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As the world strives for sustainable development, renewable energy emerged as one of the crucial energy resources for daily consumption. Hydrogen is well known as a new renewable source that is clean and regarded to be low cost. Hence, the method to produce hydrogen in the cleanest way is in pursuit. Thermodynamic modelling using Gibbs free energy minimization is widely used in predicting various products including hydrogen. In this study, steam reforming reaction of methane combined with glycerol, a co-product from biodiesel production was performed to determine the hydrogen production trend as well as other possible products (CO, CO2, C, CH4, C2H4 and C2H6. The equilibrium composition was determined at reaction temperatures 573 K-1,273 K, pressure 1-5 bars and molar ratios glycerol-methane-steam (GMS) 1:1:1 – 12:1:1, 1:3:1- 1:12:1, 1:1:3 – 1:1:12. The optimum process parameters for H2 production was attained at 1,023 K with 1 bar pressure and the molar ratios for GMS at 1:1:1. It was discovered that greater GMS ratio instantly reduced the formation of hydrogen. The knowledge from the thermodynamic analysis of glycerol-methane steam reforming is a great method to aim for highest hydrogen yield and at the same time lowering the tendency of coking process that could poison the catalyst.
Introduction
In the late 18th century, since the beginning of the industrial revolution, energy has emerged as an essential factor for mankind to improve and stabilize economic growth and standard living (Lin, 2011). Global production of energy is based on fossil fuels that are divided into few types such as natural gas, oil, coals and others. Since fossil fuels were formed by natural anaerobic decomposition process of remaining dead plants and animals millions of years ago, the production cost is lot cheaper compared to renewable energy sources. Until now, fossil fuel has always been the main demand for global energy production (Lim, 2010). However, fossil fuel reserved is limited and non-renewable. It was also predicted that green house gas (GHG) emission that originates from fossil fuel combustion will rise by 39% in 2030 if there is no immediate alternative to reduce it. In view of this constraint, alternative (or renewable) fuel has been highlighted to substitute the diminishing fossil fuels (Zakaria, 2015). 
In 2015, United Nations General Assembly (UNGA) took on the Sustainable Development Goals (SDGs) which promoted strong framework for global cooperation that consists of 17 SDGs and 169 targets for “Agenda 2030” in order to save our planet (Gielen, 2019). Renewable energy has been considered as the preferred energy by half of the world capacity incorporation since 2012 as the perfect replacement for fossil fuel. In 2017, a new world record of 167 GW power capacity that accounts to 60% of electrical consumption was powered by renewables energy. From all the renewable energy that exist, hydrogen (H2) appeared as one of the most favourable sustainable energy sources with various benefits for environment and human beings (Xing, 2020). Meanwhile, global warming has constantly be a major problem as the release of carbon dioxide (CO2) to the atmosphere from various sources kept on increasing; and renewable energy is the best solution to reduce global emission of CO2. With time, the increasing demand for natural gas (with high cost) has lead engineers and researchers to focus on alternative ways to generate renewable energy. This scenario has induced the decision that promote benefits in variety of energy choices, lower gas import and help to control the oil’s price (Xie, 2020). 
	Besides solar, wind, biomass and geothermal energy, H2 can be regarded as a new renewable source that is easily transportable, thus providing it with cutting edge advantage (Xing, 2020). H2 can be produced through various methods such as reforming of hydrocarbon and electrolysis using different type of possible reactants (Zakaria, 2015). Regardless of those methods, the most common methods to produce H2 are steam reforming, dry reforming and auto-thermal reforming (Lavoie, 2014). H2 has endless promising advantages compared to regular fossil fuels such as high rate of conversion, clean and non-toxic; and these leads to H2 as a sustainable energy (Xing, 2020). Study revealed that steam reforming has great performance compared to the others reforming reactions. Steam reforming is reaction that employs water (H2O), while dry reforming takes up carbon dioxide (CO2) during the process (Carapellucci, 2020). The challenges lie in the choice of reactants employed for the hydrogen formation since each reactants have its own unique chemical and physical properties, as well as economics and availability. The advantages of steam reforming reaction are low-cost production, clean, easier to store and immediate availability (Zakaria, 2015).
	Previously, methane (Han, 2020), ethanol (Zakaria, 2015), methanol (Xing, 2020) and glycerol (Saimon, 2017) were used as the reactants to produce H2 with side products such as carbon dioxide (CO2), carbon monoxide (CO) and coke (C). Methane (CH4), ethanol (C2H5OH) and glycerol (C3H8O3) could be obtained from renewable sources (Dang, 2020). Methane is also easily available from natural gas as it constitutes majority of the natural composition. Based on previous study for steam reforming of methane, the reaction required huge amount of heat and high temperature in a range between 973 K to 1,173 K to ensure constant conversion of CH4 to H2 (Carapellucci, 2020). High temperature means high energy and cost. To compensate this, the adoption of the abundantly available glycerol as feed that has substantial lower cost due to the massive production of biodiesel worldwide is deemed to be an attractive choice. Owing to this scenario, the goal of this study is to investigate the thermodynamic feasibility of hydrogen production through steam reforming of glycerol and methane. The ratio of glycerol-methane steam (GMS) will be varied at different temperature at constant pressure. Upon attaining the highest hydrogen yield, the GMS ratio and temperature will be subjected to various pressure setting to observe the effect of pressure towards the reaction.  
  
Methodology
The thermodynamic analysis of hydrogen production was achieved using minimization method of total Gibbs free energy minimization. The software employed was HSC Chemistry Software that contains 21 types of calculations and also 11 databases that can be used for chemical reactions, equilibrium, heat balance, heat transfer, petro-logical and simulation application. Gibbs energy program is one of the main features in the software and recognizes the most stable mixture of any kind of species and the phase composition when the Gibbs energy got to its least at a fixed mass balance, pressure and constant temperature. Three independent variables (factors) were decided for this study that are operating temperature of reaction, molar ratios of reactants and pressure of reaction. The reactants involved were glycerol (C3H8O3), methane (CH4) and steam (H2O). The molar ratios of GMS (glycerol-methane-steam) were 1:1:1, 3:1:1, 9:1:1, 12:1:1, 1:3:1, 1:6:1, 1:9:1, 1:12:1, 1:1:3, 1:1:6, 1:1:9 and 1:1:12. The main end products were hydrogen (H2), carbon monoxide (CO), carbon dioxide (CO2) and carbon (C). Whereas other significant but small quantity products were methane (CH4), ethylene (C2H4) and ethane (C2H6). A 2 kmol feed was fixed for all reactants at input. It were assumed that the products are in equilibrium at the end of the process.  The range temperature was 573 K – 1,273 K with scale different of 100 K. First part of the study adopted a constant pressure of 1 bar. For subsequent phase, the pressure range was from 1-5 bars. The reaction was analysed and was observed at optimum pressure. In all conditions, complete conversion of products and yields were observed, indicating the feasibility of glycerol-methane steam reforming reaction.
3. Results and Discussion
The steam reforming reactions of glycerol-methane was investigated in order to observe the maximum conversion of hydrogen from a hydrocarbon species source. The reactions Eq(1) shows the reaction between glycerol and methane with the presence of steam as the feedstock and the main products are hydrogen, carbon dioxide and also carbon monoxide. Generally, the formation of carbon dioxide and carbon monoxide are harmful to environment and human beings. However, the trends for formation of carbon dioxide and carbon monoxide can be observed using the figures below. 

C3H8O3 (g) + CH4(g) + 4H2O (g) ↔ 10H2(g) +3CO2(g) + CO (g)                                                                               (1)

For glycerol methane steam reforming reaction, Figure 1(a) demonstrates the formation of hydrogen against temperature at various GMS ratios at 1 bar pressure. The production of hydrogen rises proportional with temperature. At GMS 12:1:1, greatest hydrogen production can be observed and at GMS 1:1:12, hydrogen production is the lowest. At GMS 1:1:3, 1:1:6, 1:1:9 and 1:1:12, the number of moles increases at temperature 950K and 1100K, then slightly decrease at higher temperature. Meanwhile, for GMS 12:1:1, 9:1:1, 6:1:1, 3:1:1, 1:1:1, 1:3:1, 1:6:1 and 1:9:1, the number of hydrogen produced increase along with the increasing temperature. This condition occurs with CO2 over certain temperature (773 K – 873 K) where at hydrogen production maximizes, CO2 also rises. This could be clearly elucidated using the water gas shift reaction (WGSR) Eq(2).

CO (g) +H2O (g) ↔ H2(g) +CO2(g)                                                                                                                            (2)             
 
Figure 1(b) displays the production of carbon dioxide against temperature at various GMS ratios at 1 bar. Moles of CO2 produced at equilibrium with highest production is sandwiched between 700 K and 800 K reliant on the GMS ratios. For GMS 1:1:6, 1:1:12 and 1:1:3, the maximum production of CO2 reached is at temperature between 800 K and 900 K. From the graph, it shows that the conversion of CO2 is feasible at higher temperature and the number of moles for CO2 at equilibrium is smaller than initial input that shows a good sign. The scenario is related to water gas shift reaction too as CO2 interchange to produce more CO at higher temperature.
Figure 1(c) shows the carbon monoxide production against temperature at various GMS ratios at 1 bar pressure. At GMS 3:1:1, 6:1:1, 9:1:1, 12:1:1 and 1:1:1, CO production reach the maximum at highest temperature which is 1,273 K. Meanwhile at GMS 1:3:1, 1:1:3, 1:6:1, 1:9:1, 1:12:1, 1:1:3, 1:1:6 and 1:1:9, the CO production is constant at temperature between 1150 K and 1273 K. Superior amount of CO2 at equilibrium will not promote hydrogen utilization in fuel cell reaction. At temperature below 750 K, the production of CO is negligible. In a different angle of viewing the reactions, the trend of CO production reveals that CO formation peaks between 1,073 K – 1,273 K, and if it can be separated from the product stream, the CO could be further reacted with water to produce more hydrogen.
Figure 2(a) illustrates the carbon (also called coke in this reaction) in solid phase production against temperature at various GMS ratios at 1 bar. The production of carbon rises along with temperature for GMS 1:12:1, 1:9:1 and 1:6:1. Meanwhile for GMS ratio 1:3:1, although it shows a slight increasing trend, the carbon is neither increasing nor decreasing as this production is easily influenced by operational parameters. For other GMS ratios, the production is considered negligible at temperature higher than 1,100 K. The presence of carbon can deactivate the catalyst in reforming process (Han, 2020). Ironically, at maximum production of hydrogen at 12:1:1, no carbon is produced. The insight obtained from the carbon formation trend is critical in avoiding GMS ratios that could potentially form carbon. The formation of carbon can be clearly explained via Reverse Bourdad reaction from CO, Eq(3). Meanwhile Eq(4) and Eq(5) are the reduction of CO and CO2 in order to form C, that are also strongly promoting the formation of carbon.

2CO (g) ↔ C+ CO2(g)                                                                                                                                             (3)

H2(g) + CO (g) ↔ H2O (g) + C                                                                                                                                 (4)

2H2(g) + CO2(g) ↔ 2H2O(g) + C                                                                                                                              (5)

During steam reforming reaction, besides of H2, CO2, CO and C, several side products were simultaneously produced which were methane (CH4), ethylene (C2H4) and ethane (C2H6), but the amounts are very small, compared to hydrogen, CO2, CO and carbon. From this study, it was found that methane production is feasible at higher temperature for all GMS ratios. This can be explained by methanation reactions Eq(6) and Eq(7).

CO(g) +3H2(g) ↔ CH4(g) + H2O(g)                                                                                                                          (6)

CO2(g) + 4H2(g) ↔CH4(g) + 2H2O(g)                                                                                                                        (7)

Based on the Eq(6) and Eq(7), water is formed alongside methane. However, at temperature 1,273 K, CH4 and H2O production are considered as negligible. For GMS ratios of 1:1:1 - 12:1:1 and 1:3:1 - 1:12:1, the number of moles for water decrease along with temperature and almost negligible at highest temperature. Meanwhile for GMS ratios of 1:1:3 – 1:1:12, production of water decreases from 573 K until 930 K and then increase slowly until 1,273 K. The scenario is not to be worried as water is undesired product in this study and at high temperature, water will not be formed and definitely will not be a threat for upsetting the overall reactions. 
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Figure 1: Production of (a) hydrogen, (b) carbon dioxide, (c) carbon monoxide at different GMS ratios and 1 bar pressure
As stated earlier, ethylene is also co-produced in the reactions but at small quantity (0.001-0.005 kmol). The number of moles for ethylene increase from temperature 573 K until 790 K then decrease until 1,273 K. Thus, the maximum production that can be reached is at 790 K. At temperature 1273 K, the production of methane greatly decreases for all GMS ratios. Eq(8) shows the reaction that relates to ethylene formation. 
During glycerol-methane steam reforming reaction, ethane is produced (at small quantity as well, just like that of ethylene) from formation of ethane reaction - Eq(9). For GMS ratios at 12:1:1, 1:3:1, 1:9:1 and 1:12:1, the production of ethane increases along with the temperature until 1,273 K. Meanwhile for GMS ratios at 1:1:1, 3:1:1, 6:1:1, 9:1:1 and 12:1:1, the highest production of ethane was attained at temperature 1,070 K and then decrease until 1,273 K. Number of moles for ethane produced at GMS ratios of 1:1:6, 1:1:9 and 1:1:12 considered as negligible during the reaction. Should the main target for this reforming reaction is C2 products, a suitable zeolite-metal based catalyst could enhance the yield of the light hydrocarbon products for actual reactions to take place.
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Figure 2: (a) Production of carbon (solid) at different GMS ratios and 1 bar (b) Production of hydrogen at different GMS ratios and pressure at constant T (1,273 K)
[bookmark: _Hlk106964654]2CH4(g) + 2CO2(g) ↔ C2H4(g) + 2CO+ 2H2O(g)                                                                                                       (8)

2CH4(g) + CO2(g) ↔ C2H6(g) + CO+ H2O(g)                                                                                                            (9)

Figure 2(b) shows the hydrogen production versus pressure at constant temperature. The trend clearly shows that the maximum production is at 1 bar pressure for GMS 12:1:1 and it constantly slightly decreases along with increasing pressure. The effect of pressure is far less significant compared to the GMS ratio effect for hydrogen formation. GMS 12:1:1 ratio produce hydrogen of 3.6 to 3.4 kmol for pressure 1 and 5 bars, respectively. For worse performing ratio such as GMS 1:1:12 and 1:1:9, the hydrogen production is less than 0.5 kmol. Hence, it can be deduced that the GMS ratio has superior effect towards hydrogen formation compared to pressure and this information is useful for planning the steam reforming experimental design.
From this study, it could be concluded that hydrogen can potentially be formed from steam reforming reactions of glycerol-methane. Actual reactions could be conducted in lab or pilot scale with intentions to optimize hydrogen yield and at the same time minimize the formation of undesired products. Further research can be performed to fully comprehend the behaviour of reactions such as the mechanism postulations, pathways and kinetics; and performing study at low pressure reaction.
0. Conclusions
Thermodynamic equilibrium for steam reforming reactions of glycerol-methane using minimization method of the total Gibbs energy is deemed feasible and an optimum hydrogen production was attained at GMS ratio 12:1:1, temperature at 1,273 K and 1 bar pressure. In order to produce maximum selectivity towards hydrogen, it is imperative to suppress carbon formation.
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Hydrogen (KMOL)




GMS 1:1:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	0.33243	0.34554000000000001	0.35732999999999998	0.36753999999999998	0.37525999999999998	0.37868000000000002	0.37487999999999999	0.35987000000000002	0.32948	0.28169	0.22009000000000001	0.15523999999999999	9.9629999999999996E-2	6.3745999999999997E-2	4.0826000000000001E-2	2.6144000000000001E-2	1.6892999999999998E-2	1.1073E-2	7.3826999999999999E-3	5.0124999999999996E-3	3.4659999999999999E-3	GMS 3:1:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	0.53534000000000004	0.55437000000000003	0.57143999999999995	0.58611999999999997	0.59702999999999995	0.60141999999999995	0.59487000000000001	0.57132000000000005	0.52434000000000003	0.45046000000000003	0.35453000000000001	0.25223000000000001	0.16320000000000001	9.8599999999999993E-2	6.1529E-2	3.9399000000000003E-2	2.547E-2	1.6707E-2	1.115E-2	7.5775E-3	5.2448E-3	GMS 6:1:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	0.64881	0.67101999999999995	0.69093000000000004	0.70801999999999998	0.72062000000000004	0.72548999999999997	0.71738000000000002	0.68908000000000003	0.63290000000000002	0.54459999999999997	0.42967	0.30658000000000002	0.19892000000000001	0.12044000000000001	7.2758000000000003E-2	4.6593000000000002E-2	3.0127999999999999E-2	1.9769999999999999E-2	1.3199000000000001E-2	8.9733E-3	6.2132999999999997E-3	GMS 9:1:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	0.70040000000000002	0.72404999999999997	0.74522999999999995	0.76339999999999997	0.77676999999999996	0.78185000000000004	0.77300999999999997	0.74256	0.68220999999999998	0.58738000000000001	0.46383000000000002	0.33130999999999999	0.21518000000000001	0.13039000000000001	7.7815999999999996E-2	4.9834999999999997E-2	3.2228E-2	2.1151E-2	1.4121999999999999E-2	9.6027999999999999E-3	6.6500999999999999E-3	GMS 12:1:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	0.73004000000000002	0.75449999999999995	0.77642	0.79520999999999997	0.80901000000000001	0.81420999999999999	0.80496000000000001	0.77327000000000001	0.71052999999999999	0.61194999999999999	0.48344999999999999	0.34551999999999999	0.22453000000000001	0.13611000000000001	8.0712999999999993E-2	5.1692000000000002E-2	3.3431000000000002E-2	2.1942E-2	1.4651000000000001E-2	9.9634000000000007E-3	6.9002999999999998E-3	GMS 1:3:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	0.16427	0.17283000000000001	0.18060999999999999	0.18745999999999999	0.19286	0.19572000000000001	0.19427	0.18612999999999999	0.16899	0.14212	0.10842	7.4409000000000003E-2	4.6573999999999997E-2	2.7446000000000002E-2	1.5761000000000001E-2	9.0481999999999993E-3	5.2721000000000001E-3	3.1408E-3	1.9185999999999999E-3	1.2022999999999999E-3	7.7229999999999996E-4	GMS 1:6:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	8.1238000000000005E-2	8.6566000000000004E-2	9.1480000000000006E-2	9.5883999999999997E-2	9.9458000000000005E-2	0.10154000000000001	0.10106	9.6578999999999998E-2	8.6823999999999998E-2	7.1691000000000005E-2	5.3310000000000003E-2	3.5581000000000002E-2	2.1742999999999998E-2	1.2597000000000001E-2	7.1570999999999996E-3	4.0832000000000004E-3	2.3703999999999999E-3	1.4090000000000001E-3	8.5950999999999996E-4	5.3810999999999996E-4	3.4546000000000002E-4	GMS 1:9:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	4.9182999999999998E-2	5.2882999999999999E-2	5.6335999999999997E-2	5.9471000000000003E-2	6.2060999999999998E-2	6.3643000000000005E-2	6.3457E-2	6.0517000000000001E-2	5.3994E-2	4.3977000000000002E-2	3.2108999999999999E-2	2.1028999999999999E-2	1.2652999999999999E-2	7.2537000000000001E-3	4.0949999999999997E-3	2.3275000000000001E-3	1.3483E-3	8.0040000000000005E-4	4.8785000000000001E-4	3.0527000000000001E-4	1.9591000000000001E-4	GMS 1:12:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	3.2871999999999998E-2	3.5590999999999998E-2	3.8154E-2	4.0503999999999998E-2	4.2471000000000002E-2	4.3707999999999997E-2	4.3644000000000002E-2	4.1548000000000002E-2	3.6840999999999999E-2	2.9680000000000002E-2	2.1366E-2	1.3798E-2	8.2105000000000008E-3	4.6724999999999996E-3	2.6262999999999998E-3	1.4890000000000001E-3	8.6127000000000003E-4	5.1084999999999998E-4	3.1119999999999997E-4	1.9466000000000001E-4	1.2489000000000001E-4	GMS 1:1:3	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	0.26191999999999999	0.26962999999999998	0.28000000000000003	0.29259000000000002	0.30593999999999999	0.31720999999999999	0.32227	0.31663000000000002	0.29758000000000001	0.26655000000000001	0.22955	0.19442999999999999	0.16661999999999999	0.14688000000000001	0.13289999999999999	0.12225999999999999	0.11353000000000001	0.10600999999999999	9.9376999999999993E-2	9.3457999999999999E-2	8.8139999999999996E-2	GMS 1:1:6	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	0.16833999999999999	0.17624999999999999	0.18709000000000001	0.20072000000000001	0.21625	0.23179	0.24443000000000001	0.25072	0.24811	0.23677000000000001	0.22031000000000001	0.20336000000000001	0.18837000000000001	0.17546	0.16414000000000001	0.15404000000000001	0.14495	0.13672000000000001	0.12926000000000001	0.12247	0.11629	GMS 1:1:9	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	0.12576000000000001	0.13358999999999999	0.14430000000000001	0.15781000000000001	0.1734	0.18948000000000001	0.20363000000000001	0.21298	0.21531	0.21056	0.20116999999999999	0.19017999999999999	0.17932000000000001	0.16914000000000001	0.15976000000000001	0.15112999999999999	0.14321	0.13594999999999999	0.12928999999999999	0.12318	0.11756	GMS 1:1:12	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	0.10063999999999999	0.10833	0.11879000000000001	0.13192000000000001	0.14704999999999999	0.16270999999999999	0.1767	0.18643000000000001	0.18992000000000001	0.18722	0.18048	0.17218	0.16370000000000001	0.15556	0.14791000000000001	0.14077999999999999	0.13414999999999999	0.12801000000000001	0.12232999999999999	0.11706	0.11219	TEMPERATURE (K)


CARBON DIOXIDE (KMOL)




GMS 1:1:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	6.9636999999999998E-4	2.0160999999999998E-3	5.2093E-3	1.223E-2	2.6450999999999999E-2	5.3224E-2	0.10026	0.17723	0.29335	0.45172000000000001	0.64129000000000003	0.83436999999999995	0.99922999999999995	1.1042000000000001	1.1738999999999999	1.2210000000000001	1.2524	1.2732000000000001	1.2869999999999999	1.2964	1.3028	GMS 3:1:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	1.0368E-3	2.9952999999999998E-3	7.7248999999999998E-3	1.8103999999999999E-2	3.9093000000000003E-2	7.8556000000000001E-2	0.14785999999999999	0.26135000000000003	0.43308000000000002	0.66871000000000003	0.95343	1.2468999999999999	1.5005999999999999	1.6872	1.7948	1.8614999999999999	1.9056	1.9348000000000001	1.9541999999999999	1.9673	1.9762999999999999	GMS 6:1:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	1.2237999999999999E-3	3.5331999999999998E-3	9.1062000000000001E-3	2.1329000000000001E-2	4.6030000000000001E-2	9.2452999999999994E-2	0.17396	0.30747000000000002	0.50971999999999995	0.78774999999999995	1.1248	1.4736	1.7765	1.9999	2.1379000000000001	2.2151000000000001	2.2660999999999998	2.2999000000000001	2.3222999999999998	2.3374000000000001	2.3477000000000001	GMS 9:1:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	1.3085E-3	3.7767E-3	9.7313999999999994E-3	2.2787999999999999E-2	4.9168999999999997E-2	9.8741999999999996E-2	0.18576999999999999	0.32834999999999998	0.54439000000000004	0.84160999999999997	1.2022999999999999	1.5763	1.9013	2.1415000000000002	2.2934000000000001	2.3754	2.4295	2.4653	2.4891000000000001	2.5051000000000001	2.516	GMS 12:1:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	1.3571E-3	3.9163999999999996E-3	1.009E-2	2.3626000000000001E-2	5.0970000000000001E-2	0.10235	0.19255	0.34032000000000001	0.56428	0.87251000000000001	1.2467999999999999	1.6351	1.9730000000000001	2.2227999999999999	2.3826999999999998	2.4672999999999998	2.5232999999999999	2.5602	2.5848	2.6013000000000002	2.6126	GMS 1:3:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	4.4543000000000002E-4	1.2980999999999999E-3	3.3744000000000001E-3	7.9661000000000003E-3	1.7312999999999999E-2	3.4974999999999999E-2	6.6040000000000001E-2	0.1167	0.19233	0.29343999999999998	0.41083999999999998	0.52602000000000004	0.62085999999999997	0.68815000000000004	0.73134999999999994	0.75770000000000004	0.77353000000000005	0.78308999999999995	0.78893999999999997	0.79259999999999997	0.79493999999999998	GMS 1:6:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	2.9323000000000001E-4	8.6039999999999999E-4	2.2504000000000001E-3	5.3425E-3	1.1669000000000001E-2	2.3664000000000001E-2	4.4771999999999999E-2	7.9038999999999998E-2	0.12959000000000001	0.19569	0.27005000000000001	0.34033999999999998	0.39634000000000003	0.43523000000000001	0.45999000000000001	0.47511999999999999	0.48426999999999998	0.48985000000000001	0.49330000000000002	0.49547999999999998	0.49687999999999999	GMS 1:9:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	2.2073000000000001E-4	6.5074999999999996E-4	1.7095000000000001E-3	4.0743999999999997E-3	8.9300999999999998E-3	1.8158000000000001E-2	3.4398999999999999E-2	6.0668E-2	9.9063999999999999E-2	0.14846999999999999	0.20280999999999999	0.25294	0.29207	0.31894	0.33599000000000001	0.34643000000000002	0.35278999999999999	0.35668	0.35910999999999998	0.36065000000000003	0.36165000000000003	GMS 1:12:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	1.7674999999999999E-4	5.2298999999999998E-4	1.3783999999999999E-3	3.2956000000000001E-3	7.2426000000000001E-3	1.4756999999999999E-2	2.7980999999999999E-2	4.9306999999999997E-2	8.0244999999999997E-2	0.11955	0.16205	0.20055000000000001	0.23019000000000001	0.25040000000000001	0.26321	0.27107999999999999	0.27589000000000002	0.27884999999999999	0.28070000000000001	0.28188000000000002	0.28265000000000001	GMS 1:1:3	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	4.7198999999999999E-4	1.3412000000000001E-3	3.4573E-3	8.2143000000000008E-3	1.8159999999999999E-2	3.7483000000000002E-2	7.2070999999999996E-2	0.12823000000000001	0.20924000000000001	0.31080999999999998	0.41914000000000001	0.51561000000000001	0.58674000000000004	0.63132999999999995	0.65737999999999996	0.67339000000000004	0.68447000000000002	0.69303999999999999	0.70015000000000005	0.70630000000000004	0.71172999999999997	GMS 1:1:6	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	2.6031999999999997E-4	7.4653999999999996E-4	1.946E-3	4.6787E-3	1.0461E-2	2.18E-2	4.2206E-2	7.5301000000000007E-2	0.12232	0.17860999999999999	0.23299	0.27478000000000002	0.30238999999999999	0.32073000000000002	0.33424999999999999	0.34526000000000001	0.35472999999999999	0.36312	0.37067	0.37748999999999999	0.38368999999999998	GMS 1:1:9	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	1.8053000000000001E-4	5.2185000000000003E-4	1.372E-3	3.3240000000000001E-3	7.4679000000000004E-3	1.5566E-2	2.9946E-2	5.2618999999999999E-2	8.3172999999999997E-2	0.11665	0.14557999999999999	0.16664000000000001	0.18176	0.19361	0.20366000000000001	0.21256	0.22059000000000001	0.22789999999999999	0.23458000000000001	0.24071000000000001	0.24632999999999999	GMS 1:1:12	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	1.3783999999999999E-4	4.0129E-4	1.0624E-3	2.5869000000000001E-3	5.8186999999999996E-3	1.2070000000000001E-2	2.2919999999999999E-2	3.9308999999999997E-2	5.9863E-2	8.0315999999999999E-2	9.6891000000000005E-2	0.10947999999999999	0.11962	0.12839999999999999	0.1363	0.14354	0.15021000000000001	0.15637000000000001	0.16206000000000001	0.16733000000000001	0.17219999999999999	TEMPERATURE (K)


CARBON MONOXIDE (KMOL)




GMS 1:1:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	0.18675	0.17691000000000001	0.17507	0.18068000000000001	0.19220999999999999	0.20654	0.21856999999999999	0.22134999999999999	0.2074	0.17202999999999999	0.11819	5.8430000000000003E-2	8.5736000000000007E-3	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	GMS 3:1:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	0.46400999999999998	0.44714999999999999	0.44074999999999998	0.44379000000000002	0.45379000000000003	0.46607999999999999	0.47321999999999997	0.46517999999999998	0.43117	0.36434	0.26888000000000001	0.16363	7.3236999999999997E-2	1.2083999999999999E-2	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	GMS 6:1:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	0.61646999999999996	0.59584999999999999	0.58703000000000005	0.58870999999999996	0.59789999999999999	0.60909000000000002	0.61355999999999999	0.59960000000000002	0.55459999999999998	0.47051999999999999	0.35222999999999999	0.22194	0.10917	3.1577000000000001E-2	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	GMS 9:1:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	0.68527000000000005	0.66296999999999995	0.65307000000000004	0.65414000000000005	0.66298000000000001	0.67369000000000001	0.67696999999999996	0.66034000000000004	0.61038999999999999	0.51853000000000005	0.38991999999999999	0.24831	0.12542	4.0382000000000001E-2	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	GMS 12:1:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	0.72463999999999995	0.70137000000000005	0.69084999999999996	0.69159000000000004	0.70023000000000002	0.71067000000000002	0.71326999999999996	0.69513000000000003	0.64234000000000002	0.54601999999999995	0.41150999999999999	0.26340999999999998	0.13472000000000001	4.5414000000000003E-2	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	GMS 1:3:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	0.19655	0.19520999999999999	0.20118	0.21461	0.23486000000000001	0.26006000000000001	0.28681000000000001	0.31020999999999999	0.32490999999999998	0.3276	0.3201	0.30982999999999999	0.30485000000000001	0.30814000000000002	0.31756000000000001	0.32956000000000002	0.34154000000000001	0.35222999999999999	0.36121999999999999	0.36853999999999998	0.37441000000000002	GMS 1:6:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	0.17412	0.17884	0.19037999999999999	0.20935000000000001	0.23571	0.26846999999999999	0.30528	0.34258	0.37631999999999999	0.40384999999999999	0.42586000000000002	0.44613999999999998	0.46805000000000002	0.49173	0.51510999999999996	0.53619000000000006	0.55401999999999996	0.56849000000000005	0.57996999999999999	0.58896999999999999	0.59599999999999997	GMS 1:9:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	0.15281	0.16061	0.17505000000000001	0.19694	0.22658	0.26340000000000002	0.30562	0.35032999999999997	0.39407999999999999	0.43440000000000001	0.47121000000000002	0.50634000000000001	0.54095000000000004	0.57410000000000005	0.60394000000000003	0.62927	0.64985999999999999	0.66615000000000002	0.67886000000000002	0.68869999999999998	0.69630999999999998	GMS 1:12:1	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	0.13517999999999999	0.14485000000000001	0.16106000000000001	0.18476999999999999	0.21648999999999999	0.25591000000000003	0.30164000000000002	0.35116000000000003	0.40134999999999998	0.44979999999999998	0.49584	0.54000999999999999	0.58218000000000003	0.62090000000000001	0.65452999999999995	0.68235000000000001	0.70457000000000003	0.72194999999999998	0.73538999999999999	0.74573	0.75370999999999999	GMS 1:1:3	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	GMS 1:1:6	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	GMS 1:1:9	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	GMS 1:1:12	573.15	608.15	643.15	678.15	713.15	748.15	783.15	818.15	853.15	888.15	923.15	958.15	993.15	1028.1500000000001	1063.1500000000001	1098.1500000000001	1133.1500000000001	1168.1500000000001	1203.1500000000001	1238.1500000000001	1273.1500000000001	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	1.0000000359391298E-36	TEMPERTURE (K)


CARBON (D) (KMOL)




GMS 1:1:1	1	2	3	4	5	2.2930000000000001	2.2566999999999999	2.2221000000000002	2.1888999999999998	2.157	GMS 3:1:1	1	2	3	4	5	2.9497	2.9018000000000002	2.8559000000000001	2.8119999999999998	2.7698999999999998	GMS 6:1:1	1	2	3	4	5	3.3180000000000001	3.2635000000000001	3.2115	3.1617000000000002	3.1139000000000001	GMS 9:1:1	1	2	3	4	5	3.4845999999999999	3.4272999999999998	3.3723999999999998	3.32	3.2696999999999998	GMS 12:1:1	1	2	3	4	5	3.5804	3.5213000000000001	3.4649000000000001	3.4108999999999998	3.3592	GMS 1:3:1	1	2	3	4	5	2.1366999999999998	2.0788000000000002	2.0255000000000001	1.9762	1.9303999999999999	GMS 1:6:1	1	2	3	4	5	2.0590999999999999	1.9991000000000001	1.9440999999999999	1.8935999999999999	1.8469	GMS 1:9:1	1	2	3	4	5	2.0234000000000001	1.9621	1.9063000000000001	1.855	1.8077000000000001	GMS 1:12:1	1	2	3	4	5	2.0009000000000001	1.9389000000000001	1.8824000000000001	1.8306	1.7829999999999999	GMS 1:1:3	1	2	3	4	5	1.5093000000000001	1.4794	1.4389000000000001	1.3944000000000001	1.3495999999999999	GMS 1:1:6	1	2	3	4	5	1.0265	1.0208999999999999	1.0122	1.0008999999999999	0.98765999999999998	GMS 1:1:9	1	2	3	4	5	0.78673999999999999	0.78495999999999999	0.78205000000000002	0.77812000000000003	0.77329999999999999	GMS 1:1:12	1	2	3	4	5	0.66210000000000002	0.63654999999999995	0.60668999999999995	0.57786000000000004	0.55171999999999999	PRESSURE (BAR)


HYDROGEN (KMOL)
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