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 Decreasing waste gas emissions from petroleum industry is of paramount importance as 

they affect the environment negatively and contributes to global warming and climate 
changes. Industries have responded to this issue by implementing new ways to combat 

the flaring using conventional and innovative approaches. This research article deals 

with design of an integrated system comprising of solid oxide fuel cell that uses waste 
gases as a feedstock and generates power. The flare gases from plant units have varied 

composition and quality. Therefore, a thorough study was conducted to identify suitable 

feed stock and average composition of feedstock. Afterward, a solid oxide fuel cell was 
chosen as a desirable system due to high efficiency, size and feed advantages. A 

simulation model was developed using Aspen HYSYS simulation software. The main 

components of the process consists of gas treatment system, compressed and heated air 
and SOFC fuel cell. The fuel cell had been modeled using reactors, splitter, heater and 

recycle. The system generation net electricity of 20187.3 KW using 8230 Kg/hr feed. 

Subsequently, a heat integration was performed to optimize and reduce the heating 
requirement of the system. The resulting model improve model performance. Multiple 

case studies have been performed to gauge effect of process parameter such as 

composition, temperature, pressure, feed to air ratio and other parameters. It was found 
that mass flow rate of feed has largest impact. An overall economic evaluation of the 

project was performed to find the economic feasibility of the project. Monte-Carlo 
simulation was utilized to assess the risk of the project and profitability. Based on the 

result and analysis, it can be concluded that a SOFC based waste gas system can be a 

viable option in gas plant to minimize gas flaring and produce power.   

 

INTRODUCTION 

 

One of the main challenges of the oil and gas industries is emission of excesses amount of waste gases in 

exploration, drilling, transportation and processing of oil and gas. Oil and gas industries in UAE and GCC 

countries have been phenomenally successful in progressive increase in production of oil, gas and petroleum 

products. A review of major challenges faced by these industries is essential in order to maintain the integrity 

and success. Suppressing or eliminating the emissions of waste gases is essential to safeguard the environment 

and minimize global warming impact of these industries. In these industries flare gas as a waste product is 

generated during startup, shut down or during normal operation. The combustion of these gases produces CO2 

gas which is main cause of the global warming. UAE as country has implemented multi-layered approaches to 

minimize the combustion of flare gas by zero flaring policy. Abu Dhabi Gas Industries Ltd (GASCO) is a 

flagship company of UAE and have gas processing plants at various locations. The company is looking for 

efficient solutions to decrease the emissions and increase the revenue by improving productivity.   

http://www.ajbasweb.com/
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The flaring of the waste gas produces carbon dioxide, carbon monoxide, nitrogen oxides, and soot (US 

Environment Protection Agency, 1991). Flare raises a noise due to the large volume and velocity of the gas that 

goes in the flare stack (Ohio Environment Protection agency, 2012). Methane is the major hydrocarbons emitted 

from flaring which is a greenhouse gas that traps heat in the atmosphere once it released to the air. Therefore, 

heat and noise are the main environmental concerns related to flaring that is the motivation for this research. 

A whole new approaches are being developed and implemented in oil and gas industries to minimize the 

gas flaring. As summary of these methods are listed in literature (Tom, 2006). The middle-eastern approach is 

summarized and listed here (AlGhanim et al, 2012), (Alsaif, 1995) and (Eman, 2015). These approaches are at 

various stages of development and implementation. Some of methods have shown promise but long term studies 

are needed.   

In this research a new idea is being demonstrated that utilizes waste gases from different units by using a 

high temperature SOFC fuel cell to produce electricity. This approach is unique as it will not only limit the 

waste gas flaring consequences but also produces useful side product (energy). The approach will consume 

waste gases as feed resulting in prevention their emission to environment and subsequent damage (no emission 

of harmful gases). This approach is a low cost solution and require relatively low capital as compared to other 

alternative methods being developed. The amount power generated by this SOFC module can be use in house, 

thereby reducing the overall power requirement of the plant.  

 

MATERIALS AND METHODS 

 

In order to demonstrate the feasibility of the proposed solution, following approach was followed;  

 

Identify Suitable Feedstock (Waste Gas):  

A review was conducted on the process stream to identify the correct feedstock and the fuel cell system. 

The average compositions of these streams varies from unit to unit in the plant. These gases contain methane, 

hydrogen, carbon monoxide, and ammonia. In addition, they can contain heavy hydrocarbons such as paraffins 

above methane olefins, and aromatics. These waste gases undergo flaring process in which waste gases are 

combusted in flame in an open atmosphere. Table 1 below presents the flare emissions in specific hydrocarbons 

(GASCO, 2011). Three process stream have been selected and will be used as feedstock.  

 
Table 1: Average waste gas compositions 

Composition Average Volume (%) 

Methane 55 

Ethane/Ethylene 8 

Acetylene 5 

Propane 7 

Propylene 25 

 

SOFC Fuel Cell: 

Fuel cell is a device that generate power by converting chemical energy into electrical energy. Wide range 

of fuel cell can be utilized to operate fuel cells including hydrogen as feedstock, which is environmentally 

friendly since it only releases water vapor into the atmosphere with zero emission (Cleveland, 2004). Moreover 

there is no combustion, and also there are no moving parts, thus, fuel cells are quiet and reliable. The first 

demonstration of fuel cell was done by the lawyer and scientist William Grove in 1839. Fuel cell consists of two 

electrodes, a negative electrode (anode) and a positive electrode (cathode), and an electrolyte that allows charges 

to move between the two sides of the fuel cell. The hydrogen is fed to the anode, and oxygen is fed to the 

cathode. At the anode, hydrogen is forced through a catalyst, where it is ionized. The electrons generated are 

forced to pass through an external circuit, which results in producing electricity. At the cathode, oxygen reacts 

with the protons and electrons (products from the anode) to produce water along with heat. In addition, fuel cells 

can be used as power generation continuously without interruption as long as fuel and air are supplied, and the 

reaction products are removed. There are several types of fuel cells and each one has different characteristic, 

performance, advantages and disadvantages. A summary of these features is given in Table 1 (Acres, 2001).  

 
Table 2: Fuel cell and main characteristics (Ahmad et. al 2004) 

 AFC PEMFC DMFC PAFC MCFC SOFC 

Electrolyte KOH Proton conducting 

membrane 

Proton 

conducting 

membrane 

Phosphoric 

acid 

Carbonate melt Y stabilized 

ZrO2 

Temperature 70-900C 60-900C 80-1300C 2000C 6500C 500-10000C 

Carrier ion OH- H+ H+ H+ CO3
-2 O-2 

Favored 

applications 

Space, military, 

portable 

Mobile, portable, 

CHP 

Mobile, portable CHP CHP, CC CHP, CC 

Power range (kW)  2-200  50-10,000 200-100,000 2-100,000 
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Status  First 

commercial 

production 

Prototypes, first 

commercial 

production 

Research Small series 

production 

(200 kW) 

Demonstration 

(250 kW and 2 

MW) 

Demonstrati

on (250 kW) 

CC: Combined cycle; CHP: Combined heat and power production; AFC: Alkaline electrolyte fuel cell; PEMFC: Polymer electrolyte 

membrane fuel cell; DMFC: Direct methanol fuel cell; PAFC: Phosphoric acid fuel cell; MCFC: Molten carbonate fuel cell; SOFC: Solid 

oxide fuel cell. 
 

The SOFC is most suitable for this application as it operates at high temperatures (500-1000℃) and its 

electrode are not susceptible to acid gases. A typical SOFC is described in Figure 1. SOFCs are the only type 

that utilizes a solid electrolyte. The electrolyte is a dense ceramic usually yttria-stabilized zirconia (YSZ). 

SOFCs has many advantages and disadvantages. SOFC operates at high temperature consequently; there is no 

need for external reforming because the fuels can be reformed within the fuel cell itself. As a result, SOFC has 

high fuel flexibility as almost any hydrocarbon can be used as a fuel so it is considered to be a cheap fuel 

processor (Acres, 2001). Additional advantage of the high operating temperature is that there is no need for a 

metal catalyst since the reaction kinetics is improved without it. On the other hand, there are some disadvantages 

of the high operating temperature.  For example, these cells proceed longer on setting up the reaction. As a 

result, they require heat-resistant materials that should be shielded in order to prevent heat loss (Ahmad et. al 

2004). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: Solid Oxide Fuel Cell (Cleveland, 2004) 

 

The SOFC cell voltage can be calculated using the following Nernst equation: 

 

𝑉 = 𝐸0 − 𝑖𝑅𝑤 − 𝜂𝐶𝑎𝑡ℎ𝑜𝑑𝑒 − 𝜂𝐴𝑛𝑜𝑑𝑒           (1) 

 

Where,  

𝐸0 is Nernst potential of the reactants 

R is Thévenin equivalent resistance value of the electrically conducting portions of the cell 

𝜂𝐶𝑎𝑡ℎ𝑜𝑑𝑒  is polarization losses in the cathode 

𝜂𝐴𝑛𝑜𝑑𝑒  is polarization losses in the anode 

 

Equation 1 can be used to estimate and determining the SOFC voltage. This approach results in good 

agreement with particular experimental data (for which adequate factors were obtained) and poor agreement for 

other than original experimental working parameters. Moreover, most of the equations used require the addition 

of numerous factors which are difficult or impossible to determine. It makes very difficult any optimizing 

process of the SOFC working parameters as well as design architecture configuration selection. Because of 

those circumstances a few other equations were proposed (Milewski and Miller, 2006).  

Because SOFC uses a solid electrolyte, the cell can be cast into various shapes such as tubular, planar, or 

monolithic (Larminie, J, Dicks, 2000). Figure 2 shows a typical cylindrical electrolyte configurations (Hoogers, 

2003). The efficiency of a SOFC fuel cell can surpass over 60% and have long-term stability. It has high fuel 

flexibility as almost any hydrocarbon can be used as a fuel so it is considered to be a cheap fuel processor. 

SOFC has many applications such as heating processes in industry or in homes. In addition, it can be utilized in 

combined heat and power CHP, power generation, and transportation (Ahmad, 2004).  
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Fig. 2: Cross-section of three Ceramic Layers of a Tubular SOFC (Cleveland, 2004) 

 

Process Description and Simulation:  
The general project description of the system that produces electricity from solid oxide fuel cell and 

utilizing waste gases from oil and gas industry is explained using Figure 3, which shows the process flow 

diagram of the system using Microsoft Visio. Subsequently it is simulated and solved in Aspen Hysys V8.4. 

Table 2 summarizes the simulation parameters used.  

 
Table 3: Aspen Hysys simulation parameter and variable 

Variables  Values / details 

Feed Flowrate 8230 Kg /hr  

Feed condition  Room temperature and pressure  

Software  Aspen Hysys V8.4 

Property package ElectNRTL (capable of handling electrochemical reactions) 

Main Unit operation Conversion reactor with splitter, mixer and splitter  

Power Produced  20197.3 KW (Net 3218.0 KW with heat integration) 

 

In the beginning a mixer (Mix-100) is used for mixing three process streams to generate feed (streams 1, 2, 

3). The compositions and conditions of waste gases used for the system are from the GASGO as listed table 1. 

The outlet from the mixer is stream 4 and has methane, ethane, water, CO2 and H2S as major components. Water 

must be removed since it enhances corrosion in the system therefore; a water separator (V-100) is required. 

There are two outlets from the separator which are the overhead stream (stream 5) and the downstream (stream 

6). The downstream (stream 6) has mostly water but with some traces of components such as H2S and COS. 

Therefore, oily water should not be disposed without further treatments such as waste water treatments in order 

to dispose it safely to the sea. In addition, an acid gases splitter (X-100) is utilized to separate acid gases from 

entering the solid oxide fuel cell due to hazards issues. This splitter has two outlets which are stream 7 and 

stream 8. Stream 7 is free of the acid gases where stream 8 has all this toxic and risky acid gases. For example, 

H2S exists in large quantities (0.0830% mole fraction) therefore; it is eliminated since it is considered as a 

poison to SOFC and to prevent any performance losses. Similar to the oily water, the amount of H2S presented 

in stream 8 is very high and company separate hydrogen from sulfur. After that, sulfur can be utilized in the 

sulfur recovery unit. After that, a heater (E-100) is added to increase the temperature from 20℃ to 650℃ which 

is within the required temperature to enter the fuel cell. The outlet from the heater (stream 9) is mixed through 

the first mixer (Mix-100) with hot steam (stream 10) and stream 25 introduce vapor water in order for the 

reactions to take place in SOFC. Since SOFC module is not available in Hysys, it is modeled as 2 reactors, 2 

splitters, 1 mixer and 1 heater. Both reactors that are utilized in the system are vertical conversion reactors as it 

does not require any thermodynamic constants. Stream 11 enters the first reactor (R-100) which is the reformate 

reactor where the following reaction takes place; 

 

𝐻2𝑂 + 𝐶𝐻4 → 𝐶𝑂 + 𝐻2                                   ∆𝐻 = 2.1 ∗ 105𝐾𝑗/𝑘𝑔                                 (2) 

 

This reaction produces hydrogen and carbon monoxide which is utilized in the second reactor. There are 

two outlets from the reactor. One of them is the vapor reformate (stream 12) and the other is the liquid reformate 

(stream13) where no liquid presents in the reformate reactor. This reaction requires 71.07 KW and complete 

conversion of methane. The reformate vapor (stream 12) enters the second mixer (Mix-102) with stream 15. The 

air stream 14 enters the centrifugal compressor (E-101) to increase the pressure from 100 to 200 kPa. The 

adiabatic efficiency for the compressor is 70% and aspen HYSYS calculated the outlet temperature for the outlet 

stream 15 to be 94.07℃ . This compressor requires utility of 56.32 KW. After that, a heater (E-103) is added to 
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increase the temperature from 94.07 to 450 ℃ to set it to the required conditions to enter the fuel cell. The utility 

for this heater is calculated by aspen HYSYS to be 259.5 KW. The outlet from the heater is stream 16 that enters 

the second mixer (Mix-102 is 101) as mentioned previously. The outlet from the second mixer (stream 17) 

enters the second reactor (R-101) which is the solid oxide fuel cell where the following reaction takes a place; 

 

𝐻2 +
1

2
𝑂2 → 𝐻2𝑂                                                                                 (3)  

 

There are two outlets from the second reactor which is vapor (stream 18) and the liquid (stream 19). Stream 

19 has the only byproduct from this reaction which is water but it has traces of nitrogen (0.0001% mole fraction) 

which is negligible and can be discarded safely after cooling it down. This reactor produces 4013 KW power 

with 16.07%. Hydrogen conversion. Stream 18 enters the product splitter (X-101) to split nitrogen, oxygen, 

carbon dioxide into the anode (stream 19) and the cathode where the oxygen reduction takes place (stream 20). 

This splitter requires no utility or energy. Stream 20 enters another heater (E-103) to heat the stream from -45.2 

to 40 ℃ in order to recycle it again into SOFC module. The utility requires for this heater to be 337.2 KW. 

Then, stream 21 which is the outlet from the heater enters a water separator (V-101) to separate the water in 

stream 24 from the all the other composition in stream 23. After that, stream 23 enters CO removal splitter (X-

103). This splitter has two outputs which are stream 25 and stream 26 and it produces power of a magnitude of -

29.98 KW that is utilized as electricity in the given feed. Stream 25 has mostly ethane, CO and propane where 

stream 26 has the rest of the components. Stream 25 is recycled into the mixer (Mix-101) to increase the main 

electricity from SOFC from 4013 to 1.941x104 KW. In addition, the utility from the heater (E-103) is considered 

as electricity to be 657.3 KW and the utility from CO splitter (X-103) to be 120.0 KW. As a result, the sum of 

all electricity after recycle is 20187.3 KW. On the other hand, the utility of the first reactor (R-100) increases to 

be 1.479 x 104 KW since all methane is recycled and utilized. 

 

 
Fig. 3: Process Flow Diagram of Proposed SOFC System 

 

RESULTS AND DISCUSSION 

 

As given in Figure 4 below, Aspen HYSYS simulation model was created as described in the process 

description. The model produces a net power of 20187.3 KW. The main parameters that affect the performance 

of the SOFC are temperature, pressure, flowrate and feed composition. Therefore this model needs to be 

optimized and tuned up by performing case studies to exhibit the effect of these process parameters. Only a few 

representative case study is discussed here. This exercise is discussed below in next section.   
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Fig. 4: HYSYS model for SOFC System without Heat Integration 

 

Analyzing the process flow diagram, it was noted that heat integration can be added in order to decrease the 

highest utility which is due to the first heater (E-100). The heat integration can only be implemented if there are 

outlet streams with high temperatures which is the case for stream 20 that has a temperature of 600℃. As a 

result, a shell and tube heat exchanger is introduced because the temperature difference between stream 4 and 

stream 7 is 575.63 in order for the fuel cell to function efficiently. In the tube side, stream 20 enters at 600℃ and 

leaves the tube side (stream 28) at a temperature of 40℃. On the other side, stream 7 enters at 20℃ and leaves 

the shell side (stream 28) at 139.9℃. After that, the same heater is added however the temperature difference is 

less and the utility requires will be much less which is equal to 3218 KW. This will result in decreasing the cost 

significantly without any wasteful loses to the surrounding. The updated Hysys model is shown in Figure 5.  

 

 
Fig. 5: HYSYS Simulation Model for SOFC System with Heat Integration 

 

Case Studies: 

Case studies are performed to optimize the Hysys model that increases power generation. The parameters 

that with most direct control and most likely impact was identified after utilizing the heat integration. As 

mentioned earlier three feed inlets were utilized and the conditions of the streams vary depends on the 

production rate and the amount of waste gases produced by the units. As a result, a study of each of the mass 

flow of each stream was conducted to study the effect on the electricity.  
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Effect of Mass Flowrate of Stream 1: 

Figure 6 shows the relationship between the mass flow rate of stream 1 and all the utilities. It can be noted 

that only the electricity and the utility of the first heater are very high significantly which is predictable since it 

is the temperature of the outlet of the mixer is still constant with change in mass flow rate. In addition, a slight 

change in the power produced by CO splitter is noted. The highest electricity can be 3.1 x 104 KW and the 

utility of the first heater can reach 3139 KW with only changing the mass flow for only one stream.  

 

 
Fig. 6: Power Variation with Mass flow of Stream 1 and Utilities 

 

Effect of Mass Flowrate of Stream 2:  

Figure 7 shows the effect of the mass flow rate of stream 2 and electricity. Similarly to stream 1, it can be 

noted that the electricity and the utility of the first heater are high compared to the other utilities. The highest 

electricity can be 4.12 x 104 KW and the utility of the first heater can reach 5414 KW with only changing one 

stream. It is also noted that the utility of the first reactor stays constant at first and it increases while increasing 

the mass flow. Both stream 1 and 2 show a significant increase on same parameters since both streams have the 

highest mole fractions of the components in SOFC system mainly methane.  

 

 
Fig. 7: Power Variation with Mass flow of Stream 2 and Utilities 
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Effect of Mass Flowrate of Stream 3: 

Figure 8 shows the effect of the mass flow rate of stream 3 and electricity. It is shown that the parameters 

are not affected by increasing the mass flow rate of stream 3. It is because this stream has low mole fractions of 

the main components of the fuel cell such as methane. 

 

 
Fig. 8: Power Variation with Mass flow of Stream 3 and Utilities 

 

Comparing all the three streams, it is found that as the electricity increases as the heater utility increases too 

unless the feed temperature changes to a higher temperature to decrease the highest utility in the system. The 

differences between each stream and increasing in both electricity and the first heater utility is due to the high 

mole fraction percentage of the compositions used in the system as mentioned previously. 

 

Effect of Temperature of Stream 16: 

Figure 9 shows the relationship between the temperature of stream 16 that varies between 94.07 ℃ 

(calculated temperature from the compressor) and 1000 ℃ which is the highest temperature to enter the fuel cell 

and the utilities. It is shown that only the utility of heater 3 and the electricity increases where the rest of the 

utilities remain constant. It is predictable since any increase in the temperature will affect the heater immediately 

with an increase in the utility. Moreover, the other parameters are not affected as shown.  

 

 
Fig. 9: Power Variation with Temperature of Stream 17 and Utilities 
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Effect of Pressure of Stream 15: 

Figure 10 shows the relationship between the pressure of stream 15 that varies between the inlet pressure 

100 kPa to the pressure in the SOFC which is 200 kPa. It is displayed that utility of the compressor increases as 

the pressure increases however; the electricity does not increase significantly. As a result, the effect of the 

pressure is should be lowered since the impact on the electricity is relatively small.  

 
Fig. 10: Power Variation with Pressure of Stream 15 and Utilities 

 

As a summary of all the case studies conducted in this research, it was found that electricity increase mostly 

depends on the mass flow of the stream that has the highest composition of the components used in SOFC 

system such as hydrogen, vapor water, methane and ethane. In addition, high feed temperature (up to 600℃) is 

desirable as t decreases the highest utility in the system and it increases the electricity significantly. 

 

Cost Analysis: 

In order to check the economic feasibility, cost analysis was performed by using Aspen economic analyzer 

software. The software uses capital cost of the equipment and utilities prices to give an economic analysis. The 

same was also calculated using bare module cost techniques. The cost of the entire project is approximately $5.0 

million. Monte-Carlo simulation was utilized to assess the risk of the project. The Monte-Carlo (M-C) method is 

simply the concept of assigning probability distribution to parameters. A graph of cumulative number of data 

points versus the net present value (NPV) was generated as shown in Figure 11. 

 

 
Fig. 11: Cumulative Number of Data Points vs. Net Present Value (NPV) x106 ($) 
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million which has almost the same value of NPV that was obtained from cash flow analysis (NPV=$7.8 

million). It was found that about 20% of the values calculated lies above $80 million.  

 

Environmental Benefits of This Approach:  

The Oil and gas process industry releases massive amount of emissions to the atmosphere by flaring of 

unwanted gases, waste stream and other process streams. Flaring affects the environment severely and 

negatively due to release of methane and carbon dioxide (CO2). Typically, flare gas as a waste product is 

generated during startup, shut down and / or during normal operation (GASCO, 2011). Methane is the major 

hydrocarbons emitted from flaring which is a greenhouse gas that traps heat in the atmosphere once it released 

to the air. Through this approach; 

o Reduce the flaring of process gases  

o Reduce the emissions of harmful gases being emitted to the environment  

o Generate a clean, reliable and affordable energy (power).  

 

This approach will still produce equivalent amount of CO2 corresponding to CH4 present in the waste gas. 

However this CO2 emission is not as damaging as methane because methane molecules traps72- 100 times more 

heat than absorbs (Wayman, 2014). The Global warming potential (GWP) CH4 is 21 with reference to the CO2 

(Wayman, 2014). This means that the greenhouse effect of CO2 gas being released by this will be significantly 

less. Based on above presented model and simulation results, it can concluded that this SOFC based model will 

produce more 3000KW power and will reduce the emission by utilizing 8230 Kg/hr of waste feed. This will 

reduce the waste gas flaring requirement by more than 90% of the plant (GASCO, 2011).   

 

Recommendation for Future Work:  

A list of recommendation for further improvement in the proposed SOFC system is as follows;  

 Perform more rigorous modeling of the SOFC  

 Further studies on waste water treatment should be explored since the water has traces of hazardous 

component such as H2S and CO2. 

 Further studies on separating hydrogen from sulfur that are obtained extensively in acid gas splitter 

unit. 

 Recovery of CO from the fuel cell that can be further explored to different applications. 

 Carbon dioxide can be utilized to enhance oil recovery. 

 Further studies on different configuration of fuel cell in order to maximize the electricity and decrease 

the utilities. 

 More Process streams should be considered to capture other waste gases from the plant 

 Study needed to validate the simulation results with experimental results.   

 

Conclusion: 

In conclusion, proposed SOFC fuel cell system is a promising technology that can be utilized in gas plants 

using waste flare gases as a feedstock. It’s beneficial as it reduces the harmful emissions to the atmosphere as 

well as produces power. Aspen HYSYS (V8.4) was used to build the design of the proposed plant. Simulation 

studies were carried out with the initial specification obtained from the plant. Case studies were conducted and it 

was found power generation increases with that feed mass flow rate. The whole system produces 20197.5 KW 

power (base case) using a waste gas flowrate of 8230 Kg/Hr. The net power generation using heat integration is 

3000KW. An overall economic evaluation of the project was performed to demonstrate the economic feasibility 

of the project. Aspen economic analyser software was used for this purpose. The total cost of the entire system 

is approx. $5.0 million. The net present value (NPV) is approx. $7.8 million. Hence the SOFC based waste gas 

system is economically justifiable. 
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