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Abstract 

This research encompasses a model to assess the performance of a solar-powered organic Rankine cycle 

(ORC). The system was assessed in two different cities, Maiduguri and Port Harcourt both in Northern 

and Southern part of Nigeria respectively, because of their different temperate zones, using five different 

dry organic working fluids, R123, R245ea, R236ea, R236fa, and R245fa. The aim of this research is to 

evaluate how hourly temperature change affects the electricity production and exergy destruction rates of 

the solar ORC, and to investigate the effect of the working fluid on the proposed system. The system was 

also assessed, to investigate the effect of average hourly outdoor temperatures on its performance. The 

potential of the system to reduce primary energy consumption and carbon dioxide emissions is also 

evaluated. Results show that the ORC produces the most electricity during the middle of the day, when 

the temperatures are the highest and when the solar collectors have the highest efficiency. Also, R236ea 

is the working fluid that shows the best performance of the evaluated fluids. An economic analysis was 

performed to determine the capital cost available for the proposed system, and it was discovered that the 

ORC in Port Harcourt had slightly higher savings of 8,308 kwh compared to 8,230 kwh of the Maiduguri 

region. 
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CC Capital Cost 

CDE Carbon Dioxide Emission 

CFC chlorofluorocarbon 

ECF Electricity Conversion factor 

HCFC hydrochlorofluorocarbon 

HVAC heat, ventilation and air conditioning 

ORC Organic Rankine Cycle 

PBP Pay Back Period 

PEC Primary Energy Consumption 

SCF Solar Conversion factor 

1.0 Introduction 

Organic Rankine Cycles (ORCs) are Rankine 

cycles that uses an organic working fluid instead 

of water. Organic fluids are utilized so that the 

ORC can generate electricity from low- and 

medium-temperature heat sources [1]. ORCs can 

be implemented as power generating units for 

waste heat recovery systems, solar application, 

and geothermal applications since they generate 

power from low-temperature heat [2].  A relative 

small amount of electricity is produced from 

these applications; which means, ORCs are ideal 

for small-scale power generation applications. 

The selection of the organic fluid greatly affects 

the performance of ORCs; so, standards for 

selecting fluid and performance have been 

widely studied [3]. The ORC is one of the various 

technologies presented as alternative to 

photovoltaic PV for the conversion of solar 

irradiation to electrical energy. The conventional 

Rankine cycle and the ORC has similar operating 
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principles, but in this case with the use of organic 

compound rather than water as it working fluid. 

This has been employed for conversion of heat 

from low-to-medium temperature sources such 

as biomass, process waste heat and geothermal, 

having the system operating mostly with little 

maintenance requirement for couples of decades 

now [4]. 

Solar radiation is used to heat and evaporate the 

working fluids at high pressure in solar powered 

ORC, afterwards, the vapour is expanded to generate 

mechanical shaft work, which can be applied directly 

as mechanical work, to drive a pump or through a 

generator to produce electrical power. The 

ambidexterity of the output and capability to 

accumulate solar heat such as hot water, presents 

possible advantage ahead of solar PV home heat and 

load profile of electricity matching. In addition, the 

possibility to create high-electricity, low-cost 

components worthy for the home scale could see 

enhanced competitiveness with PV in the short-term 

[5]. The technology of ORC is properly placed all over 

the world with so many commercial systems in 

operation. The size ranges from micro in kw to as 

high as 10MW output of electric power for a wide 

range of operating temperature and working fluids 

[6]. Most of these systems incorporate turbines as 

the expansion device that tends to operate at high 

rotational speeds and mostly suited for larger scale 

system with higher shaft output power >10kw. Some 

non-commercial systems have used acquired scroll-

compressors run to upset as the expansion device far 

out <10kw [7,8]. An example of solar ORC in 

operation is a 1MWe concentrating solar power with 

a collector field area in excess of 10,000m2 [9], and 

an experimental 2.5kw solar reverse osmosis 

desalination system with non-concentration 

evacuation-tube collector array of area 88m2 [10].  

In reality, reciprocating expanders, with their 

simple and rugged construction, and advanced 

state of development, can be produced at low cost 

and with high reliability, and are capable to 

operate with high efficiency at low power output 

[11]. 

The ORC emergence in this research is due to it 

technical advantages which includes; High 

Cycle Efficiency, Very High Turbine Efficiency, 

Low Turbine Mechanical Stress, due to low 

peripheral stress, Low turbine RPM, allowing the 

direct drive of the electric generator without gear 

reduction in many application, and No erosion of 

blades, thanks to the absence of moisture in the 

vapour nozzles, and also it Operational 

advantages which includes; Simple start-stop 

procedures, Automatic and continuous operation, 

No operator attendant needed, High availability, 

typically 98%, High efficiency at partial load, 

Lower maintenance cost, Quiet operation, and 

Long life.  

 

Epileptic power supply and very high tariffs from 

the grid has led to research findings of alternative 

and cost effective means of power generation and 

supply to consumers, which in this research case 

involve using ORC with 5 different working 

fluids.  

 

Although previous work has been done in the 

solar ORC area, the objective of this paper is to 

further investigate the performance of a solar-

powered ORC that uses a two-axis tracking flat-

plate solar collector instead of an evaporator in 

the ORC system. The author applied five 

different dry working fluids which includes; 

R123, R245ea, R236ea, R236fa, and R245fa to 

determine the performance of the solar-powered 

ORC. The radiation data is based on the latitude 

of the location, while the ambient temperature 

data is determined by the location. The output 

power produced, the total exergy destruction, and 

therate of mass flow required for the system is 

investigated every hour for a representative day 

for every month in the year. The outdoor 

temperature effect on the performance of the 

ORC is evaluated by modeling the ORC in two 

locations (Maiduguri and Port Harcourt) with the 

close latitude but different climate conditions. 

The effects of using a solar ORC on primary 

energy consumption (PEC) and carbon dioxide 

emission (CDE) was also researched to 
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investigate if savings occur when compared to 

acquiring electricity from the grid. More so, the 

effects of the area of solar collector, pressure of 

the solar collector, and temperature of the 

condenser on the overall ORC performance is 

determine with the help of a parametric study 

analysis. 

 

2.0 Literature Review 

Several studies have been performed for various 

ORC applications, [11] uses micro turbines in 16 

various locations to investigate the performance 

comparison of combined micro-turbines and 

ORCs. It was discovered that for some locations 

where the use of a micro-turbine was not of good 

value, the combination of a micro-turbine and an 

ORC was a feasible option to grid power. 

Madhawa et al [12] performed an economic 

optimization for a waste heat ORC and combined 

the economic optimization with a thermal 

optimization based on the maximum net power 

output. Chang et al [13] uses economic measures 

to determine the off-design performance of a 

solar-powered ORC and optimized the design 

parameters of the heat exchangers. Gao et al [14] 

applied the use of the ratio of area of heat transfer 

to net power by optimizing a geothermal ORC. 

Four different working fluids were applied in the 

simulation and it was discovered that based on 

the chosen measures, ammonia was investigated 

to be the most viable fluid of all four studied. 

Srivinasan et al [15] studied the performance of 

scroll expanders in an ORC using experimental 

and computational fluid dynamics methods. 

Scrinivasan et al [16] used thermodynamic and 

heat transfer models to simulate an ORC, two 

different scroll expanders, and compared the 

results to experimental data. [17, 18] determined 

the possibility of using ORC with the exhaust 

waste heat recovery from a dual-fuel low-

temperature combustion engine. They found that 

the engine fuel conversion efficiency was 

improved by an average of 7%, while NOx and 

CO2 emissions recorded an average of 18% 

decrease.  

 

SCF Solar Conversion factor. Several studies 

have investigated the reduction in PEC and CDE 

using alternative systems. Fang et al [19] carried 

out a combined cooling heat and power (CCHP) 

analysis for a building to investigate the required 

operating conditions to have primary energy 

savings. Bu et al [20] studied a combined heating 

and power (CHP) system coupled with an ORC. 

The total PEC, cost, and CDE of a CHP-ORC 

with a CHP system for buildings located in 

various climate zones were analyzed and 

compared. They found that using a CHP-ORC 

resulted in a reduction in PEC, cost, and CDE 

when compared to a CHP system; however, the 

benefits of using a CHP-ORC depended on the 

building’s location. Fang [21] compared a CCHP 

system with a CCHP-ORC and determined that 

the studied CCHP- ORC system provided greater 

savings in PEC, operational cost, and CDE than 

a CCHP system located in the city of Beijing.  

Using solar-powered ORCs has previously been 

studied [22-24]. Wang et all [25] apply the use of 

TRNSYS to simulate a residential or commercial 

building with solar power to heat water and 

produce work using an ORC. A comparison of 

about 11 various fluids were made to investigate 

which of the combinations produced optimal 

result for the modeled building [26] uses 

parabolic trough solar collectors and R134a as 

the working fluid to simulate a solar geothermal 

hybrid ORC plant. The net power was 

determined by performing an hourly simulation 

for four various locations. The economic analysis 

involved was also investigated. Wang [27] uses a 

compound parabolic concentrator solar collector 

in line with the ORC, instead of applying an 

evaporator to combine geothermal energy and 

solar energy as heat sources for an ORC. They 

used R134a, R236fa, and R245fa as their 

working fluids in the investigation. Results 

output were presented for every hour in each 
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standard day between December and January. 

The generated heat from the solar collectors was 

stored in a heat storage tank in order to control 

the power output. The heat storage tank was 

connected to an evaporator in order to transfer the 

heat to the ORC. The working fluids used for this 

study were R123 and R245fa. The results for 

incident solar flux, power output, water 

temperature in the heat storage tank, and ambient 

temperature were reported hourly over a day. A 

sensitivity analysis was also carried out to study 

the effects of the turbine inlet temperature and 

pressure and the condensation temperature on the 

ORC.  

It is from this knowledge gap the author of the 

current paper intend to fit in to solve the 

identified gap. It will involve the use of five 

different dry organic working fluids namely 

R123, R245ea, R236ea, R236fa, and R245fa to 

evaluate solar-powered ORC. 

 

3.0 Research Methodology 

The proposed model that was employed to 

simulate the performance of a solar-powered 

ORC is presented in this session. Figure 1(a) 

illustrates a schematic of the solar-powered ORC 

to be used in this research and Figure 1(b) shows 

the corresponding T–s diagram for the proposed 

modeled solar-powered ORC. The major four 

components applied for use in a basic ORC are 

as follows: a pump, an evaporator, a turbine, and 

a condenser. The pump increases the pressure of 

the organic working fluid before the evaporator, 

which in this case is the solar collector. 

The solar collector transfers heat to the organic 

working fluid using solar energy. The fluid then 

enters the turbine at high pressure and 

temperature and exits at a lower temperature and 

pressure, producing power. Finally, the organic 

working fluid enters the condenser where heat is 

transferred from the working fluid to a low 

temperature sink. This condenses the fluid to a 

liquid at the initial temperature of fluid as it 

enters the pump, thus starting the cycle again. 

The proposed system was simulated by using dry 

fluids since it has been proven that they provide 

better performance than wet fluids for ORC 

applications [6].  

 

Figure 1: (a) Schematic of the proposed solar powered ORC (b) Temperature-entropy diagram of the 

proposed system. 
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The pump power can be expressed as: process 1-2. 

 

𝑊𝑝 =
𝑊𝑝𝑠

𝜂𝑝
=

𝑚𝑂𝑅𝐶(ℎ2𝑠−ℎ1)

𝜂𝑝
= 𝑚𝑂𝑅𝐶(ℎ2 − ℎ1) … … … … … … … … ….(1) 

where Wpsis the ideal power of the pump, mORC is the mass flow rate of the working fluid, ηp is the 

pump isentropic efficiency, and h1, h2s, and h2 are the enthalpies of the organic working fluid at the inlet, 

outlet of the pump for the ideal case, and outlet of the pump for the real case, respectively.  

The exergy destruction rate of the pump is given by 

Πp= 𝐸p− (𝐸2-𝐸1)..........................................(2) 

where E2 and E1 are the exergy rates at States 2 and 1, and Ep is exergy of the pump. The change in 

exergy from state 1 to state 2 is: 

𝐸2 − 𝐸1 = 𝑚𝑂𝑅𝐶(ℎ2 − ℎ1 − 𝑇𝑜(𝑠2 − 𝑠1))…….(3) 

Where T0, s2, and s1 are the temperatures at the dead state of 298K in this model and the entropy values at 

states 2 and 1. The exergy transfer of the pump is: 

𝐸𝑝 = 𝑊𝑝……………………………………..…(4) 

Process 2-3, Solar collector: This is a constant-pressure transfer of heat process. The solar collector heats 

the working fluid at the pump outlet to the turbine inlet condition. The heat transfer rate from the solar 

collector into the working fluid is given by:  

𝑄𝑒 = 𝑄𝑖𝑛 = 𝑚𝑂𝑅𝐶(ℎ3 − ℎ2)……………………(5) 

where h3 and h2 are the enthalpies of the organic working fluid at the exit and inlet of the solar collector, 

respectively.  

The turbine power is given by: Process 3-4 

𝑊𝑡 = 𝑊𝑡𝑠𝜂𝑡 = 𝑚𝑂𝑅𝐶(ℎ3 − ℎ4𝑠)𝜂𝑡 = 𝑚𝑂𝑅𝐶(ℎ3 − ℎ4) … … . … (6) 

where Ẇ tsis the ideal power of the turbine, ηt is the turbine isentropic efficiency, and h4s and h4 are the 

enthalpies of the organic working fluid at the outlet of the turbine for the ideal case and for the real case, 

respectively. The turbine exergy destruction rate is:  

Π t = E3 − E4 − Et...........................................(7) 

The change in exergy from state 3 to state 4 is given by: 
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𝐸3 − 𝐸4 = 𝑚𝑂𝑅𝐶(ℎ3 − ℎ4 − 𝑇𝑜(𝑠3 − 𝑠4)) … . . (8) 

Where E4 is the exergy rate at state 4 and s4 is the entropy at state 4. 

The turbine exergy is; 

𝐸𝑡 = 𝑊𝑡 … … … … … … … … … … … … … … … . … (9) 

The condenser heat rate can be expressed as: Process 4-1, condenser  

Qc=Qout=𝑚𝑂𝑅𝐶(h1−h4).................................(10) 

The exergy destruction rate is given by the following equation; 

Π𝑐 = 𝐸4 − 𝐸1 − 𝐸𝑄𝐶 … … … … … … … … … . . . (11) 

The exergy rate from state 4 to state 1 is; 

𝐸4 − 𝐸1 = 𝑚𝑂𝑅𝐶(ℎ4 − ℎ3 − 𝑇0(𝑠4 − 𝑠1)) … … (12) 

The exergy of the container; 

𝐸𝑄𝐶 = 𝑄𝐶 (1 −
𝑇0

𝑇1
) … … … … … … … … … … . … (13) 

Where TL is the low temperature heat sink which is assumed to be 303K 

The net power generated by the ORC can be expressed as: 

Wnet =Wt − Wp ..............................................(14) 

The thermal efficiency is defined as the ratio between the net power of the cycle to the heat input rate as 

follows:  

𝜂𝑡ℎ =
𝑊𝑛𝑒𝑡

𝑄𝑖𝑛
=

(ℎ3 − ℎ4) − (ℎ2 − ℎ1)

ℎ3 − ℎ2
… . . … (15) 

The exergy efficiency for ORC can be expressed as; 

𝜂𝑥 =
𝐸𝑊𝑛𝑒𝑡

𝐸𝑄𝑖𝑛

… … … … … … . … … … … … … . . … … (16) 

Where 𝐸𝑊𝑛𝑒𝑡
 and 𝐸𝑄𝑖𝑛

are the exergy of the products and exergy input to the ORC. 𝐸𝑊𝑛𝑒𝑡
 can be estimated 

as; 

𝐸𝑊𝑛𝑒𝑡
= 𝑊𝑛𝑒𝑡 … … … … … … … … … … … . . … … (17) 
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PEC Savings: This is necessary since the solar energy would replace electricity. The equation below is 

used to determine the PEC savings in this study; 

𝑃𝐸𝐶𝑠𝑎𝑣𝑖𝑛𝑔𝑠 = 𝑊𝑛𝑒𝑡𝐸𝐶𝐹𝑃𝐸𝐶 − 𝑊𝑛𝑒𝑡𝑆𝐶𝐹𝑃𝐸𝐶 … (18) 

Where PECsavings is the primary energy consumption savings, the electricity conversion factor for 

primary energy consumption is given as 𝐸𝐶𝐹𝑃𝐸𝐶  and the solar conversion factor for the primary energy 

consumption is 𝑆𝐶𝐹𝑃𝐸𝐶 , its assumed to be 1 in this study.  

Carbon dioxide emission reduction: There is no emission from ORC, as such, reducing the purchased 

electricity from the grid, will reduced CDE. The location of the grid greatly affects the amount of CDE 

produced from electricity generation. The equation below is used to determine the amount of CDE 

produced from using an on-site solar ORC. 

𝐶𝐷𝐸𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 = 𝑊𝑛𝑒𝑡𝐸𝐶𝐹𝐶𝐷𝐸 … … … … … … (19) 

Where 𝐶𝐷𝐸𝑟𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛is the reduction in CDE and 𝐸𝐶𝐹𝐶𝐷𝐸is the electricity conversion factor for CDE. 

Cost savings and available capital cost: it is required to investigate the cost savings from the electricity 

generation in other to determine the available capital cost CC. The cost savings from generating electricity 

is determined as; 

𝑆𝑎𝑣𝑖𝑛𝑔𝑠 = 𝑊𝑛𝑒𝑡𝐶𝑜𝑠𝑡𝑒 … … … … … … … … . . (20) 

Where 𝐶𝑜𝑠𝑡𝑒 is the cost of electricity for the various locations. Multiplying the savings by the payback 

period will determine the maximum available CC to achieve the desired payback period. The available 

CC can be; 

𝐶𝐶 = 𝑆𝑎𝑣𝑖𝑛𝑔𝑠 (𝑃𝐵𝑃) … … … … … … … … … . (21) 

Where PBP is the desired payback period. 

4.0 Results analysis and discussion 

The research outcome represents an hourly solar 

ORC which is modeled and evaluated using five 

different dry organic working fluids to determine 

the consequence of ambient temperature and 

working fluid on the system. A comparison of 5 

different dry organic fluids were used in the 

simulation namely; R123, R245ea, R236ea, 

R236fa, and R245fa, for the ORC. The 

condensing temperature was assumed to 320C, 

while the system high pressure was taken to be 

2MPa for all the fluids to be compared. The 

pressure and temperature ranges for each of the 

evaluated fluids obtained using REFPROP7 

software. The system was further evaluated with 

the use of four collectors with an area of about 

3.696m2 each to study the performance of the 

proposed solar ORC. The solar energy generated 

by the solar ORC for each representative day for 

each month of the evaluated fluids is as shown in 

figure 2. The outcome reveals that when the ORC 

uses R236ea, it generates the highest net energy 

for each day during the month for the whole year. 

On the other hand, when the ORC uses R123, it 

indicates the lowest performance amongst the 

evaluated fluids. 
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Figure 2: Net energy generated per representative day in Zone A for each working fluids. 

The total energy destroy by the ORC per 

representative day for each month for all the 

evaluated fluids is as shown in figure 3. Less 

energy is destroyed per day under the evaluated 

condition when the system uses R236ea, while 

on the other hand, more energy is destroyed when 

the system uses R123.The results in figure 2 and 

3 clearly shows that when the system destroyed 

less exergy, it performs better as shown by higher 

thermal and exergy efficiencies. 

 

 

 

 
Figure 3: Total energy destroyed per representative day in Zone A for each of the modeled fluids. 
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Figure 4: Average mass flow rate for each 

representative day of the month for each of the 

fluids modeled for Zone A. 

 

The required average mass flow rates for each 

representative day for the results presented in 

figure 2 and 3 are as shown in figure 4. The figure 

shows that the average mass flow rate fluctuates 

within a range for the different months of the 

year.    

 

The ORC operating with R123 requires the 

highest rate of mass flow, while the ORC 

operating with R236ea requires the lowest rate of 

mass flow. The outcome in figures 2 to 4 shows 

that R235ea yields the highest net energy with the 

lowest amount of exergy destroyed and lowest 

mass flow rate. In the same way, R236ea and 

R123 are the working fluids with the second 

lowest and highest volumetric flow rate entering 

the expander respectively. This means, if the 

pump cost and the expander cost are estimated 

based on the proposed model by Quoilin et al 

[10], R236ea is the working fluid with the lowest 

pump and second lowest expander costs, while 

R123 is the working fluid with the highest pump 

and expander costs. It can be seen in figure 5, the 

net energy produced per month by each fluid. 

The net energy for each month was estimated by 

the net energy produced in a representative day 

of the month multiplied by the number of days in 

the month. The outcome shows that R236ea 

produced the most net energy each month when 

compared to the other four fluids in the study, 

while R123 produced the lowest. This also 

explains that the solar powered ORC is able to 

generate most energy during the spring and 

summer months, having the peak generation in 

the month of July for all evaluated fluids. 

 

 

 
Figure 5: Net energy generated per month in Zone A for each of the modeled fluids. 

 

The total yearly generated energy for each of the 

evaluated cases is presented in figure 5, the 

highest net energy is produced by the ORC using 

R236ea as the working fluids (3,888 kwh/yr), 

while the lowest is produced by the ORC using 

R123 (1,625.kwh/yr). 
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Figure 6: Total energy destroyed per month in both zones for each of the modeled fluids. 

 

The figure 6 indicates the total exergy destroyed 

per month for all fluids in the study. In the same 

way, the total exergy destroyed per month was 

estimated by multiplying the calculated total 

exergy destroyed per representative day of the 

month by the number of days in the month. Also, 

the results show that R236ea destroys the least 

amount of exergy, while R123 destroys the most. 

This implies that it can be observed how the 

selected fluids plays a very vital role in the 

performance of the ORC since the ORC using 

R236ea was able to generate about 139% more 

energy compared to using R123, while also 

allowing 8% less exergy destruction. More so, 

R236ea has the highest energy generated and the 

lowest amount of exergy destroyed per day and 

year and the lowest mass flow rate required under 

the evaluated conditions. This implies that 

R236ea is used as the working fluid for the 

results that are presented in this research.  

To show the performance of the system in 

different seasons, the solar ORC was assessed in 

Zone A for 28 January and July using R236ea as 

the working fluid. The ORC was modeled in two 

locations with the same latitude but different 

climate conditions, Zone A (Portharcourt) and 

Zone B (Maiduguri), this is to evaluate the effect 

of average hourly outdoor temperatures on the 

ORC performance. The solar irradiation values 

are the same for both cities since they have 

roughly the same latitude, but average hourly 

temperature vary per location since they are 

located in different climate zones. The net energy 

and total exergy generated per month by the ORC 

for both locations is as shown in figure 7.  The 

comparison depicts that Zone B generated a 

slightly higher energy and exergy for each month 

by the ORC except 28 February and July. The 

total energy generated in Zone B was about 3,985 

kwh/yr. which is 3.1% higher than the energy 

generated in Zone A. 

 

 

 

 
Figure 7: The net energy generated and total exergy destroyed per month for both zones. 
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Carbon dioxide Emission (CDE) and Primary 

Energy Consumption (PEC). 

The investigation also includes finding the effect 

of replacing purchased electricity from the grid 

with the electricity generated by the ORC. Since 

the electricity from the ORC is generated from 

solar energy on site, the SFCPEC has a value of 1. 

The conversion factor for electricity purchase 

vary from state to state, and for the two states 

Borno (Maiduguri) and Rivers (Port Harcourt) 

involved in this study, the EFCPEC values are 3.35 

and 3.27 respectively. Figure 8 indicates possible 

monthly PEC savings for both zones. The total 

PEC savings for both zones are 8, 297 and 8, 219 

kwh/yr respectively.  

 

In a similar way, using a solar powered ORC top 

generate on-site electricity from the grid, both 

zones have an ECFCDE value of 0.471 and 0.538 

kg/kwh, respectively. The possible CDE monthly 

savings are as shown in figure 4.8. The total CDE 

savings for both zones are 1, 817 and 2, 138 kg/yr 

respectively. We can conclude that the solar 

powered ORC not only generate power but also 

reduce the amount of PEC and CDE as compared 

with electricity production in a power plant. 

 

 
Figure 8: Monthly PEC savings for both zones 

 

The possible economic savings produced by the 

ORC are investigated by comparing the chosen 

working fluids in both zones, in addition, the 

maximum capital cost was investigated for 

various payback periods for each of the fluids. 

The cost of average electricity for both zones are 

0.1108 and 0.1161 $/kwh respectively, which 

was determined with the use current electricity 

data for residential consumers (Monthly electric 

power consumed for the period. The capital cost 

for both zones also shows that R236ea has the 

highest available, while R123 has the lowest 

available capital cost for both zones. The solar 

ORC Zone B (Maiduguri) has higher values for 

all fluids when compared to the solar ORC in 

Port Harcourt. This can be explained since more 

electricity is generated in Maiduguri which is 

addition has slightly higher electricity cost. The 

capital cost for R236ea in Maiduguri given a 

10year payback period, is approximately $4, 624 

compared to $4, 288 in port Harcourt, with the 

same payback period.  
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Figure 9: Monthly CDE savings for both zones 

 

Hourly trends are compared for a given period. 

The possibility for PEC and CDE savings is also 

studied when replacing purchased electricity 

with on-site ORC generated power. More so, a 

parametric study is carried out to investigate the 

effect of the temperature and pressure of the 

organic working fluids and the solar collector 

area on the electricity production in the solar 

ORC. For all of the evaluated fluids, the model 

will be able to show that the when ORC produced 

the most net power over the months. The working 

fluid with the most energy, highest thermal 

efficiency, and exergetic efficiency will be 

determined. The fluid with the lowest exergy 

destruction rate and lowest average mass flow 

rate will be determined. The fluid with the 

highest capital cost available and lowest pump 

power required, and lowest volumetric flow rate 

into the expander will be determined.  

Conclusions 

This research showcased an hourly solar ORC 

which was modeled and assessed in two different 

temperate zones namely; Maiduguri (Borno), and 

Port Harcourt (Rivers), with the application of 

five different dry organic working fluids to 

investigate the effect of ambient temperature and 

working fluid on the system. The hourly trends 

were compared for the months of January and 

July. The possibility for PEC and CDE savings 

was also studied when replacing purchased 

electricity with on-site ORC-generated power. 

For all of the assessed fluids, the model showed 

that the ORC produced the most net power during 

the raining and dry season months.  

Out of the five fluids assessed, R236ea 

performed the best from the study under the 

modeled conditions. It generated the most net 

energy per year of about 3,888 kWh/year, had the 

highest thermal efficiency and exergetic 

efficiency, and had the lowest rate of exergy 

destruction as well as the lowest average mass 

flow rate required. The lowest pump power 

required, as well as the highest capital cost was 

found to be R236ea, and it is also the second 

lowest volumetric flow rate into the expander, 

which indicates that R236ea indicates the most 

promise for economic viability among the 

selected fluids. This implies that R236ea was the 

modeled working fluid for the remainder of the 

study. While determining the effect of hourly 

irradiation and changes in temperature, it was 

investigated that the highest net energy produced 

and highest total exergy destroyed occurred 

during the middle of the day, when the solar 

irradiation was the highest. The mass flow rate 

followed the same hourly trend as the net energy 

produced. These trends were seen in both the 

months of January and July. The efficiency trend 

of the solar collector, however, differed from 

January to July. In January, efficiency of the the 

solar collector was almost constant but peaked 

during the middle of the day. However, in July, 

the efficiency of the solar collector peaked at the 

end of the day. The exergy analysis investigated 
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that the solar collector was the highest 

contributor to the total exergy destruction.  

The solar ORC was modeled in Maiduguri and 

Port Harcourt to compare the performances 

because the cities are in different temperate 

zones. Therefore, the same solar irradiation data 

were used, but the ambient temperatures for the 

two cities differ. In general, Maiduguri had the 

higher hourly ambient temperatures which 

affected the solar efficiency. This led to a slightly 

higher net energy produced for most months as 

well as slightly higher average mass flow rates 

for most months. The amount of PEC and carbon 

dioxide emission savings was evaluated for the 

two cities as well. While the ORC in Maiduguri 

produced more electricity than in Port Harcourt 

resulting in less electricity purchased from the 

grid, the ORC in Port Harcourt had slightly 

higher PEC savings, 8,308 compared to 8,230 

kWh. This is as a result of the fact that the 

ECFPEC value was higher in Port Harcourt than 

Maiduguri. The ORC in Maiduguri had greater 

carbon dioxide savings than in Port Harcourt 

which corresponds to the higher ECFCDE value. 

Therefore, in this case, where the net energy 

produced is very similar between the two cities, 

the city with the higher electricity conversion 

factor has the possibility for greater savings.  

As the solar collector pressure increased, the Net-

work increased, while the total exergy destroyed 

and the average mass flow rate decreased, but the 

effect of the pressure on the Net-work, the total 

exergy destroyed, and average mass flow rate 

decreases as the pressure approaches the critical 

pressure for the fluid. The condensing 

temperature has an inverse effect on the net 

energy produced, the total exergy destroyed, and 

the mass flow rate. Reducing the turbine 

efficiency reduced the net energy produced and 

slightly increased the total exergy destroyed. 

Varying the solar collector pressure and the 

condensing temperature affected both the 

thermal and exergetic efficiencies, while the 

number of solar collectors did not. The highest 

efficiencies in this study occur at a high solar 

collector pressure and a low condensing 

temperature. The performance on the assessed 

fluids corroborates this as well. R236ea, which 

had the highest pressure ratio and temperature 

range, is the fluid that shows the best 

performance among the evaluated fluids under 

the modeled conditions.  
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