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ABSTRACT

Biogas is often considered as a source of renewable energy, for heat and power production. How-
ever, biogas has greater promise as a source of concentrated CO: in addition to methane, making
it a rich supply of carbon and hydrogen for the generation of fuel and chemicals. In this work, we
use the concept of attainable region in the enthalpy-Gibbs free energy space to identify opportu-
nities for effective biogas valorization that maximizes the conversion of CO2. The AR concept al-
lows us to study a chemical process without knowing the exact reaction mechanism that the spe-
cies in the process use. Deriving Material Balance equations that relate a reactive process's output
species to its input species is sufficient to identify process limits and explore opportunities to op-
timize its performance in terms of material, energy, and work. The conversion of biogas to valuable
products is currently done in two steps; the high temperature and endothermic reformer step,
followed by the low temperature exothermic synthesis step. We demonstrate, using Aspen Simu-
lation, that energy integration, both heat and work, between the two steps is crucial to achieving
a substantial amount of CO2 conversion. We also show how a heat pump configuration can be
utilized to integrate energy between the reformer and synthesis steps against the temperature
gradient by integrating external renewable energy.

Keywords: Carbon Dioxide, Process Synthesis, Energy, Optimization, Methane Reforming, Target Material Bal-
ance, Minimizing CO2 Emissions, Work Analysis, Entropy Analysis

INTRODUCTION

Biogas is not only a source of green energy [1] but
also a source of concentrated green CO2. The composi-
tion of CO2in biogas typically ranges between 25-50% by
volume, with the balance primarily consisting of methane,
varying depending on the feedstock [2,3]. This charac-
teristic makes biogas a suitable feed for CO2 conversion
processes. Several authors have shown different ways of
upgrading and valorizing biogas by either extracting the
energy by direct combustion or converting it to chemicals
such as methanol [1,4-6]. Several authors have also
demonstrated different techniques to converting the CO2
in biogas along with methane to chemicals, including dry
reforming where CO2 and CHs are converted to synthesis
gas followed by methanol synthesis [4]. Another tech-
nique starts by removing the CO: from CH4 before con-
verting to hydrogen via steam reforming and water gas
shift reaction followed by CO2 hydrogenation to methanol

https://PSEcommunity.org/LAPSE:2024.1579

[6]. While these studies have shown these conversion
techniques to be feasible, one major drawback is the in-
tense energy demand of the reforming step which could
result in substantially lower net CO2 conversion depend-
ing on where the energy is sourced from. For instance, if
the energy is supplied by burning a carbon-based fuel,
which is commonly practiced, then one needs to consider
the CO2 emitted during the combustion of the fuel. Ide-
ally, the energy for reforming should come from a renew-
able source in the form of electricity to achieve a net neg-
ative CO2 emission. Another drawback is the inability to
integrate the energy between the synthesis and reformer
sections due to temperature gradients. Ncube et. al.
(2023) [7] have shown that heat integration between the
reformer and synthesis section is essential to achieving
higher energy efficiency and increased CO: conversion
and they suggested that this can be done by integrating
a heat pump that runs on renewable energy to the sys-
tem. In this work, we use the attainable region concept
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to identify more effective ways for converting biogas
from a material, energy, and work balance perspective.
To optimize the conversion of CO2, we place a strong em-
phasis on the product selection and energy integration.

THE APPROACH

In this section we would like to determine the attain-
able region for biogas conversion into various products.
The attainable region will provide information on the per-
formance limits of the process from the material and en-
ergy perspectives. The limits of performance can be un-
derstood as the extreme points that any biogas conver-
sion process can achieve for a given feed composition.
Thus, for the given feed composition and a given set of
species involved in the process, we can determine the
attainable region of the process by finding all possible
composition states that can result from the chemical con-
version of the biogas into the specified species. We will
explore how this is done by using the notation and termi-
nology found in Smith & Missen (1982) [8].

For a chemical system containing N species and M
elements,denoted as:

{(A1, 4y, ..., Ay, . AN, (E, Ey, . Ey, ..., Ey)} Where 4; is the
elemental formula of species i and E; is the kth element
in the system. The order in which the species and ele-
ments are presented in the system is not important for
the attainable region, however, once decided upon, it
must be kept consistent during the derivation as most
the equations are written in matrix form. Thus for the bi-
ogas conversion chemical system with 9 species (N = 9)
and 3 elements (M = 3) we have

{(CH,, €04, H,0,0,,H,,CO ,CH,, CH;0H, C), (C,H, 0)}.

The element-abundance constraint is one of the
constraints that must always be satisfied as it constitutes
the basis for the material conservation within the system.

An=b m

- A is the formula matrix an M x N matrix containing
the amount of each element in each species where M is
the number of elements and N is the number of species
in the system.

- nis the species-abundance vector (N x 1)contain-
ing the number of moles of each species in the system.

- bis the element-abundance vector containing the
total amount of each element available in the system.
Thus b is fixed for a given feed composition.

Given the initial number of moles of all the species
(or the initial species-abundance vector) n°, the element-
abundance vector b is fixed and is given by b = An°.
Therefore, the element-abundance constraint can also
be written as follows:

An = An° (2)
The compositional state n of a system can be
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expressed in terms of an initial compositional state n° as
follows:

n=n+3%, v (3)
where v; is the stochiometric vector such that:
Av;=0;(;#0); j=12.,R (4)

Thus v; is any set of Rindependent solutions that
satisfies eq.4. Therefore, Ris the maximum number of lin-
early independent solutions for eq.4. It is given by:

R=N-C (5)
C =rank (A) (6)

For the biogas system the formula matrix A is de-
rived from the elemental composition of the species as
shown in the table below
Table 1: Derivation of the formula matrix from the ele-
mental composition of the species

N\M
CH,
co,
H,0
0,
H,
co
CgHig
CH,0H
c

o[Nv]|oNv| ol MT

-
[ee]

2ol o|o|lo|lo|=]|=|a
o|=|o|=|o|nv|=|v| oo

[@F N

Therefore A(MXN) is:

110001 8 11
A=(4020201840> (7)
0212010 10

It follows that C = rank(4) = 3; therefore R =N —
C =9 —3 =6, where R is the maximum number of inde-
pendent chemical equations that can be derived from the
system.

We therefore define the matrix N, an N x R matrix,
as the complete stoichiometric matrix whose R columns
are linearly independent vectors v;. And therefore eq. 4
can be written as a single matrix as follows:

AN =0 (8)

where N = (vq,v3, ..., Vg).

The vector v; contains the stoichiometric coeffi-
cients of the jth chemical equation. Therefore, for any
chemical system there are only R independent chemical
equations that represents all possible compositional
states of the system.

For the biogas conversion process, we adopt the
method described in Smith & Missen (1982) [8] and use
Matlab® to derive the stochiometric matrix N(NXR). In
this case we derive a set of the 6 non-unique independ-
ent chemical equations for this system, where negative
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values stand for the coefficient on the left side (reactant)
and positive are those on the right side (product) of the
equation.

0.50 -0.25 -0.25 -6.25 -0.75 -0.5
-0.50 0.25 -0.75 -1.75 -0.25 -0.5
-1.00 -0.50 0.50 3.50 -0.5 1

1.00 0 0 0 0 0

N= 0 1.00 0 0 0 0
0 0 1.00 0 0 0
0 0 0 1.00 0 0
0 0 0 0 1.00 0
0 0 0 0 0 1

From eq.4, a complete set of v; (also written as N) is
not unique but can be any set that satisfies eq.4 (or eq.8).
Therefore, the set of independent chemical equations
derived from the stochiometric vectors do not represent
any chemical reactions occurring in the system but are
simply algebraic solutions of all possible composition
states that any chemical reactions path can achieve.
Thus, to distinguish a chemical equation from a chemical
reaction, we use the equal sign (=) instead of an arrow
(>).

The quantities ¢; in eq.3 are a set of parameters,
which determine the linear combination of the coefficient
vectors v; required to achieve a particular compositional
state n. Thus, the number of moles of each species at a
compositional state is given by:

n; = nf + 38 §; (9)

where v;; is the stoichiometric coefficient of ith spe-
cies in the jth stoichiometric vector, and ¢; is the param-
eter for the jth stoichiometric vector.

The Attainable Region (AR) for the chemical system
is defined by the sets of ¢;'s for which the number of
moles of each species is positive. Thus, the AR is ob-
tained by using eq 9 as an additional constraint when
written as an inequality equation as follows:

i =nf +¥jv;§ =0 (10)

One can also formulate a linear programming prob-
lem to determine the attainable region as follows:

n=n"+3¥5 v 20 (

find all {; , subject to {
An = An’

11)

Eq.11 is a linear programming problem whose verti-
ces constitute a convex connected region in the ¢ space
of dimension R. It can also be transformed into the n;
space of dimension N.

If there are K extreme points in the attainable region,
we can denote the set of these vertices in the ¢ space as
& Gv,, 8, -, 8v,), Where &, is the parameter vector at
the kth vertex. Similarly, in the n; space as we denote
ny (ny,,ny,, ..., Ny, ), Where ny, is the composition vector at
the kth vertex of the AR.
Sempuga et al. / LAPSE:2024.1579

Another way of visualizing the AR is to transform its
vertices into a two-dimensional space of Gibbs Free En-
ergy and enthalpy as follows:

AGVk = Z}Ll fI'Vkv}'ET}

- (12)
AHy, = 3% & vHT

Where G and H are the molar Gibbs free energy and
molar enthalpy vector for the species.

Figure 1is the attainable region of biogas conversion
in the Gibbs Free Energy and enthalpy space (GH-AR)
with a feed composition of CH4, CO2 and H:0 at a ratio of
4:4:1. It shows the theoretical limits of all possible prod-
uct compositions that can be obtained from the given
feed composition, while simultaneously showing the min-
imum energy requirement (AH) and minimum work (or en-
ergy quality) requirement (AG), both taken at reference
temperature To = 25° and reference pressure Po = 1bar,
associated with the conversion of the given feed to prod-
ucts. Each point of the GH-AR can be considered as an
overall process target for energy, exergy (here repre-
sented by AG since the change in exergy at Toand Po is
equal to AG at To and Po), and material conversion, and
as such can serve as a benchmark for real processes. A
more elaborate discussion on the GH-AR can be found in
Fernandez-Torres et al. (2023) [9], however, we will dis-
cuss a few important insights into the process. Using the
GH-AR in Figure 1. The vertices in the GH-AR represent
the points where one or more of the species is zero thus
represent the limits for biogas conversion. Thus, points
of complete and incomplete overall conversion of CHa
and CO: can be seen on GH-AR where either s1 or s2,
representing CHs and CO: respectively, or both appear.
Some of the points contain undesirable products such as
carbon C (s9), CO (s6) and H: (s5) as final products.

Another important insight from the GH-AR is regard-
ing biogas conversion to methanol. The observation in
Figure 1 is that every point in the GH-AR representing
methanol (s8) as a product is accompanied by other less
desirable products. An example of such a point is point M
(s2,58,59) representing a process target that produces
methanol and the less desirable products CO2 and C.
Since CO:2 is one of the feed components, the production
of COz at M can be thought of as incomplete overall con-
version of CO2. Another example is at point N(s4,s6,s8)
representing Oz, CO and methanol as final product. While
O2 is not necessarily an undesirable product but CO is
less desirable as a final product. This observation sug-
gests that undesirable by-products may be inevitable
when converting biogas to methanol. Thus, the process
seems to be less optimal although it receives increasing
interest among several authors [4-6].

On the other hand, Fisher Tropsch fuels (FT-fuels)
production can be more effective in the conversion of
CO2 without producing undesired by-products. This can
be seen at point F (s4,s8) in Figure 1 representing a
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process target to produce octane (s8) and oxygen (s4)
only as final products. furthermore, point F represents a
100% carbon and hydrogen conversion efficiency where
all the carbon and hydrogen in the feed report to the de-
sired product, octane. As such, this point must be con-
sidered the ultimate target for biogas conversion for the
given feed composition. We will explore with the aid of an
Aspen Plus simulation how the target at F can be
achieved by integrating both the material and energy
within the process.

The GH-AR not only provides information regarding
the material conversion limit but also the energy (AH) and
the work (AG) requirements to achieve a specific product
composition [8]. One important observation is that for bi-
ogas conversion almost all targets are in the Region A and
B with positive AH and AG, which shows that external en-
ergy supply is necessary to achieve the targets where
CO2 is consumed. Points located at the bottom section of
the GH-AR have less CO2 conversion thus need less en-
ergy compared to those in the upper part where more
CO2 is consumed and therefore need more energy at
higher quality as AG is higher.

Furthermore, the 45° line represents processes that re-
quire the highest energy quality (pure work, or electric-
ity). The processes in Region A, below the 45° line, are
relatively easy to achieve in one step by utilizing a source
of thermal energy at an appropriate temperature. How-
ever, those in region B, above the 45° line, are not feasi-
ble if done in one step from feed to final product but re-
quire several intermediate steps that are fully integrated
in terms of energy and materials and would require a sup-
ply of high-quality energy. This is the case to produce FT-
fuels, with its ultimate target located in region B. Thus, to
achieve this target, one must run the process in at least
2 steps, notably, the reforming step where biogas is con-
verted to synthesis gas followed by the FT synthesis sec-
tion where syngas is converted to liquid fuels.

One of the major challenges in achieving this target is the
inability to integrate energy between the reforming sec-
tion, an endothermic process that runs at higher temper-
atures, and the synthesis section, an exothermic section
that runs at lower temperature. Ncube et. al. (2023) [7]
have also shown that a heat pump is needed to integrate
the energy between these two sections. In this work we
explore how a heat engine configuration can be used to
achieve both the material and energy integration within
the system, by means of water electrolysis as shown in
the Aspen Plus simulation in Figure 2.

The feed to the process flowsheet denoted as Biogas en-
ters the process at a ratio of 4:4:1 of CHas: CO2: H20. The
feed is preheated before entering the reformer where the
feed is converted to syngas, a mixture of mainly CO and
H2. The reformer is modelled using a Gibbs reactor block
(RGibbs), which uses Gibbs free energy minimization to
determine the equilibrium composition of specified
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components in the reactor at given conditions of temper-
ature and pressure. The components that were consid-
ered are CHa, CO2, H20, Oz, H2, CO, and C (as pure solid).
A temperature of 950°C in the reformer was used to
achieve a high conversion of CHs and CO: at 1 bar. The
syngas from the reformer is cooled down using the in-
coming stream to the reformer, and then goes to the
Fischer Tropsch (FT) synthesis reactor (FT-RCT) where
CO and H: are converted FT-fuels (represented by CgH1s)
and H:0. The FT-synthesis reactor is modelled using a
stoichiometric reactor block (RStoic) which is used when
the reactions and conversions are known. In this simula-
tion we consider only one reaction in the FT-RCT to
model the production of FT-fuels and we assume com-
plete conversion of CO to CgHis via the reaction; 8C0 +
17H, —» 8H,0 + CgH,g at 250°C and 1 bar. The product
stream from the FT-RCT is cooled down and separated
using a Sep block (PR-SEP1) which assumes perfect sep-
aration based on split fractions or mole flows of pure
components. The PR-SEP1 produces a pure stream of
FT-fuel, water and a gas stream containing unreacted Ha,
CO, CO2 and CHa4. The water is sent to the electrolyzer
reactor (ELECT-RC) modelled using the RStoic block to
produce Hz and O2 at 250°C. The temperature of the
electrolyzer was chosen to allow heat integration with the
FT-RCT. The product from the electrolyzer is separated
using the Sep block to achieve a perfect separation of H
and O». Part of the Hz produced is used to supply the en-
ergy needed at the reformer using a portion of the Oz pro-
duced from the electrolyser, and the remaining H: is fed
to the reformer to enhance the conversion of CO2. On the
hand the remaining O2 from the electrolyser is taken out
of the process as a product. The combustion of Hz with
02 is modelled using the RStoic block with the combus-
tion temperature set at 955°C to allow for at least a tem-
perature approach of 5°C for heat exchanged between
the combustion unit at the reformer.

SIMULATION RESULTS

The electrolyzer and Hz combustion configuration
enables achieving three main goals:
1)  Heat transfer from the synthesis reactor at 250°C to
the reformer at 950°C is achieved by using the energy
released from the FT-synthesis to provide heat to the
electrolyzer and thus lowering the electrical require-
ments of the electrolyzer. This energy is chemically
stored in H2 part of which is converted to high tempera-
ture heat required by the reformer.
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Figure 1: The Attainable region of biogas conversion for a feed ratio of 4:4:1 of CH:CO2:H20, plotted on the GH-
diagram, to show the material balance and the energy and work balances limits.

section to the reformer, resulting in high CO2 conversion.

Figure 2: Aspen Plus simulation of biogas conversion to FT-fuels and oxygen. Integration with water electrolysis
to supply high quality energy in the form of electricity and to enable integration of heat from the FT-synthesis

\W_electricity = 135 kW

Heat pump
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2) The recycled hydrogen to the reformer provides a
hydrogen rich environment that enhances the conversion
of COz via the reverse water gas shift reaction to produce
CO and H20, carbon formation is also eliminated at tem-
peratures above 750°C. The reformer temperature is set
at 950°C leading to a CO2 conversion across the reactor
of approximately 94% and a CHa4 conversion of 99% (See
Table 2). Similar results were also obtained by Rosha
et.al. (2021) with slight deviations due to the differences
in CHs and CO: ratios in the feed and in the operating
pressure. The ratio H2/CO obtained in approximately 2.16.
3) The overall hydrogen and carbon efficiency
(ny,and n¢) in EQ. 13,

moles of atoms of i coming into the process
n = i f g L4 x 100 (13)

moles of atoms of iin the desired product

is the fraction of the total hydrogen and carbon atoms in
the feed that reports to the desired product. Assuming a
high CO conversion in the FT-reactor, a 97% hydrogen
efficiency and a 99% carbon efficiency were obtained.
This results in almost no tail gas, leading to FT-fuels and
02 as the main products across the process.

4) The energy efficiency is evaluated in terms thermal
efficiency expressed as

Mpr—fuets HHVET—fuels (14)

Nthermal =
mBiagasHHVBiagas+Welectricity

where HHV is the is the higher heating value, m is the
molar flowrate and Wesecticity is the electrical power input
to the process. The electrical power supplied to the elec-
trolyzer is the only point of entry of high-quality energy
across the process. This meets the target set out in the
attainable region as needed by the overall process as
discussed in the previous section. The process requires
135kW of electrical energy. This translates to a thermal
efficiency of 96%, a significant improvement compared
to other reported results such as those by Guares et al.
(2021) [10] who reported 41-46% thermal efficiency in a
biogas to power process. Rosha et al. (2021) [4] reported
63.7% thermal efficiency in a biogas to methanol process.

Table 2: Material flows in selected major streams of the
Aspen Plus simulation in Figure 2.

CONCLUSION

The efficiency of biogas conversion to valuable
products depends on the choice of the products and the
efficacy of the material and energy integration within the
process. The GH attainable region is a useful tool in iden-
tifying the process material balance targets with high CO2
conversion and with less or no undesirable by products.
Conversion of biogas to FT-fuel is one such a process
with an ultimate target of 100% CO2 and CHa4 conversion
to produce FT-fuels and oxygen. This, however, requires
the supply of high-quality energy, such as electricity or
high temperature heat, from an external source, coupled
with adequate material and energy integration within the
process. We have shown, using an Aspen plus simulation,
that electrical power supply to the overall process via wa-
ter electrolysis not only enables supplying high quality
energy to the process but also facilitates the integration
of energy from the synthesis section to the reformer sec-
tion against the temperature gradient hence acting as
heat pump. The Aspen Plus simulation shows that with
this process configuration 97% carbon and 99% hydro-
gen conversion is possible.

The present work is based on a specific feed com-
position. Changing this parameter will change the results
observed in the attainable region in Figure 1 which could
lead to a different ultimate process target and would re-
quire a different process configuration to achieve the tar-
get. For instance, a higher ratio of CH4 to CO: in the feed
could lead to the production of FT-fuels and Carbon as
the ultimate process target rather than the production of
FT-fuels and oxygen. To avoid this one may require mod-
ifying the amount of water to be fed to the process to
ensure that a target for the production of FT-fuels and O2
is maintained. This suggests that the ratios of carbon, hy-
drogen and oxygen in the feed is a significant factor that
needs to investigated.
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