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Abstract

The conversion of natural and unconventional gas into syngas is a crucial intermediate step in the production of various important 

chemicals and liquid fuels. The syngas generation step usually requires the largest capital investment of the process and may also be 

very energy intensive. Therefore, determining the most efficient method of converting feedstock into syngas of the correct H2:CO ratio 

is of significant importance. The aim of this work was to set design and performance targets for different H2:CO ratios (depending 

on the downstream requirements) in terms of the carbon efficiency (including CO2 utilization or emissions), water usage, and energy 

requirements. It was shown that the overall process for natural gas tri-reforming is limited by the enthalpy change (ΔH = 0) and this 

process was able to produce work. It was further shown that high syngas ratios not only require significant amounts of natural gas 

and oxygen but also emit CO2.
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1 Introduction
The conversion of natural and unconventional gas (such as 
shale gas and coal-bed methane) into chemicals and fuel 
typically requires the intermediate production of synthe-
sis gas (syngas), a mixture of carbon monoxide, hydrogen, 
and carbon dioxide [1]. The production of syngas is usually 
associated with high capital cost, accounting for 60–70% 
of the capital cost of the overall production process [2]. 
The syngas production section is also responsible for a sub-
stantial amount of the energy consumption as well as most 
of the carbon dioxide emissions of the production process.

Different technologies for syngas generation are utilized 
including steam methane reforming (SR), partial oxidation 
(POx), auto thermal reforming (ATR), and carbon dioxide 
dry reforming (DR) [3]. The choice of a suitable natural gas 
reforming technology depends on various factors such as 
syngas ratio (H2 /CO), energy requirements as well as car-
bon formation (coke deposition). Natural gas steam reform-
ing is considered as the most suitable pathway as it produces 
higher syngas ratio than partial oxidation and dry reforming. 
However, this process requires significant amount energy 
due to its endothermic nature. Natural gas dry reforming is 
a good candidate for syngas production as it utilizes carbon 

dioxide in the feed, but high carbon (coke) deposition is 
a serious issue and leads to catalyst deactivation [4].

Often, there is a mismatch between the ratio of H2 /CO 
required downstream and the actual ratio produced using 
these different technologies. In these cases, the ratio would 
require adjustment using additional unit operations [5]. 
However, this means further capital and operating costs and 
also increases the complexity of the process [6]. The direct 
production of syngas with flexible H2 /CO ratio is therefore 
an attractive option to reduce the capital cost and possi-
bly the energy requirements and environmental impact of 
such processes. These techniques can either be based on 
a single technology or a combination of two technologies 
(SR + POx, SR + DR) or a combination of all three technol-
ogies (tri-reforming) (SR + POx + DR). Tri-reforming is an 
attractive technology that has the potential to utilize vari-
ous feedstock (flue gas, coke oven gas, biogas) to develop 
a less carbon intensive and economical process [7].

Various studies have been carried out in order to ad- 
dress the above-mentioned issues related to natural 
gas reforming for the production of syngas with a flex- 
ible ratio. Process synthesis techniques are regarded as 
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one of the most effective ways of addressing these issues. 
Fox et al. [8] have developed a graphical approach to opti-
mize steam reforming technology for a fixed syngas ratio. 
Baliban et al. [9] applied a superstructure-based approach 
optimization for gas-to-liquid (GTL) processes whereas 
Noureldin et al. [10] used equilibrium and optimization 
models for the reforming of natural/shale gas. Similarly, 
Graciano et al. [11] performed an assessment of a pro-
cess to convert CO2-rich natural gas to Fischer-Tropsch 
(FT) liquids via tri-reforming process using Aspen Plus. 
Jang and Han [12] performed an Aspen Plus optimization 
approach by combining steam reforming, dry reforming, 
and partial oxidation in one reformer (tri-reforming pro-
cess) in order to determine the optimum amount of carbon 
dioxide, steam, and oxygen required to convert methane 
for the production of a suitable syngas ratio (H2/CO = 2). 
Borreguero et al. [4] assessed the economic feasibility of 
methanol synthesis from natural tri-reforming based syn-
gas. Khademi et al. [13] also applied optimization tech-
niques to investigate the tri-reforming of methane to pro-
duce a suitable syngas ratio for the synthesis of methanol 
and FT fuels with an objective function of minimizing the 
tri-reformer length. Hernandez and Martin [14] proposed a 
non-linear programming (NLP) optimization approach for 
syngas production from biogas by analyzing three syngas 
ratios (methanol synthesis, H2:CO = 2.5:1, ethanol synthe-
sis, H2:CO= 1:1 and FT fuels, H2:CO = 1.7:1).

Other than theoretical approaches, experimental stud-
ies have been conducted to investigate the effect of the 
feed ratio on the product gas (syngas) composition. 
Song and Pan [15] performed an experimental investi-
gation of methane tri-reforming using different catalytic 
configurations. Results showed that it is possible to pro-
duce a desirable syngas ratio that can be directly used in 
downstream processes while at the same time reducing 
carbon deposition. Majewski and Wood [16] used nick-
el-silica based catalyst to study methane tri-reforming at 
different conditions such as feed ratios and temperature. 
It was found that 1 mol of methane requires 0.5 mol of 
CO2, 0.5 mol of H2O and 0.1 mol of O2 to produce a syn-
gas ratio of 2 at a temperature of 750 °C. At these con-
ditions, the carbon deposition was significantly reduced. 
Lino et al. [17] evaluated different nickel catalysts sup-
ported on magnesium aluminate at two different tempera-
tures (650 °C and 750 °C). It was observed that 750 °C 
is the optimal temperature for methane tri-reforming 
(H2/CO = 2) at a fixed feed ratio. Lino et al. [18] inves-
tigated the effect of feed composition and gas hourly 

space velocity (GHSV) on syngas ratio as well as carbon 
deposition during the tri-reforming of methane by using 
nickel supported catalyst. Results indicated that at a fixed 
GHSV and temperature, an increase in the oxygen to car-
bon dioxide ratio increased the syngas ratio but signifi-
cantly decreased the conversion of carbon dioxide. A sim-
ilar trend was observed when the ratio of steam to carbon 
dioxide was increased in the feed. Comparing the effect 
of both O2/CO2 and H2O/CO2 ratios on carbon deposi-
tion, it was shown that the former reduced carbon deposi-
tion more than the latter at the same GHSV and tempera-
ture. Thus, selection of the correct feed composition is an 
important consideration in adjusting the H2/CO ratio [7].

Even though these studies have investigated various 
aspects regarding the (tri)reforming of methane, theoret-
ical studies focus on the detailed design of the system. 
Experimental studies have not specified how the feed ratios 
were selected. Thus, determining systematic- process tar-
gets prior to a detailed design can provide valuable insight 
into the system without detailed calculations. In other 
words, one can quickly use process synthesis techniques to 
determine whether the process will produce heat or work at 
different syngas ratios. One can also determine the effect of 
feed composition on syngas ratio. These process synthesis 
techniques will help in determine at which conditions the 
emission of carbon dioxide as well as the carbon deposi-
tion will be dramatically reduced. Knowing these insights 
will play a crucial role during the development of the pro-
cess flowsheets and can also guide experimental design. 
Therefore, the aim of this study is to set design and per-
formance targets for different H2/CO ratios in terms of the 
carbon efficiency (including CO2 utilization or emissions), 
water usage and energy requirements. The study will also 
assist in identifying opportunities for combining the vari-
ous technologies for methane reforming (such as SR, POx, 
and DR) in order to increase both the carbon and energy 
efficiency of the syngas generation step. Based on these tar-
gets, a conceptual design of the process can be developed. 
It must be noted that this approach only considers an over-
all material balance, even though there are various chemi-
cal reactions that occur during the process.

2 Approach
The approach used in this study is based on the work 
of [19–21]. Patel et al. [19] developed a systematic frame- 
work and associated tools for the design and analysis 
of chemical processes, the focus being on reducing the 
material and energy consumption of these processes as 
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well as reducing the associated carbon dioxide emis-
sions. The framework utilizes fundamental conserva-
tion and thermodynamic principles [19, 20] to set tar-
gets for processes. The framework takes a macroscopic 
approach where processes are characterized by inputs 
and outputs of mass, heat, and work instead of the tra-
ditional "unit operations" approach. The flow of mass is 
usually subjected to the conservation law i.e., a material 
balance. The species balance will be applied to synthe-
size a process i.e., the species balances will be used as 
(equality) constraints in order to determine all process 
mass balances. When utilized in this way, the mass balance 
is a powerful tool which provides insight into the efficient 
utilization of raw materials and helps to determine the min-
imum waste products that a process should produce and can 
also give insights into the integration of mass flows.

The flow of energy (heat and work) is constrained by 
both the first and second law of thermodynamics. Whilst 
the first law describes the conservation of energy i.e., 
quantity of energy flow in the form of heat, the second 
law is used to describe the quality of the energy flows and 
the magnitude of the irreversibility or "lost work" of the 
process. Both first and second law of thermodynamic will 
be used to determine the change in enthalpy (ΔHprocess) 
as well as change in Gibbs energy (ΔGprocess) between 
the product and feed materials. The values of ΔHprocess 
and ΔGprocess should preferably be equal to or less than zero 
(i.e., ΔHprocess ≤ 0), so that the entire process can be feasible. 
Processes where ΔHprocess > 0 would require further energy 
to convert the feed to the products and usually this energy is 
supplied by burning a certain amount of the feed material.

Therefore, by evaluating the flows of these three vari-
ables (mass, heat, and work) in a process during the concep-
tual design stage, one can gain tremendous insight into the 
process before a flowsheet exists and one can also under-
stand the implications of particular design decisions and 
develop strategies for improving the efficiency of processes.

3 Results and discussion
3.1 Applying elemental balances to syngas production
The overall process for the production of syngas from natu-
ral gas (assumed to be methane) can be described as shown 
in Eq. (1):

a b c d xCH CO H O O CO H
4 2 2 2 2
� � � � � ,  (1)

where a, b, c, d, and x the respective amount of methane, 
carbon dioxide, water, oxygen, and hydrogen respectively. 
It must be noted that methane, water, carbon dioxide, and 

oxygen are considered as inputs (i.e., positive stoichiomet-
ric coefficients (whereas hydrogen and carbon monoxide 
are considered as products (i.e., negative stoichiometric 
coefficients).

Solid carbon is not considered as a product. If carbon 
were included as a component, the formation of carbon 
would reduce the carbon efficiency of the process, and since 
the aim of this work is to determine the limit of perfor-
mance, this would occur when all the methane is converted 
into carbon monoxide. Further constraint can be applied 
to the process, for example, oxygen should only occur as 
a feed and not as a product. Similarly, methane should not 
occur as a product as the aim would be to achieve a com-
plete conversion of methane. Carbon dioxide and water 
could be either a feed or a product, but these components 
could be further constrained, if, for example, one was to 
consider a process which does not emit any carbon dioxide.

As a basis, carbon monoxide is set to one and hydro-
gen equal to x. Thus, the H2/CO ratio is given by the value 
of x. There are three main elements in the process: carbon, 
hydrogen, and oxygen. An elemental balance for each ele-
ment can be written in terms of the quantities of the com-
ponents required/produced (i.e., a, b, c, d, and x) as shown 
in Eqs. (2)–(4):

Carbon balance: a b� �1,  (2)

Hydrogen balance: 4 2 2a c x� � ,  (3)

Oxygen balance: 2 2 1b c d� � � .  (4)

It can be noted from the above elemental balances that 
there are 4 unknown variables and that the species bal-
ances only provide 3 equations, allowing the system one 
degree of freedom.

In order to visualize these balances, consider x = 2 i.e., 
H2/CO ratio of 2 (preferable ratio for low temperature FT 
synthesis). Based on Eqs. (2)–(4), the limits of perfor-
mance from a mass flow perspective can be determined. 
For example, if oxygen is set to zero (d = 0), then the over-
all mass balance can be represented as shown in Eq. (5):

0 75 0 25 0 5 2
4 2 2 2

. . . .CH CO H O CO H� � � �  (5)

When the objective of zero carbon dioxide (b = 0) is 
set, the overall mass balance represents partial oxidation 
of methane as shown in Eq. (6):

CH O CO H
4 2 2
0 5 2� � �. .  (6)
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Furthermore, one can plot all the possible mass bal-
ances within and beyond these limits as shown in Fig. 1.

Fig. 1 can be used to determine the quantity of the var-
ious components in and out of the process as the amount 
of methane fed to the process is varied. When low quanti-
ties of methane are fed to the process, CO2 is required as 
a feedstock and O2 is produced. When 0.75 mol of methane 
has been added, the amount of O2 produced equals to zero 
and the overall mass balance is given by Eq. (5). As more 
methane is added, O2 switches to a feed material whilst the 
amount of water and carbon dioxide required decreases. 
When 1 mol of methane has been introduced, the quantity 
of both CO2 and water required is zero, and this mass bal-
ance is represented by Eq. (6). Above 1 mol of methane, 
both CO2 and H2O are produced, and increase in quan-
tity as the amount of methane increases. This suggests that 
the combustion of methane is favored beyond this point 
(CH4 + 2O2 ⇒  CO2 + H2O).

Fig. 1 is useful in assessing all the possible mass bal-
ances for the selected components with the objective of 
producing a H2/CO ratio of 2. Fig. 1 also provides useful 
targets such as minimizing the amount of carbon dioxide 
emissions from the process or minimizing water and/or 
oxygen requirements.

3.2 Applying the energy and entropy balance to syngas 
production
The energy balance can be applied to the syngas pro-
duction process with H2/CO ratio of 2, assuming 
streams enter and leave at 25 °C. One can determine 
the energy requirements for the process as the function 
of the quantity of methane fed to the process. In doing 
so, one can determine whether the various mass bal-
ances shown in Fig. 1 will require energy or produce 

energy. This is shown in Fig. 2 (relationship between 
the amount of CH4 fed to the process and the energy 
requirements in terms of the enthalpy change as well 
as Gibbs energy change). It is apparent from this same 
figure that both ΔHprocess and ΔGprocess are linearly related 
to the amount of CH4 fed to the process.

Initially ΔHprocess and ΔGprocess are positive, meaning 
that the process will require an energy input (heat)
and work respectively. It can also be noticed that both 
ΔHprocess and ΔGprocess are zero when 0.96 and 0.89 mol of 
methane are fed to the process respectively. As the amount 
of methane is further increased the process has a neg-
ative ∆H (i.e., that energy can be produced or must be 
rejected from the process) and ∆G (work is produced). 
As the amount of methane is further increased the more 
negative ∆H and ∆G become (again, this is indicative 
of the combustion process, ΔHcombustion = −890.36 kJ/mol 
and ΔGcombustion = −817.83 kJ/mol). Note that the change in 
Gibbs energy equals to zero (∆G = 0) before the change 
in enthalpy (∆H = 0). This means that when the change 
in Gibbs energy is negative the enthalpy change will 
still be positive (process will still require energy). One 
can therefore infer that the process will be limited by 
the enthalpy change rather than the change in Gibbs 
energy. The overall mass balance for the process where 
∆H = 0 is given by Eq. (7):

0 96 0 04

0 08 0 42 2

4 2

2 2 2

. .

. . .

CH CO

H O O CO H

�
� � � �

 (7)

It is clear from the mass balance given by Eq. (7) that 
small quantities of CO2 and H2O as well as O2 are required 

Fig. 1 Attainable mass balances for syngas production with H2/CO 
ratio of 2

Fig. 2 Enthalpy change and Gibbs energy change for syngas production 
with H2/CO ratio of 2
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as feedstock. This mass balance represents a tri-reforming 
process [10], where H2O, O2, and CO2 are all utilized to 
reform methane. The Gibbs energy change for this mass 
balance (Eq. (7)) is ∆G = −53.7 kJ/mol (showing that the 
process is thermodynamically possible and can in princi-
ple produce work).

In order to determine the viability of the design target, 
equilibrium modeling can be utilized to determine the 
composition as a function of the temperature. The equi-
librium composition was determined using the Gibbs en- 
ergy minimization method. In these calculations, carbon 
was also considered as a component in order to determine 
under what conditions would carbon formation be an 
issue. It is clear from Fig. 3 that the reaction temperature 
significantly affects the equilibrium composition. Both the 
conversion and formation of carbon is dependent on the 
temperature. High temperature favors high conversion of 
methane as well as less carbon formation. Also notice that 
at high temperatures (> 950 °C), a H2/CO ratio of 2:1 is 
achieved as predicted by the mass balance. High tempera-
tures also favor complete methane and oxygen conversion.

3.3 Comparison of limits of performance for various 
H2/CO ratios
Design targets for various H2/CO ratios can be determined 
in a similar fashion as for the 2:1 ratio (Fig. 4).

It is clear from Fig. 4 that the various component lines 
are parallel to each other. The CO2 line remains con-
stant and is therefore not a function of the H2/CO ratio. 
In terms of the oxygen requirements, for a fixed amount 
of methane, the higher the H2/CO ratio, the less oxygen 

required. This is the opposite for the water requirements. 
As for the energy requirements for a fixed methane quan-
tity, the higher the ratio, the more the energy required. For 
zero energy requirement, the higher the ratio, the more 
methane is required (see also Fig. 4(d)).

It was previously stated that the system is limited by the 
enthalpy change. The quantity of the various components 

Fig. 3 The effect of temperature on the equilibrium composition of an 
adiabatic tri-reforming process (1 bar)

Fig. 4 Design targets for syngas production with different H2/CO ratios: 
(a) Oxygen; (b) Carbon dioxide; (c) Water; (d) Energy requirements
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for ∆H = 0 at different H2/CO ratio can also be determined. 
Fig. 5 shows the requirements of CH4, CO2, H2O, and O2 
as a function of the H2/CO ratio. Notice the CO2 becomes 
zero at a H2/CO ratio of approximately 2.13:1 (this is partic-
ularly useful for FT synthesis). This would be equivalent to 
ATR (combination of POx and SMR). Water becomes zero 
at a ratio of 1.78:1, and this is equivalent to a combination 
of dry reforming and POx. Between these two limits, there 
are various tri-reforming mass balances i.e., CO2, H2O, and 
O2 are utilized without any energy requirements. It is clear 
that any H2/CO ratio between 1.78 and 2.13 would require 
tri-reforming if no further energy is to be utilized.

Higher ratios result in the production of CO2. As the  
H2 /CO ratio increases, the amount of CH4 and O2 required 
increases linearly. The equilibrium composition as a func-
tion of temperature for these balances can be determined 
as described in Section 3.2.

4 Conclusions
This manuscript introduces rigorous fundamental and ther- 
modynamic targets for syngas production by considering 
the impact of producing different H2/CO ratios. The quan-
tity of water, oxygen, and carbon dioxide as well as the en- 
ergy requirements were determined for syngas production 
with varying H2/CO ratios. It was shown that it is possible to 
obtain H2/CO ratios of industrial relevance with no further 
energy requirements by tri-reforming. Equilibrium com- 
position calculations reveal that at high temperatures car-
bon deposition should not be an issue. Results further 
showed that the production of syngas ratios in an approxi-
mate range of 1–2.13 does not emit carbon dioxide. These 
syngas ratios can be directly used for the synthesis of 
DME, Methanol as well as FT fuels. This study focused 
on setting targets for syngas generation from natural gas, 
further studies can use these targets to develop flowsheets 
for the synthesis of various chemicals.
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