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Abstract

:

Every year, flare gas is responsible for more than 350 million tons of CO2 emissions. Aside from thermal and environmental pollution impacts, flare gas contributes to global warming and enormous economic losses. Thus, waste heat recovery due to flaring gas can be explored through Organic Rankine Cycle ORC systems for electricity production. In this context, the assessment of a toluene ORC system is proposed for a potential application in an Algerian petrochemical unit. The study focuses mainly on highlighting the potential and thermodynamic performances of the ORC application to produce electricity and potential cooling thanks to coupling an absorption chiller by recovering heat due to flaring gas. Such a solution can easily be implemented as an energy efficiency key solution. The ORC electrical production can meet the increasing demand of natural gas initially intended to be provided to a gas power plant and assures the major part of the Algerian electrical production.
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1. Introduction


One of the major environmental problems related to the gas and oil industry is the unwanted natural gas released to the atmosphere by flaring [1]. The increased flaring gas process is caused by the increased demand of oil and gas production in addition to the pressure relief requirement in abnormal conditions [2] for safety purposes at refinery facilities. It should be considered that flaring enormous quantities of natural gas is an economic capital waste and is a major source of the reported important quantities of emitted gas components, such as carbon dioxide, methane, sulfur, NOx, volatile organic compounds (VOCs), and black carbon [3]. Statistical reports provided an amount of 400 million tons of CO2 emitted from about 150 billion cubic meters per year flared gas all around the world [4,5]. These emissions are dominated by the upstream petroleum sector [6]. Therefore, it is highly required to reduce the flared gas by improving the actual flaring gas techniques and to look for new recovery technologies that can be used for electricity production or alternative efficient applications. For the oil and gas industry, natural gas that would otherwise be flared can instead be used to produce heat power that is able to be recovered for electricity generation, thus significantly reducing emissions.



Flaring gas can be reduced and/or recovered by means of different techniques, including, i.e., redistribution in the natural gas distribution networks, transported via pipeline (Piped Natural Gas -PNG), re-injected for enhanced oil recovery, used as feedstock for the petrochemical manufacturing, and used for electricity generation [7]. The latter technique was the focus of some recent studies and is the subject of the present investigation. For example, Heidari et al. [8] compared two novel methods for generating electrical power using the flare gas with a flow rate from 0 to 2.14 kg/s. The first method is burning the mixture of the flare gas and a conventional fuel, while the second method is based on sending the flare gas to an intermediate stage of a gas turbine after burning it in a combustor. Results show that the first scenario is preferable from technical and economic aspects for all of the flare and natural gas flow rates except when the amount of the flare flow rate in the plant is lower than 0.8 kg/s. The same authors [9] also compared two scenarios of electrical power generation-based flared gas. The first scenario assumed a gas turbine working in a simple Brayton cycle while the second scenario considered a simple cycle of the gas turbine-based Fog method. The comparison-based technical and economic aspects showed that the second scenario generates higher power with a difference of about 1.75 MW while the first scenario is more economically acceptable. Ojijiagwo et al. [10] and Ojijiagwo et al. [11] studied the technological and economic implications of the use of gas to wire (GTW) technology to manage gas flare for electricity generation, particularly in Nigeria. The economic analyses point out a potential net profit of £2.68 billion from flare gas prevention. The prevented flare gas can substitute the initially daily feed gas of 46.5 MCM required for gas turbines to generate around 7500 MW of electricity. Anosike [12] simulated and compared different gas turbines used for converting waste from flared gas and from pure natural gas in Nigeria. The comparison showed that both fuels have a similar performance and the recovered flared gas can be used efficiently in electricity generation using conventional gas turbines. Rahimpour et al. [2] investigated three methods: Gas-to-liquid (GTL) production, electricity generation with a gas turbine, and compression and injection into the refinery pipelines, via simulation and economic evaluation for Asalooye gas refinery to recover and reuse flare gases. Results showed that 48,056 barrels per day of valuable GTL products are produced by the GTL method. The electricity generation method provides 2130 MW electricity and the gas compression method provides a compressed natural gas with 129 bar of pressure for injection to the refinery pipelines. In addition, the economics evaluation results show that the gas compression technique is the most economical approach in Asalooye gas refinery with a medium capital investment owing to lower capital investment costs and higher return investment rate. Rahimpour et al. [13] did the same work for Farash band gas refinery. Results showed that electricity generation is the most appropriate solution economically. Hajizadeh et al. [14] evaluated and simulated the feasibility of three methods for flare gas recovery (FGR) using Aspen HYSYS and Aspen EDR simulation software in a giant gas refinery in Iran. These methods include liquefaction, LPG (liquefied petroleum gas) production, and a gas compression unit. The liquefaction and LPG production units existed in the plant and can be used for FGR. Results indicate that operating a flash drum at 1 barg of pressure leads to maximum liquid extraction from flare gas, while operation at 0.75 barg gives maximum LPG production. Using the FGR methods, more than 80% of flare gases can be recovered, which stops about 205 ton/day CO2 equivalent emission. The economic analysis showed that the rate of return (ROR) for liquefaction and LPG methods is above 200%. Al-Fehdly et al. [15] proposed an alternative energy utilization solution that can reduce the energy waste as well as the carbon footprint of crude oil production estimated in Iraq. This solution is to use the flared gas in generating electricity instead of the adopted method of using fossil fuel, which potentially saves about 50 million tons of carbon dioxide annually as per today’s production rates. Adekomaya et al. [16] made the Nigerian government aware of the enormous gap in the power supply and demand in order to control the generation of electricity. They highlighted the linkages between gas flaring and its impact on energy growth and sustainability. Iora et al. [17] focused on the on-site electricity generation from an annual average yield of 1150 Nm3/h of associated gas. The analysis was carried out by comparing, both from the economic and environmental points of view, various power plant technologies for the generation of electric power in the proximity of the oil field. It turned out that adopting a scheme with non-derated internal-combustion engines (ICEs) fed by treated gas, and partial gas flaring, the most cost-effective result was obtained, showing an important payback time of about 5 years and an internal rate of return (IRR) of 42.2%. Tahouni et al. [18] presented a novel methodology of a fuel gas network (FGN) based on the model of Hasan el al. [19]. They developed new constraints for flaring emissions mostly for CO2 emissions. Additionally, they proposed a profit-based retrofit model for the integration of flare gas streams in FGNs. The refinery case study proved that the use of a flared gas stream to the network, the novel model of FGN, can reduce energy costs and flaring emissions. Comodi et al. [20] investigated the deployment of a liquid ring compressor to treat flare gas and reuse it. The flare gas recovering flow rate of 400 kg/h was performed. Such a solution was economically profitable with an interesting payback time estimated at less than 3 years.



The generation of electrical power can be achieved by means of different alternative and well-developed techniques, such as the steam Rankine cycle (SRC), which uses the dissipated heat from the waste heat boiler to generate steam that drives a turbine [21]. The organic Rankine cycle (ORC) is also a recently developed technique, which uses organic working fluids instead of water. These fluids are generally selected based on the investigated application, temperature levels, and the environmental impact in terms of the ozone depletion potential (ODP) and global warming potential (GWP) [22].



As a negative consequence of the natural gas flaring and the new initiatives endorsed by the World Bank to some concerned countries and oil and gas companies to end routine gas flaring by 2030 [23], the objective of this study was to propose a thermodynamic analysis-based ORC system for waste heat recovery from gas flaring in Algeria. Contrarily to pollutant information emissions from gas flaring activities that can be provided by a satellite [24], in situ potential estimation of the flare gas heat source is very difficult because of challenging measurement due to the noticeable changing of gas composition at high flow velocities as reported by Emam [25]. Therefore, Ziyarati et al. [26] implemented one model, allowing a good estimation of both the flow rate and gas composition of gas feeding the flare system.



The present work focused on the assessment of a toluene ORC system for power generation from an annual average yield ranging from 100 to around 1000 Nm3/h of associated flaring gas [17]. Because of the high velocities and flow rate variation of flare gas, the ORC system risks off-design operating conditions. This is the main reason for which toluene was selected as the working fluid for this application since toluene figured among the fluids with the highest net power outputs at low loads [27] and supports high temperature ranges over 300 °C [28]. An integration of an absorption chiller activated by the condenser rejected heat was rapidly investigated with important cooling capacities.



In addition, and to the best of our knowledge, there is a lack of research studies on natural gas flaring and more particularly in Algeria. Therefore, this study takes up this challenge by considering and applying the present proposed ORC system to a potential application for waste heat recovery in an Algerian petrochemical unit. Publications dealing with ORC application for flare gas waste heat recovery are very limited and no detailed thermodynamic analysis-based ORC system for the waste heat recovery from gas flaring applications is available. Thus, the focus of the present paper was to contribute to the enhancement of knowledge about the feasibility and the application of this technique for waste heat recovery from a flaring gas source in a well-known oil- and gas-producing country, such as Algeria.



Reducing the flare is identified as a key action for the implementation of the sustainable development goals [29] and to comply with the endorsed zero routine initiative and the Paris agreement, declining as Nationally Determined Contribution (NDC) in Algeria [30].



Therefore, the rest of the paper is devoted to presenting the thermodynamic model in terms of energy and exergy analysis for both flare gas and ORC systems. Thereafter, the simulation results are presented and discussed. The conclusions are noted at the end of the paper, pointing out an important potential for ORC applications even for electricity production and cooling owing to a possible coupling with an absorption chiller.




2. Thermodynamic Model


Thermodynamic analysis concerns a flare gas waste heat recovery system using a toluene ORC cycle as depicted by Figure 1. The thermodynamic study was performed based on a couple of assumptions summarized as follows:



	
Steady state operating mode of the ORC cycle [31,32]



	
Neglecting pressure drops at each side of the heat exchangers [31,32]



	
Neglecting both variation of both kinetic and potential energies [31,32]



	
Turbine and feeding pump isentropic efficiencies fixed at 0.8 [28]



	
Tev = 300 °C, considered as the highest temperature for the high-temperature working fluid [28]



	
Tc = 120 °C; fixed based on the corresponding saturation pressure, Psat = 1.31 bar > Patm



	
Ideal conversion from mechanical to electrical power



	
Sub cooling and super heating respectively fixed at ΔTsub = 5 °C [33] and ΔTsup = 0 °C [32] for the basic configuration



	
Flare gas considered as semi perfect, meaning that the thermophysical properties depend only on the temperature contrarily to the ideal gas with constant thermophysical properties.






Then, both the specific enthalpy and entropy are defined respectively as:


  d H =   m ˙   f g   . d h ⇒ d h = C  p  f g   ( T ) . d T ,  



(1)






  d S =   m ˙   f g   d s ⇒ d s = C  p  f g   ( T )   d T  T  − R   d P  P  ⇔ d s = C  p  f g   ( T )   d T  T  w i t h   d P  P  = 0 .  



(2)







The expression of specific entropy is obtained when neglecting the pressure drops.



2.1. Specific Heat Capacity Model of the Flare Gas


The specific heat capacity of combustion products, flare gas, depends on the temperature variation [34]; this is why the gas is qualified as semi-perfect, and considering it as constant may disturb a good quantification of the available heat of the source. These risks also have a direct impact on the enthalpy and entropy calculations since both terms are defined based on the specific heat capacity.



The thermodynamic database used to perform the required calculation of the ORC, Cool Prop, is not able to be used directly to prevent accurate enthalpy and entropy calculation for the present flare gas composition since such a specific mixture is not available within the mentioned data base. Thus, the calculation is made possible through two mains steps: Defining the typical flaring gas composition within the Cool Prop tool, and then deducing its specific heat. After this, a sensitive analysis on the computed specific heat is performed and a fitting curve for the variation of the specific heat versus temperature is obtained. It should be noted that the elementary chemical compounds of the typical flare gas composition are all available within the Cool Prop database.



A typical flare gas composition was considered for the present work as reported previously by Emam [25]. Such composition was assumed for the present preliminary study. However, experimental measurements are highly recommended when a physical ORC deployment is expected in order to assure an accurate-sizing step of the whole ORC solution during the tendency modeling step.



As mentioned previously, the composition of the flare gas was introduced within CoolProp [35] for the calculation of specific heat capacity for a range of temperature sources. The interpolation of the different points of Cp allowed implementation of the next fitting curve expression for which all coefficients are defined in Table 1:


  C  p  f g   ( T ) = A  T 6  + B  T 5  + C  T 4  + D  T 3  + E  T 2  + F T + G .  



(3)







Therefore, the integration of this last expression will allow accurate calculation of the enthalpy and entropy (inlet/outlet). Their respective expressions are given then:


  h =    ∫   T  h s i      T  h s o 2      C  p  f g   ( T ) d T    =     A    T 7   7  + B    T 6   6  + C    T 5   5  + D    T 4   4  + E    T 3   3  + F    T 2   2  + G T      T  h s i      T  h s o 2     ,  



(4)






  s =    ∫   T  h s i      T  h s o 2      C  p  f g   ( T )   d T  T     =     A    T 6   6  + B    T 5   5  + C    T 4   4  + D    T 3   3  + E    T 2   2  + F T + G ln ( T )      T  h s i      T  h s o 2     .  



(5)








2.2. ORC Cycle Thermodynamic Model


The thermodynamic model of the ORC cycle deals with energy and exergy analysis by considering all abovementioned assumptions.



2.2.1. Energy Analysis


The thermodynamic model was carried out based on the previous work of Le et al. [31].



As shown in Figure 2, the subcooled organic working fluid is firstly pressurized to the high pressure of the steam generator. This thermodynamic transformation required mechanical power, such as:


    W ˙  p  =   m ˙   w f   (  h c  −  h b  ) .  



(6)







The working fluid is preheated and then evaporated into saturated steam. This transformation is made possible by recovering the heat available in the flare gas. Consequently, a waste heat is recovered to feed freely the ORC system. Thereby, the temperature of flue gas is drastically reduced, leading to an important reduction of the thermal pollution. The overall thermal power absorbed at high pressure by the preheater and the evaporator is calculated as:


    Q ˙   h p   =   Q ˙   p r e   +   Q ˙   e v   =   m ˙   w f     (  h d  −  h c  ) + (  h e  −  h d  )   =   m ˙   w f   (  h e  −  h c  ) ,  



(7)




where     Q ˙   e v     and     Q ˙   p r e     represent respectively the heat power absorbed by the evaporator and preheater.



The selected working fluid, Toluene, presents a negative slope in the T–s diagram, Figure 2; i.e., dry fluid. Therefore, superheating is no longer required for this basic configuration. Thus, the turbine expansion power can be formulated as:


      W ˙  T    =   m ˙   w f   (  h e  −  h f  ) .  



(8)







The expanded steam leaving the turbine is then introduced within the condenser to be respectively cooled, condensed, and then subcooled to protect the feed pump. The rejection power at low pressure occurring during these steps is calculated:


   η  t h   =       W ˙  T    −   W ˙  p      Q ˙   h p     .  



(9)







Consequently, the thermal performance of the ORC system activated by the recovered heat of the flare gas initially discharged to the atmosphere is defined as follow:


   η  t h   =       W ˙  T    −   W ˙  p      Q ˙   h p     .  



(10)








2.2.2. Exergy Analysis


The quality of energy analysis is improved through the exergy study. The exergy study focuses on both consumed and destroyed exergy within each element of the ORC cycle. The standard conditions are considered for the dead state.



Therefore, the supplied exergy during the heating step is provided by the heat source. It is expressed as:


   E ˙   x h  =   m ˙  h    (  h  h i s   −  h  h s o   ) −  T 0  (  s  h s i   −  s  h s o   )   .  



(11)







Then, the working fluid absorbs only one part of the available exergy. Consequently, the absorbed exergy by the high-pressure exchanger, composed of both the preheater and evaporator, can be calculated as:


   E ˙   x  h p , w f   =   m ˙   w f     (  h e  −  h c  ) −  T 0  (  s e  −  s c  )   .  



(12)







While, the destruction of exergy is quantified by:


    I ˙   h p , w f   =  T 0      m ˙   w f   (  s e  −  s c  ) +   m ˙  h  (  s  h s o   −  s  h s i   )   .  



(13)







The generated steam leaving the evaporator is directed towards the expansion device. This means that available exergy supplied for the expansion process becomes:


   E ˙   x T  =   m ˙   w f     (  h e  −  h f  ) −  T 0  (  s e  −  s f  )   .  



(14)







This last expression of the available exergy can be decomposed respectively in two terms: The useful exergy that represents the effective output performed by the turbine (Equation (15)) and the exergy destruction occurring within the turbine (Equation (16)):


      W ˙  T    =   m ˙   w f   (  h e  −  h f  ) ,  



(15)






    I ˙  T  =  T 0    m ˙   w f   (  s e  −  s f  ) .  



(16)







After the expansion process, the working fluid undergoes transformations leading to the supply of exergy to the cooling medium; this exergy is defined as:


   E ˙   x c  =   m ˙   w f     (  h f  −  h b  ) −  T 0  (  s f  −  s b  )   .  



(17)







On the other hand, the cooling medium receives only part of the exergy formulated as:


   E ˙   x  c m   =   m ˙   c m     (  h  c s o   −  h  c s i   ) −  T 0  (  s  c s o   −  s  c s i   )   .  



(18)







The destruction of exergy during the heat rejection in the condenser can be expressed by:


    I ˙  c  =  T 0      m ˙   w f   (  s  o u t   −  s  i n   ) +   m ˙   c m   (  s  c s o   −  s  c s i   )   .  



(19)







The subcooled fluid leaving the condenser is pressurized to the high pressure of the evaporator. This requires an exergy supply defined as:


    W ˙  p  =   m ˙   w f   (  h c  −  h b  ) .  



(20)







Therefore, the working fluid receives the following useful exergy


   E ˙   x p  =   m ˙   w f     (  h c  −  h b  ) −  T 0  (  s c  −  s b  )   .  



(21)







The pumping processes generate exergy destruction estimated by the following relation:


    I ˙  p  =  T 0    m ˙   w p   (  s c  −  s b  ) .  



(22)







Finally, the overall exergy destruction occurring throughout the ORC cycle is expressed as:


    I ˙   t o t   =   I ˙  p  +   I ˙   h p , w f   +   I ˙  T  +   I ˙  c  .  



(23)







Then, the whole system exergy efficiencies defined by:


   η  e x   =       W ˙  T    −   W ˙  p     E ˙   x h    .  



(24)







We also define the pressure ratio as follows:


   P  r a t   =    P  e v      P c    .  



(25)







Another ratio, the evaporator heat ratio, is defined for the specific need of the present study:


   Q  r a t   =    Q  e v      Q  p r e     =   (  h e  −  h d  )   (  h d  −  h c  )   .  



(26)










3. Results


The obtained results are presented in four separate subsections. The three first subsections focus on the sensitivity analysis of three parameters, including respectively the evaporation temperature, heat source inlet temperature, and super heating temperature. The final subsection is allocated to the integration of the absorption chiller and its impact on the overall performance of the proposed system.



3.1. Evaporation Temperature Sensitivity Analysis


Figure 3 points out a proportional correlation for both the thermal, exergy performances, and mechanical power produced by the turbine when the evaporation temperature increases. The maximum thermal and exergy performances of 15.8% and 35%, respectively, and mechanical power output of 233 kW are reached with the temperature of 300 °C. Indeed, the increasing of the evaporation temperature conduct to recover a higher heat power thus leads to a reduction of the exergy destruction within the evaporator. The higher enthalpy intensity of the output steam leaving the evaporator maximizes the power of the turbine and increases the irreversibility, as shown in Figure 4. Consequently, the exergy destruction in the turbine rises slightly, with the same trend as the destruction of exergy in the condenser. However, the reduction of the evaporator’s exergy destruction is faster so that the total irreversibility of the whole system passes from about 305 to 185 kW for the evaporation temperature ranges of 150 to 300 °C.



In terms of the exergy destruction ratio, the higher value of the evaporation temperature highlights that the exergy destruction is dominated by the condenser and evaporator, with a ratio of 39%. This ratio is about 21% and 1% for the turbine and pump, respectively, as depicted in Figure 5.



Moreover, the increasing of the evaporation temperature points out that the pressure ratio (Pev/Pc) becomes higher from Figure 3b while the ratio Qev/Qpre reduces as represented in Figure 6. The higher pressure ratio risks many stages of the ORC turbine being required, i.e., more expensive. When the evaporation heating is dominated by the preheating step     Q e v   Q p r e   < 1  , this leads to the higher thermal coefficient not being taken advantage of due the evaporation itself (phase change enthalpy). Consequently, a greater area should be implemented in the pre-heater to offset the high heat transfer coefficient of the evaporation step. Thus, the cost of the pre-heater risks being much higher with a direct impact on the energy unit cost ($/kWh). This detail was not developed in the present work and it will be considered in our future investigation. The present work concerns only a preliminary study to point out the potential of an ORC application to produce electricity based on flare gas within the Algerian context.




3.2. Heat Source Inlet Temperature Sensitivity Analysis


The sensitivity analysis based on the heat source inlet temperature was performed with a basic ORC configuration (Tev = 300 °C and Tc = 120 °C).



The sensitivity analysis notes that the exergy efficiency and flare gas flow rate vary inversely with an increasing temperature heat source, as shown in Figure 7. The deterioration of the energy performance is mainly due to the generated irreversibility within the evaporator that becomes more important with an increasing heat temperature source as presented in Figure 8. As the ORC cycle is fixed, the total exergy destruction of the ORC system is only and directly affected by irreversibility within the evaporator. It follows the same increasing trends already observed with the evaporator.




3.3. Super Heating Temperature Sensitivity Analysis


The sensitivity analysis of the super heating temperature was carried out by fixing the inlet heat source temperature, this = 400 °C, for the basic ORC configuration.



The results, as shown in Figure 9, note the reduction of the turbine-generated power when the heat source temperature rises. The super heating step allows a higher recovery amount of the same available thermal power of the heat source. In other terms, the absorbed exergy is improved for the evaporator, decreasing its exergy destruction, as can be observed in Figure 10. However, superheating involves an important exergy destruction within the condenser and then the total exergy of the whole system. Consequently, this fact reduces the exergy performances.




3.4. Turbine Efficiency Sensitivity Analysis


The increasing of the isentropic efficiency of the turbine improves both thermodynamic performances and thus the improvement of the power output of the turbine, as shown in Figure 11a. This is due to diminution of the irreversibility within the turbine, then in the condenser, and consequently the total exergy destruction as observed from Figure 11b. No destruction variation was observed for the high pressure heat exchanger (preheater + evaporator) and for the pump as these compounds are independent of the turbine.




3.5. Integration of Absorption Chiller


The rejected heat at the condenser still presents an important heat potential especially for activating a sorption chiller. A sorption chiller can use either a solid solution—adsorption chiller—or liquid solution in the case of an absorption chiller. As reported by several authors [36,37], the coefficient of performance (COP) and cooling capacity of an absorption chiller are greater than the adsorption technology. Basically, the single effect COP of the absorption chiller ranges from 0.5 to 0.73 for an operating temperature comprised between 60–110 °C. The cooling capacity for commercial applications varies from kW to MW, where the COP ranges from 0.25 to 1.2 depending on both the desired evaporation temperature of the chiller and the inlet temperature [38].



Indeed, the activation of the absorption chiller by the condenser’s rejected heat improves the overall performance of the system and allows it to meet the cooling demand of both petrochemical units and offices initially produced by consuming even gasoline, gases (oil production well), or network electricity in the case of a petrochemical plant. For a fixed COP of 0.5 and absorber feeding temperature (Tcso = 100 °C), the proposed basic ORC system produces electrical power of 233 kW and rejects about 1180 kW, with a thermal performance of 15.8%, thus leading to a cooling capacity of about 590 kW. Therefore, the ORC absorption chiller coupling enhances the performance of the whole system to almost 59%. Depending on the flaring capacity of each plant, a low flaring rate in the petroleum downstream sector compared to the high flaring rate in the upstream sector, the electricity and cooling capacity can vary as depicted in Figure 12. At the maximum flare gas flow rate, the cooling capacity and electrical power output can reach 5.9 and 2.3 MW, respectively.



Concerning the whole exergy performance of the combined systems, this part is not developed as it requires more details and it will be carried in future investigations.





4. Conclusions and Perspectives


The presented paper investigated the implementation of the ORC cycle as a key solution for flare gas waste heat recovery. The study focused on thermodynamic performance studies in terms of energy and exergy balance. This was followed by sensitivity analysis, aiming to highlight the most important parameters with direct impact on the whole system’s performance.



With a fixed temperature of the inlet flare gas, the sensitivity analysis of the evaporation temperature pointed out the diminution of the total destroyed exergy, especially within the evaporator, and subsequently the improvement of the thermodynamic performances and the turbine power output. The maximum evaporation temperature of 300 °C led to higher energy and exergy performances, estimated at 16% and 35%, respectively, while the maximum turbine power reached 230 kW. Moreover, the analysis noted the fact that high temperature heat transfer can be dominated by a preheating step to the detriment of evaporation itself, causing an expensive cost for the evaporator.



The analysis of the inlet’s heat source temperature impact, flare gas, showed a proportional exergy destruction in the evaporator, and then for the whole system, when the heat source temperature was increasing. A direct impact was observed by the reduction of the exergy performance of the ORC system to about 29% when the heat source temperature passed from 400 to 600 °C because of the exergy destruction occurring within the high-pressure heat exchanger.



The impact of the superheating temperature was investigated. As the toluene is a dry fluid, the super heating should be reduced at its minimum. Furthermore, superheating reduces all thermal performances of the systems and induces important exergy destruction, especially in the condenser.



The sensitivity analysis of the turbine efficiency noted the improvement of both thermodynamic performances, total exergy destruction and turbine power output, when increasing the turbine efficiency.



Another solution consisting of the integration of an absorption chiller activated by the condenser’s rejected heat was carried out. The preliminary investigation highlighted the important potential of the ORC-absorption combined system to produce both electricity and cooling with a maximum performance of 59%. This power capacity varies from hundreds of kW in the case of a downstream petroleum application to the MW range for the upstream sector. Such a solution will be investigated deeply in future works to assess accurately the whole exergy performances of the system and to estimate the cost solution and its profitability in the Algerian market.
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Nomenclature




	Cp
	Specific heat at constant pressure (kJ·kg−1·K−1)



	    E ˙  x   
	Exergy rate (kW)



	h
	Specific enthalpy (kJ·kg−1)



	   I ˙   
	Destruction of exergy (kW)



	   m ˙   
	Mass flow rate (kg·s−1)



	P
	Pressure (kPa)



	   Q ˙   
	Heat power absorbed (kW)



	Q
	Specific heat (kJ·kg−1)



	R
	Gas constant (kJ·kg−1·K−1)



	S
	Specific entropy (kJ·kg−1·kg−1)



	T
	Temperature (°C)



	ΔTsup
	Super heating temperature (°C)



	ΔTsub
	Sub cooling temperature (°C)



	   W ˙   
	Power (kW)






Abbreviations





	COP
	Coefficient Of Performance



	FGN
	Fuel Gas Network



	FGR
	Flare Gas Recovery



	GTL
	Gas to Liquid



	GTW
	Gas To Wire



	GWP
	Global Warming Potential



	ICE
	Internal-Combustion Engine



	LPG
	Liquefied Petroleum Gas



	NDC
	Nationally Determined Contribution



	ODP
	Ozone Depletion Potential



	ORC
	Organic Rankine Cycle



	PNG
	Piped Natural Gas



	SRC
	Steam Rankine Cycle



	VOC
	Volatile Organic Compound






Subscripts





	c
	Condenser



	csi/cso
	Cold sink inlet/outlet



	cm
	Cooling medium



	ev
	Evaporator



	ex
	Exergy



	fg
	Flare gas



	h
	Heating



	hsi/hso
	Heat source inlet/outlet



	hp
	High pressure



	in
	Inlet



	out
	Outlet



	p
	Pump



	pre
	Preheator



	T
	Turbine



	th
	Thermal



	rat
	Ratio



	wf
	Working fluid






Greek Symbols





	η
	Efficiency (%)
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Figure 1. Schematic presentation of an Organic Rankine Cycle ORC waste heat recovery system. 
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Figure 2. The thermodynamic cycle for the basic ORC system. 
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Figure 3. Thermodynamic performances (a), and turbine power variation (b) with evaporation temperature evolution. 
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Figure 4. Exergy destruction with variation of the evaporation temperature. 
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Figure 5. Exergy destruction ratio with variation of the evaporation temperature. 
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Figure 6. Evolution of the ratio Qev/Qpre with variation of the evaporation temperature. 
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Figure 7. Exergy performance and flare gas flow rate with inlet heat source temperature variation. 
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Figure 8. Exergy destruction with inlet heat source temperature variation. 
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Figure 9. Thermodynamic performances (a), and mechanical power output variation (b) with superheating temperature evolution. 
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Figure 10. Exergy destruction with variation of the superheating temperature. 
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Figure 11. Thermodynamic performances and turbine output (a), and exergy destruction (b) with isentropic turbine efficiency variation. 
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Figure 12. Cooling and mechanical power output of the combined ORC absorption chiller with variation of the flare gas flow rate. 
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Table 1. Fitting curve coefficients.






Table 1. Fitting curve coefficients.





	Coefficient
	Value





	A
	−4.30E−17



	B
	2.75E−13



	C
	−7.22E−10



	D
	9.96E−07



	E
	−7.61E−04



	F
	3.07E−01



	G
	−4.71E+01











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
Flow rate,Fg (kg/s)

@ Flowratefg Wnex

aso0

Thsi (°C)

550

nex (%)





media/file4.png
ATpinch,h

AT

pinch,c






media/file18.png
wT
240 _
®nth @nex e
235
- 35.2 g E 0000000000.0..ooooooooooooo
: x : ’00000000000
q:) ; ........
® 230
- 34.

15.6
| 40
5 - 34.4 |
€154 | o

N ’ N DTsup (°C)
34
15.2 - |
40
30
20
5 o
| i N DTsup (°C)

(b)
(a)





media/file21.jpg
() ormnnsap dioua wroy
£3383:31%

Tesaraaz-





media/file3.jpg
ATgincn

AT,

pinch,c






media/file22.png
(m>) uononaysap ASsaxo |ejol

(=] N (2] o N (3] o
(] o i (2] o < (o]
N (o] (o'} - (] (] L]
1 _“ 0_ 1 L0 -
me ' «@
o)
2 e — e
[ ]
* '« <
o
.
T o 2
o
° - < <
= ’E < ¢35
<
‘e B <« <
Q.
=
mote-a ¢ &
' ed m <
| | b BB 5-
- - 0
o o [=] [=] (=] o o
N o 0 o < N
L] (]
(m>) uononaisap A3sax3
(W1) 1m
(=] < 2] - n ()] o0 o [=]
Ln o (<] N < - )] o <
o o (o] (o] «~ (o] - - -
“_ _“ 1 1 1 “_ 1
° ° °
° ° °
© ° °
-
2 ° ° °
°
x
& ° ° °
°
=
= ° [ I -
°
° o o
° o0
° e
2] 3] -] [\ -] (3] ] [32] ]
< < o [32] - -l

o~ ~
(%) Yyau

nT (%)

0.6 0.7 0.8 0.9

0.5

nT (%)





media/file19.jpg
(M) uonannsap ASiaxa jesor

3 8 8 8 %5 8 8 3

Wihp AIT ®lp #lc -itot ~Itot

g 8888¢g=8°

(M) uonanasap Asiax3

R

a0

2

10

DTsup (°C)





media/file7.jpg
Exergy detruction

250

H

150

H

ses0000000

AAAAAAAAAL

0000,"l

sessssssces

AAAAAAAAAAAAAAAAAAL

210 240 270 300

Tevap (*C)

310

260

210

160

110

Total exergy destruction (kW)





media/file10.png
Exergy destruction ration (%)

90
80
70
60
50
40
30
20
10

¢

A

150

cose s

YT

180

B ;hp

coseee?

AIT  olp

AAAAAAAAAA

210

240

Tevap (°C)

ceeoe?

®lc

AAAAAAAAAL

270

300





media/file14.png
N
n

15

Flow rate,Fg (kg/s)
N

0.5

36

....
L L)
®%00000, L 28
00¢0cccccee,
'TYY

- 34
- 32

- 30
]

26

400

500
Thsi (°C)

600

nex (%)





media/file11.jpg
© Qev/Qpre

Qev

Qpre <

150

180

210 240
Tevap (°C)





media/file6.png
nth ( %)

17

16

15

14

13

12

11

10

®nth Wnex
puu® :=“
g
- L i
"L
] °
.
— ] ] L
°
] ° b
|| ° i
- °
° i
°
b 4
. -
150 180 210 240 270 300
Tevap (°C)

(a)

WT (kW)

250

30

OWT @Pev/Pc
225 °® { ]

200 o2

175 e Ps
150 ® [

125 o °

100 °

® eo®
75000°...

50

[N
(9,
Pev/Pc

150 180 210 240 270
Tevap (°C)

(b)

300





media/file15.jpg
®ltot mihp

2 g 8 8 § =

(M) uononnsap ASsaxg

as0

Thi (C)





nav.xhtml


  energies-13-02265


  
    		
      energies-13-02265
    


  




  





media/file16.png
Exergy destruction (kW)

300

PY X J
@ Itot W ;hp .......0000
250 ......O..
o0®
200 .....0...
o (]
muEE
muEE
150 .....-IIII
1 LLy
L
100 .....I..
mn
50
0
400 450 500 550 600

Thsi (°C)





media/file2.png
Flue gas
Atmospheric Heating -‘ t

Discharge

Preheater

ORC Condenser

G

% Absorption
Generator

Evaporator r/.‘
L™

Petroleum Flare
Refinery system
Storage tank
Gas Waste heat

processing recovery system





media/file20.png
(md]) uononaisap Asiaxa |ejol

W O @ 0 N v un g
@ & ©® © ©6 0 0 o
i i i i i i i i
1 1 1 1 1 1

d

o

x

]

d

o

x

]

2

2

2

o

=

<

Q

=

[ |
© © © © © © o o
¥ N © oo © ¢ «
i i i

(M) uonanaysap ASi19x3

50

30 40
DTsup (°C)

20

10





media/file23.jpg
Power output (kW)

6000

B Cooling ® WT ]
4840 .
[l
3680 W
L]
2520 i
« °
L] . ®
1360 & +
.
.
.
200
100 200 300 400 500 600 700 800 900

Flare gas flow rate (Nm3/h)

1000





media/file5.jpg
o

s EEESIEEE






media/file24.png
Power output (kW)

6000

4840

3680

2520

1360

200

| |
M Cooling ® WT [ ]
[ |
[ ]
[ |
[ |
[ | @
® o
= °
o
[ ] o
o
o
: °
100 200 300 400 500 600 700 800 900 1000

Flare gas flow rate (Nm3/h)





media/file1.jpg
MDY | 'Y

Discharge

H ey

petrleum
Retiery
Storagetank
pia Waste heat
" recoverysystem






media/file12.png
Qev/Qpre

4.5

4

3.5

2.5

1.5

0.5

® Qev/Qpre
o
® I
|
ev ev
Q -1 : Q
Qpre I Qpre
|
([ ]
e [
o
®e
**tee
o
I Geoe
150 180 210 240 270 300

Tevap (°C)





media/file9.jpg
Exergy destruction ration (%)

aAAAAAL

150 180

AAAAAAAAAAALL

sahAddAALD

210 280 270 300

Tevap (°C)





media/file0.png





media/file8.png
Exergy detruction

150

[y
(=}
o

@
000oooooooo0000000000000000"

AKA;A;A;A;A;A;A;AKA;AKA;A;A;A;A;AKA;AKA;A;A“A

L

150 180 210 240 270 300

Tevap (°C)

310

260

210

160

110

Total exergy destruction (kW)





media/file17.jpg
EE =

s E

\:! ;: .






