on developing countries such as Brazil and India since they 

face water shortages and have abundance in biomass. Finally, a further investigation to assess 

the potential of other applications such as biomass gasification can be conducted. 

NOMENCLATURE 

𝐶𝐹t future value  [$] 

CV calorific value [kJ/kg] 

cp heat capacity [kJ/kg] 

h specific enthalpy [kJ/kg] 

�̇� mass flow rate [kg/s] 

p pressure [kPa] 

�̇� heat rate [kW] 

r interest rate [%] 

S concentration (salinity) [kg/m3] 

T temperature [oC] 
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t no of years [-] 

�̇� volumetric flow rate  [m3/s] 

v specific volume [m3/kg] 

�̇� work rate (power) [kW] 

Grek leters 

∆𝑝 pressure drop [kPa] 

𝜁 pump's overall efficiency [%] 

ƞ thermal efficiency [%] 

Subscripts and superscripts 

b brine 

f feed 

p permeate 

Abbreviations 

CAPEX Capital Expenditure 

CSI Concentrated Solar Power 

DNI Direct Normal Irradiance 

GT Gas Turbine 

HTF Heat Transfer Fluid 

IRR Internal Rate of Return 

LCOE Levelized Cost of Electricity 

LCOW Levelized Cost of Water 

MARR Minimum Attractive Rate of Return 

NG Natural Gas 

NPV Net Present Value 

O&M Operational and Maintenance 

OPEX Operational Expenditure 

RO Reverse Osmosis 

SS Steady State 

SF Steady Flow 
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