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Abstract. This study employed a process targeting technique to evaluate thermo-
dynamic, environmental and economic feasibility of the synthesis of methanol
and acetic acid (AA) from waste tyres and forestry waste (pinewood waste). The
results revealed that the synthesis of methanol from waste tyres and pine wood
produced CO, and was constrained by the change in enthalpy whereas the syn-
thesis of AA was constrained by the change in Gibbs energy and did not produce
CO,. Additionally, the carbon efficiency, atom economy and economic gross po-
tential (EGP) for the synthesis of methanol from waste tyres and pinewood waste
co-feed were determined to be 69.17%, 62 % and $ 0.245 million per year, re-
spectively. In contrast, these metrics for AA synthesis were 100% ,100% and $
1.878 million per year, respectively. It was further determined that 1 mole of
methanol can be co-produced with approximately 1.19 mole of AA from waste
tyres, while 2.719 mole of AA can be co-produced with 1 mole of methanol from
pinewood waste without any CO, emissions.
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1 Introduction

Sustainable waste biorefineries aim to convert low value waste materials, such as waste
tyres and forestry waste, into valuable products by effectively utilizing these resources,
reducing energy demands, and environmental emissions, while enhancing profitability.
Numerous alternative designs can be generated within a waste biorefinery, making the
design a complex process. Applying targeting methods at the conceptual design level
can not only help in selecting optimum alternatives but also determine the process per-
formance without requiring detailed process flowsheets [1]. However, current studies
on waste tyre and biomass waste conversion systems [2-4] often overlook this crucial
step of establishing performance targets and instead directly proceed into detailed de-
signs. Directly proceeding to detailed design can often be time consuming and lead to
an inefficient process. Patel et al. [5,6] demonstrated that performance targets for chem-
ical processes can be determined at the of a conceptual design stage by employing
mass, energy, and entropy balances. Peduzzi et al.[7] extended the targeting approach
by considering both biomass and coal for the co-synthesis of bio-methane and succinic
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acid. While their study evaluated the system from a thermodynamic point of view, it
did not address the environmental and economic implications. Evaluating the feasibility
of a process not only from a thermodynamic point of view but also from an environ-
mental and economical perspective is essential prior to a detailed design. Therefore, the
current study aims to integrate these three performance indicators to evaluate the sus-
tainable conversion of waste tyres and biomass waste into methanol and acetic acid
(AA) at the conceptual design level.

2 Targeting Approach

This study applies the concepts of the first and second laws of thermodynamics in con-
junction with material balances to establish performance targets for synthesis of meth-
anol and acetic acid from two types of waste, prior to a detailed design. It is assumed
that both feed and product streams enter and exit the process at ambient conditions
(298.15K, 1 atm). The material balance, based on the input-output structure, quantifies
the amount of waste feedstock required for the synthesis of the product (s). It also gives
an indication of the amount of COz that can be generated from the process. An overall
process for the conversion of waste into product (methanol or AA) is described by
equation 1.

aCH,0, + b H,0 + cCO, + d0, = 1C,H,0, (1)

Where (a), (b), (c), and (d) represent the molar quantities of typical waste, water, carbon
dioxide and oxygen, respectively, whereas C,,H,0,, denotes methanol or acetic acid
(AA). By performing an atomic balance, the molar quantity of (b), (c), and (d) can be
expressed in terms of (a), as shown in equation 2.

1 1 X 1 n
b=5(n—ax),c=m—a,d=5a(2+5—y)+5p—z—m )]

From equation (2), the molar quantity of waste material required to produce 1 mole of
methanol/AA can be determined by solving the system of linear equations. Further-
more, performing an overall energy balance enables the evaluation of whether the pro-
cess produces or consumes energy in terms of AH and AG. By substituting equation 2
into equation 1, the overall difference in AH and AG can be expressed by equation 3

. . . 1 . .
Alprocess = A101,(cmHnop) - aAloi(CHXOy) 3 (n— aX)Alof(HZO) —(m— a)A1°f(C02)(3)

Where Ai° represent the enthalpy or Gibbs energy of formation for all components
involved in the study and Aipqcess the change in enthalpy or Gibbs energy of the pro-
cess. The enthalpy and Gibbs energy formation for waste tyres and pinewood waste
were calculated using a correlation from [8]. To simplify the calculations, mass and
energy balance linear equations can be solved simultaneously, either analytically or
graphically. This approach enables rapid determination of performance targets that
meet specific conditions. Once the mass and energy targets are established, the sustain-
ability and economic viability of the process can be addressed using metrics such as
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carbon efficiency (Cqf) , atom economy (AE) [6], and economic gross potential (EGP)
[1]

moles of Cin CyHpOp

Cofr = X 100% @)

moles of carbon in feed

mass of C,yHp Op

AE = x 100% ®)

mass of feed
EGP =} rliPproduct,i -2 n; Pfeed,j (6)

Where n and P are the stoichiometric coefficient and price of a chemical species,
respectively. For a process to be economically viable, EGP must be positive.

3 Results and discussions

3.1 Single product from single feedstock

Figure 1 shows the mass and energy targets for the synthesis of 1 mol of methanol from
either waste tyres (point A) or biomass waste (point B). This process is constrained by
AH , and for thermodynamically feasibility, operation on the AH=0 line, as defined in
equations 7 & 8, is necessary. It is evident that biomass produces more CO2 compared
to waste tyres for the synthesis of one mole of methanol. This is due to the higher oxy-
gen content in biomass, which exit the process as CO2. When operating on the COz zero
line (c=0), the process requires both heat and work for it to be feasible, regardless of
the waste type. Additionally, methanol production from waste tyres results in lower
COz emissions while achieving higher Cqs and AE. This is attributed to the lower oxy-
gen content in waste tyres compared to biomass waste. However, the process requires
more H20 and Oz in the feed. Furthermore, it is observed that the production of meth-
anol from pinewood waste yields an EGP of nearly equal to that of waste tyres.

1.389CH1.1700.03 + 1.187H20 + 0.27502 = 1 CH40 + 0.389CO> @)
AH=0, AG=-14.53 kJ/mol,C ¢ =71.97%, AE=65.13% EGP = 0.236

1.507CH1.4700.6s + 0.893H20 + 0.04802 = 1 CH4O + 0.507COz ®)
AH=0, AG=-22.69 kJ/mol, C =66.37%, AE=58.94%, EGP = 0.255

Zero CO2
H;O (product) Zero H2O

Zero 02
AH<0
AH=0

B
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Fig. 1. Methanol synthesis from waste tyre and biomass
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Figure 2 illustrates the mass and energy targets for the synthesis of 1 mole of acetic
acid from waste tyres (point A) and biomass waste (point B). To avoid COz production,
operation should occur below the zero CO:z line, which requires the utilization of Oz
and H»O as feed. Under these conditions, the processes (point A and B) will require
both heat and work. Operating on the zero Oz (d=0) line, both processes still require
heat and work to achieve feasibility. It is also evident that both processes (A and B) are
constrained by AG. Operating on the AG = 0 line demonstrates that both processes uti-
lize CO; as a feed and produce energy (equation 9 and 10). Additionally, the synthesis
of AA from biomass produces Oz whilst waste tyre utilizes O2. Additionally, AA pro-
duction from pinewood waste achieves a higher EGP compared to waste tyres. When
comparing the production of AA with methanol, it is observed that AA achieves an
EGP that is 7.9 times higher than methanol when waste tyres are used as a raw material.
Similarly, when pinewood waste is used, AA synthesis yields an EGP about 7.4 times
greater than methanol.

1.692 CH1.1700.03 + 1.010 H20 + 0.308CO2+ 0.162 O2 = 1 C2H402 )
AH=-10.25-1 | AG=0,C;=100%, AE=100%, EGP = 1.860
mol

1.814 CH1.4700.6s8 + 0.667H20 + 0.186 CO2 = 1 C2H402 +0.13602 (10)

kJ kJ
AH=-0.31 —’ AG = OE ,Cer=100%, AE=99.59 %, EGP = 1.884

2.5 Zero H20
Zero 02

H;O (product)

AH=0
——AG=0

Zero CO2

Moles of Biomass waste

2 2.5 3 3.5
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Fig. 2. Synthesis of Acetic acid from waste tyre and biomass

3.2  Single products from multiple feedstocks

If operating on the AH zero line, the co-feed of waste tyres and biomass waste for the
synthesis of 1 mole of methanol (Fig. 1) can be located anywhere between point A and
B. The process (co-feed) will still produce CO2 and a small amount of work (AG < 0).
For instance, with a co-feed ratio of 1:1 as shown by point a in figure 1, the overall
process can be algebraically summarized by equation 11. It is noticed that the C.¢, AE,
AH or AG, and EGP lie between those of single feedstocks.
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0.723 CH1.4700.68 +0.723 CH1.170003 +1.046 H2O +0.166 O2 = 1 CH40 +0.446CO>
(1D

kJ kJ
AH:OH , AG= -18.44m ,Ce=69.17 %, AE=62%, EGP = 0.245

Point b in figure 2 shows a co-feed ratio of 1:1 for the synthesis of acetic acid and is

summarized by equation 12.

0.876 CH1.1700.03 +0.876CHi 4700.68 +0.844H20 + 0.249CO2+ 0.018 O2 = 1 C2H402
(12)

AH=-5.454 = AG=0-=, C;=100%, AE=100 %, EGP = 1.878

3.3  Multiple products from single feedstocks

Figures 3 and 4 show the material and energy targets for the co-production of methanol
and acetic acid from waste tyre and biomass waste, respectively. The amount of waste
tyre or biomass waste was plotted against the amount of acetic acid by considering one
mole of methanol. Acetic acid (AA) was considered as feed when the overall material
and energy balance was established, thus a negative value of AA in figure 3 and 4
corresponds to product. Operating somewhere above the CO2 zero line, the process will
be thermodynamically feasible but at the expense of significant amount of CO:z being
emitted (figure 3). To avoid CO:z emissions, one should operate at point T (on the AH
zero line).

Zero 02 ——AH=0 ——AG=0

Zero H20

Zero CO2

H5O (product)

CO; (product)

Moles of Acetic Acid

0, (product)

AH > O(requires heat
AG > 0(requires work)

Moles of Waste Tyre

Fig. 3. Co-production of methanol and acetic acid from waste tyres

The overall mass and energy target at this point is summarized in equation 13. Interest-
ingly, one can co-produce AA and methanol from waste tyres without emitting CO2
and the overall process will still be feasible from both thermodynamic and economic
perspectives.

3.379 CH1.1700.03 + 2.402 H20 + 0.43802 = 1 CH40 + 1.190 C2H402 (13)
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AHZOE, AG=—2.49£ ,Cery =100%, AE=100 %, EGP = 4.08
mol mol

Operating at point U (adiabatic process), as depicted in figure 4, the process neither
produces nor requires any COa. Operating on the zero CO: line, the process is thermo-
dynamically infeasible until the point where this line converges with
AH and AG zero lines. Additionally, it is evident that the process will produce oxygen
at point U. The overall mass and energy targets at point U are summarized in equation
14.

6.437CH1.4700.68 + 2.706H20 = 1 CH40 + 2.719C2H402+ 0.32302 (14)

KJ kJ
AH=0—, AG=-21.85— C,=100 %, AE=95.27 %, EGP = 7.680

Zero CO2

Zero H20

Zero02 —— AH=0 — AG=

H, O (product)

AH > 0(requires heat)

-1.75 7 AG > 0(requires work) CO,(feed)
2

Moles of Acetic Acid

Moles of Biomass Waste

Fig. 4. Co-production of methanol and acetic acid from biomass

Operating the process adiabatically, 1 mole of methanol is co-produced with 1.19 mole
of AA from waste tyres, generating approximately 2.49 kJ/mol of work is generated.
This process does not produce any CO2. When using biomass waste, 1 mole of methanol
can be co-produced with approximately 2.719 mole of AA, generating 21.85 kJ/mol of
work; however, the AE is reduced due to the production of Oz. It is evident that the co-
production of methanol and AA requires a higher water input compared to the produc-
tion of a single product. Additionally, the co-production of methanol and AA achieves
a higher EGP than the production of a single chemical, though it demands more feed-
stock.

4 Conclusion

This study extended the application of mass, energy, and entropy balance to graphically
evaluate the synthesis of methanol and acetic acid (AA) from waste tyres and pinewood
waste from environmental, thermodynamic and economic perspectives. It was observed
that the synthesis of 1 mole of methanol from waste tyres and biomass waste generated
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0.39 mole and 0.51 mole of COz, respectively. The Cerr, AE, and EGP were found to be
71.97%, 65.13% and 0.236 million /year for the synthesis of methanol from waste tyres.
In comparison, using biomass waste resulted in Cefr, AE and EGP of 66.37%, 58.94%
and $ 0.255 million/year, respectively. In contrast, the synthesis of acetic acid from
waste tyres or biomass waste did not produce any carbon dioxide. For waste tyre this
resulted in 100% carbon conversion efficiency and 100% atom economy and EGP of §
1.80 million per year. which increased the Cefr, AE and EGP to 100% and $1.860/year
million for waste tyre, 100%, 93.28% and $1.884 million /year for biomass waste. It
was determined that the synthesis of methanol from waste tyre and biomass was con-
strained by AH, whereas the synthesis of AA was limited by AG. Additionally, the Cefr,
AE, AH or AG, and EGP from the co-feed of waste tyre and biomass for the synthesis
of methanol and AA lie between those of single feedstocks. The co-production of meth-
anol and AA was also evaluated, revealing that such a process neither requires nor pro-
duce COz but achieved higher a EGP than the synthesis of a single product.
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