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Abstract: Methane is the second highest contributor to the greenhouse effect. Its global warming
potential is 37 times that of CO;. Flaring-associated natural gas from remote oil reservoirs is currently
the only economical alternative. Gas-to-liquid (GtL) technologies first convert natural gas into syngas,
then it into liquids such as methanol, Fischer-Tropsch fuels or dimethyl ether. However, studies on
the influence of feedstock composition are sparse, which also poses technical design challenges. Here,
we examine the techno-economic analysis of a micro-refinery unit (MRU) that partially oxidizes
methane-rich feedstocks and polymerizes the syngas formed via Fischer—Tropsch reaction. We
consider three methane-containing waste gases: natural gas, biogas, and landfill gas. The FT fuel
selling price is critical for the economy of the unit. A Monte Carlo simulation assesses the influence
of the composition on the final product quantity as well as on the capital and operative expenses.
The Aspen Plus simulation and Python calculate the net present value and payback time of the MRU
for different price scenarios. The CO; content in biogas and landfill gas limit the CO/H, ratio to 1.3
and 0.9, respectively, which increases the olefins content of the final product. Compressors are the
main source of capital cost while the labor cost represents 20-25% of the variable cost. An analysis
of the impact of the plant dimension demonstrated that the higher number represents a favorable
business model for this unit. A minimal production of 7,300,000 kg y ! is required for MRU to have
a positive net present value after 10 years when natural gas is the feedstock.

Keywords: techno-economic analysis; GtL; Fischer-Tropsch; ASPEN-Python; Monte Carlo simulation

1. Introduction

Since 2018, USA has produced more than 10 million bbl d~! of crude oil [1], while
Canada produces half of that. At a price of 75USDbbl~! (July 2021), crude oil remains
an important source of revenue for these countries. At extraction sites, regardless of the
technology used to recover the oil, pumps extract natural gas with the oil. The prohibiting
costs of infrastructure (installing gas purification stations as pipelines and a compressor)
make venting or flaring the preferred alternative for remote wells. Methane is the second
highest contributor to greenhouse gases, accounting for 16% of global emissions after
carbon dioxide (65%) [2], and its global warming potential is 37 & 10 times more than that
of carbon dioxide over a 100-year period [3]. Moreover, according to the U.S. Environmental
Protection Agency (EPA), methane is also the second largest greenhouse gas emitted in
North America.

Methane emissions largely come from fermentation (biogas), associated natural gas,
and landfill gas [4,5]. Flaring from oil batteries is an associated emission of CO, directly
correlated with solution gas extraction. According to the Alberta Energy Regulator (AER)
report “Upstream Petroleum Industry Flaring and Venting Report”, 382 x 10°> m? solution
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gas was flared from crude bitumen and crude oil batteries in 2019, while only 144 x 103 m?
was vented in Alberta [6] (Figure 1).

Figure 1. Satellite-detected natural gas flared in June 2020 over a 30-day span—obtain from
SkyTruth [7].

To limit greenhouse gas emissions, governments have applied carbon taxes that are
proportional to the quantity of gas flared or vented [8]. In Alberta, for example, this tax is
0.04 CAD kg’1 CO2eq (2021), which will rise to 0.05 CAD kg’1 COgeq in 2022, and is expected to
reach 0.16 CAD kg’1 COz¢q in 2030, which represents an important stimulus to find alternative
means to convert natural gas into useful products.

Many companies offer solutions to transform solution gas into methanol, DME, or
fuels [9-12]. Most of these technologies reform methane into syngas via an endothermic or
exothermic reaction and then react the syngas to produce the target product, often adopting
Fischer-Tropsch synthesis (FT). FT converts syngas (CO, Hy) into in hydrocarbons, olefins
and to a lesser extent, alcohols. This reaction occurs with metal catalysts (Fe, Co [13,14], Rh)
and within a temperature range of 150 °C to 300 °C. With Fe as the catalyst, the water-gas
shift reaction (WGS) occurs as well [15]. WGS converts the CO and H>O into CO; and Hp.

Scaling down issues, the energy required to reform natural gas with water or CO,
(endothermic reforming), and the quality of the feedstock limit the application of these
new technologies to remote locations.

A case study conducted in Nigeria demonstrated that a GtL based on FT synthesis
has capital costs of USD 100,000 per daily barrel capacity. The authors applied the cost-to-
capacity methodology with a scaling exponent of 0.66 [16], and estimated that production
costs amounted to USD 900,000. However, applying a single exponent to scale-up (or scale-
down) the cost of a technology is a gross approximation because different unit operations
and equipment possess a scale exponents range from 0.3 to 1 [17,18].

Mohajerani et al. instead employed different exponents and studied the economy
of GtL for the Canadian context [19]. The base case production was 50,000 bbl d-!and
the flowsheet included an air separation unit (ASU) upstream from the reforming reactor.
ASU accounts for 30% of the costs and therefore this design is impractical for smaller
units. In addition to safety issues, at the scale considered in this manuscript, ASU is
uneconomical [20,21].

Dong et al. compared GtL to LNG technology with sales volumes of 5 Mt to 6 Mt [22].
They assumed a market price for GtL diesel from 120 USDbbl~! to 160 USDbbl~! and a
process that includes an ASU for catalytic partial oxidation. They concluded that GtL is an
economical alternative to LNG. However, in the actual economic scenario, the oil price is
at approximately 70 USDbbl~! and there is the necessity to scale down the GtL unit to face
the needs of smaller and more remote producers. Our study seeks to address this lacuna.
Since the waste gas is a small part of their main product, we reasonably assume that the
scale of this process would not be excessively large. We conceived a micro-refinery unit
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(MRU) that couples a CPOX and an FT reactor on a battery oil unit and recycles the heat
generated by the reactions and produces paraffins that can be mixed with oil, increasing
production yield, while at the same time reducing the blended gas flaring [23,24]. This
unit is economical because it employs the catalytic partial oxidation of natural gas at high
pressure (2 MPa), and air as an oxidant, avoiding excessive air separation costs [21,25,26].
Collodi et al. [20] demonstrated that ASUs are uneconomic for production rates below
1000td~! for GtL technologies that convert natural gas into methanol. Furthermore, pure
oxygen poses safety issues since the gas mixture and products are in the flammability range.
On the other hand, nitrogen is inert and increases reactor volumes and compression costs.

A few studies have referred to mobile units that treat up to 20m>® min~! of natural
gas, with a technology that sacrifices the efficiency to renounce to high ASU costs.

Natural gas is the main interest of North American economies, as it is the main fuel
in the transition towards renewable energy [27]. However, in the short and long term,
different sources of methane will feed units such as the MRU, including biogas [28,29] and
landfill gas [30,31]. China and the USA produced 23.5Gmy > of biogas in 2014 [32] and the
International Economic Agency estimates that its demand will double by 2040 [33]. On the
other hand, 29% of the world’s waste is landfilled, and this quantity will double by 2050 [34].
The MRU treats methane emissions and turns this waste into a more economic product. Few
studies have considered the influence of feedstock composition or the technical challenges of
designing a plant [35,36].

Here, we simulate the MRU process with ASPEN Plus and developed a Python
code to conduct an economic analysis [37].We study the techno-economic analysis of the
application of the MRU for treating biogas, natural gas, and landfill gas.

2. Materials and Methods
2.1. Process Simulation

The following description applies to the landfill gas and the biogas scenarios as well.
A Python 3.9.4 code selects the composition of the sweet feedstock stream by a Monte Carlo
analysis (Table 1) while its mole flow is set to 50 kmolh~! (approximately 20 m® min~!, see
Supporting Materials). The MRU scale is larger compared to the Canadian production, but
falls in the 30th percentile of the permitted flaring of Texas oil producers [6,38]. The Soave—
Redlich-Kwong (RKS) equation of state calculates the fugacities of the components [39].
Aspen v.11 calculated the mass and energy balances for the two compressors (methane-rich
gas and air) and the CPOX reactor, which we simulated as a Gibbs reactor. The compression
ratio of the reciprocal compressors should be lower than 5 [40], with a maximum outlet
temperature below 433 K, therefore, we simulated three sequential one-stage intercooled
compressors for each stream to meet these specifications. The outlet pressure of both
compressors is 2MPa. A design specification (Design/Spec) fixes the molar ratio of carbon
and oxygen in the stream entering in the CPOX reactor equal to 2 by adjusting the flowrate
of air (simulated as a mixture of 21% of O; and 79% of N»). A thermodynamic analysis
individuated the best ratio to be 1.7 [24,25] to minimize the coke formation. However, here
we assumed the stoichiometric ratio because the objective was not to optimize the catalyst
formulation to minimize coke formation.

The CPOX reactor operates at 2MPa and we assumed a negligible pressure drop
across the catalytic bed. Some of the authors optimized this configuration in a previous
work [25]. We simulated an adiabatic Gibbs reactor. CPOX converts the gas into CO and
H> (plus H,O and CO,). The outlet temperature of the CPOX reactor ranges from 933 K
to 1033 K. A heat exchanger (shell and tube), with an exchange area of 1.834 m?, reduces
the temperature of this stream to 548 K. We fixed its value to S + 2AS, where S and AS
are the average heat exchange area and its standard deviation obtained by 50 simulations
changing the gas composition, respectively. Water at 298 K is the utility stream for the
heat exchanger.

We coded the kinetics of the FT reaction in Python 3.9.4. We employed a model that
considers an iron catalyst and calculates the paraffin, olefin and alcohol distributions based
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on 7 micro-kinetics rate steps [41]. The model also considers the water—gas shift reaction
(see Supporting Information). We assumed a residence time of 1.6 min and calculated
CO conversion, product distribution («) and the ratio between hydrocarbons and olefins
and alcohols.

The Python 3.9.4 program iteratively solves the Aspen flowsheet and the FT reactor,
changing the initial feed gas composition 3000 times (Figure 2). It then stores the results of
each cycle in an Excel file, that calculates the distribution of the output variables. These
values, with their uncertainties, passed to the techno-economic analysis.

AIR 298 K; 0.1MPa 308 K; 0.3 MPa 308 K; 0.9 MPa

108 kmole hrt l l l

N2 79.0 mol %

02 20.9mol %

c02 0.1mol% @ @' @'

419K; 0.3 MPa 433K; 0.9 MPa 395 K; 2.0 MPa
Natural gas 298 K; 0.1 MPa 308 C; 0.4 MPa 308 C; 1.6 MPa 308 K: 2.0 MPa

50 kmole hr?! l L l ]
CH, 58.7mol%
CHy 8.4mol%
CHy  4.9mol%

N, - 29mol% 403 K; 0.4 MPa 416 K; 1.6 MPa

325K;2.0 MPa
CO, 25.1mol%

1353 kmole hrt .
Cooling water

‘m Gibbs reactor

Syngas 548 K; 2.0 MPa/—
198 kmole hrt
H,0  7.0mol % Hot Syngas 1053 K; 2.0 MPa
CH,  7.0mol %
N,  43.8 mol % \_/
CO  15.7mol %
€O, 6.4mol%
H, 20.1mol %
“ 328K;0.2 MPa

Figure 2. Schematic flowsheet of the simulation. The results reported represent one of the 3000 Monte
Carlo cycles performed by the Python code. A complete list of all the simulated results for the three

scenarios is available in the Supporting Materials.

Table 1. Composition distribution in the mole % for natural gas, landfill gas, and biogas. We assumed a triangular

distribution for natural gas and a normal distribution for landfill gas. For each Monte Carlo cycle, Python 3.9.4 initializes the

composition of the feedstock according to the probability distribution of each component and then normalizes the values

to 100%.
Natural Gas [42] Landfill Gas [43] Biogas [44,45]

Min Most Likely Value Max " o " o

CHy 19.2 9.0 99.5 52.5 2.5 48.0 5.8
CoHg 0.0 9.8 93.5 0.0 0.0 0.0 0.0
CsHg 0.0 5.8 41.0 0.0 0.0 0.0 0.0
N> 0.0 34 80.2 3.5 0.5 16.4 6.7
COy 0.0 2.9 39.7 50.0 3.3 31.9 4.1
Oz 0.0 0.0 0.0 0.5 0.2 3.8 2.1
CcO 0.0 0.0 0.0 0.1 0.03 0.0 0.0

2.2. Techno-Economic Analysis

First, we calculated the capital cost for each equipment, and then the total capital
investment (T'CI) as the sum of direct capital cost, indirect capital, cost and working capital.
Then, we estimated the profitability of each scenario via the Net Present Value (NPV) [46].
We selected reciprocal piston stainless steel compressors for both air and methane-rich
feedstock. The pump for cooling water is a reciprocal stainless steel pump. For CPOX and
FT reactors, we employed stainless steel vessels with an inner diameter of 0.5m and 1m,
respectively. The height of the CPOX and FT reactor is 1 m and 6 m, respectively.

Empirical correlations estimated the cost of unit operations (Cgy 1), the purchase price
(Cp;) and the bare module factor (Fgp i) [47] (CEPClyp4 = 400). We actualized the cost of
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the equipment using the 2020 CEPCI index (Equation (1), 618.7 for heat exchangers and
reactors, and 1080.2 for compressors and pumps) [48,49]

CEPCIL
Cm,i = Cpi - Fami - Tzozo 1)

A second Python 3.9.4 algorithm generates the averages and standard deviations of
compressors’ duties, pump duty, cooling water flow rate, and FT product flowrate and
composition. From these, it calculates the cost of the equipment [47] and the total capital
investment (TCI). TCI includes the direct capital costs (Cpirect) as well as the indirect
capital costs (Crngirect), and working capital costs (WC) (Equation (2)):

TCI = FCI+WC

WC = (Cpyr + Cpel) - 0.05

Cpur = Xpvq Chmi

Cpel = Cpur - 0.1 ()
FCI = Cpirect + Cindirect

Cpirect = (Cpur + Cpel) * (1 + finst + finstr + fPipe + fElec + fBuil T fFac + fimpr)
Cindirect = (Cpur + Cpet) * (1 + fing + fConstr + fLeg + fFee + fCont)

The direct capital costs include purchased equipment installation (finst), instrumen-
tation and controls (finstr), Piping (fpipe), electrical systems (fgec), building (fpui), yard
improvement (fimpr), and service facilities (fgac). The indirect capital costs include engi-
neering and supervision (fgng), construction expenses (fconstr), legal expenses (fLeg), the
contractor’s fee (free), and contingency (fcont). We assigned a factor to calculate these costs
(Table 2, Equation (2)).

Table 2. Capital cost factors.

Item Fraction of Delivered Equipment, (Cpyr + Cper)
Purchased Equipment Installation, frg¢ 0.15
Instrumentation and Controls, finstr 0.36
Piping, fpipe 0.16
Electrical Systems, fgjec 0.10
Building, fgui 0.00
Service Facilities, fgac 0.30
Yard Improvement fimp; 0.00
Engineering and Supervision, fEng 0.01
Construction Expenses, fconstr 0.34
Legal Expenses, fLeg 0.04
Contractor’s Fee, free 0.17
Contingency, fcont 0.32

The plant benefits from an accelerated depreciation over 5y: 20% the first year, then in
an sum-of-the-years’ digits method for the remaining 4 y. We considered electricity, waste
disposal, and cooling water as utilities.

Variable costs (Cyar) include labor costs (Crap), supervision (Csyp), maintenance
(CMain), supplies (Csypp), laboratory and research (Cges), royalties (Croy), catalyst (Ccat),
and utilities (Cyy), as shown in Equation (3). For labor costs, we assumed 1 operator per
shift over four shifts per day. Since the MRU integrates an already existing plant, one
additional operator is enough to operate the unit. The operator cost is 34 USDh~!. The
annual operating labor cost is 0.295 MUSDy~!. Concerning utilities, the electricity cost
is 0.012 USDkW~1h [50]. The waste disposal cost includes the hazardous (145 USD t=1)
and non-hazardous materials (36 USD t~!) [51,52]. We assumed that both the hazardous
component and the non-hazardous component account for 1% of the whole product [46].
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The cooling water cost is 0.08 USD m 3 and we only accounted for the make up water. In
particular, we calculated the make up water flowrate as 0.2%/K [46,53] of the cooling water
mass flowrate considering the temperature difference between the inlet and outlet of the
heat exchanger. We also accounted for the carbon dioxide emission cost (50 USDt~!):

Cvar = Crab + Csup + CMain + Csupp + Cres + Croy + Ccat + Cut
Csup = CLab - 0.05
CMain = FCI - 0.06

CSupp = CMain - 0.05 3)
CRes = CLab -0.05
CRoy = 0

Ccat = Yearly Catalyst - Product price - 0.005

We set royalties to zero because the unit is internal proprietary technology [54].
Regarding raw material and product prices, we devised nine different cases that
represent the optimal (Case 3), average, and worst case (Case 1) scenarios (Table 3).

Table 3. Our model evaluates the payback period and the net return after 10y, considering feedstock
and product prices variation.

Case
Value 1 2 3
Feedstock Price 0.23USDkg ! [55] 0 -0 tcgzse]% tn Feed,
Product Price 0.2 03 0.4 [56]

(USDkg™1)

To the variable costs, we added fixed charges as (Ccharges): taxes (Crax), financing
(Cpin), insurance (Crngy), and renting material (Crent) —and plant overheads(Coyerhead), as
illustrated in Equation (4):

CCharges = Crax + Crin + Cinsu + Crent + COverhead
Crax = FCI -0.02

Crin =0

Fin (4)
Cnsu = FCI - 0.01
CRent =0

Coverhead = (Crab + CSup + CMain) * 0.2

We assume zero financing and renting costs because we did not consider lending
money for the construction of the MRU and there is no need to rent further equipment.
Eventually, we considered general expenses (Cgeneral), constituted by administrative ex-
penses (Cadmin), distribution and selling (Cpjstr), and development (Cpeyei)—as illustrated
Equation (5):

CGeneral = Cadmin + Cistr + Cpevel
CaAdmin = (CLab + CSup + CMain) -0.1 (5)
Coistr = (CAdmin + CoOverhead + CCharges + Cvar — CRoy - CCat) -0.05

Cbevel = (CAdmin + Coverhead + CCharges + Cvar — CRoy - CCat) -0.05

For the calculation of the net return and the payback time, we assumed an inflation
rate of 2% and an income tax of 28%, which is conservative in Canada, whose taxation
is from 11.5% to 16% depending on the province [57], but it is in line with the rest of the
Western nations. Eventually, we considered that the MRU operates at 0% capacity the
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first year (—1) (we considered construction and installation), then at 50%, 90%, 100% each
progressive successive year. We applied a yearly present worth factor (PWF) of 13% for the
calculation of the NPV (Table 4).

Table 4. Present worth factor applied (value of USD 1 at year y). Year O corresponds to the start of
the operation.

Year -1 0 1 2 3 4 5 6 7 8 9 10 11 12
PWF 12 11 09 08 07 06 05 05 04 04 03 03 02 02

3. Results and Discussion

The MRU produces a syngas whose H; /CO ratio is understoichiometric, due to the
presence of CO; and higher hydrocarbons in the feedstock (from 0.7 to 1.7, as shown in
Figure 3).

0.07 —
oo ® Landfill gas
/| @ ® Biogas
0.06 — I ® Natural gas
O;I ¢ ’
e
0.05 — ' :' oo
I \ \
°
2 004 / o %
3 / 1 ® e
© QB [ \
S i / \
a 1 -
/ \\ \
&
0.02 — : o | b
/ o
/ # .\\. ‘~\
/ @ o\ o

. o6 92 o 1 |

0.71 0.97 1.13 1.35 1.60 1.80
H,/CO ratio

Figure 3. Three thousand Monte Carlo iterations calculating the distribution of the hydrogen/carbon
monoxide molar ratio after the CPOX unit for the three feedstocks considered.

The high concentration of CO; in landfill gas limitS hydrogen production for the
co-presence of the dry reforming reaction that is endothermic and produces an equimolar
mixture of CO and Hj [58]. In this scenario, the CPOX reactor of the MRU operates
more as an autothermal dry reformer with an excess of oxygen. Indeed, the equilibrium
temperature reached in the Gibbs reactor depends on the content of CO», ranging from
973K to 1123 K (Figure S1b in Supporting Information). Similarly, the most likely value of
the CO conversion in the Fischer-Tropsch reactor follows the same trend, ranging from
50% to 65%, which are values that agree with single-pass FT reactors [59].

For NG, we calculated a hydrocarbon production of 1,956,100 kg y~!. However, the
MRU is only economical when we discount the carbon tax for the avoided flaring, with
a payback time ranging from (0.71 £+ 0.11) y to (0.66 £ 0.09) y depending on the product
price assumed. It is difficult to compare our results to those in the literature because, as
explained in the introduction, there are not so many techno-economic models and most of
them focus on large-scale units.

A sensitivity analysis (Table 5) on the production of hydrocarbons revealed that an
iron catalyst is unsuitable to achieve an economical payback time because of its higher



Processes 2021, 9, 1568

8 of 15

selectivity towards C;—C3 products. The production to have a payback time lower than
10y is 7.3kty~!. A cobalt-based catalyst is therefore preferred for GtL units because of
its higher intrinsic activity [60,61]. We continued our analysis accordingly, assuming a
production of 1 x 103 kty 1.

Table 5. Payback time (PT, y) correlates with the hydrocarbon production (P, kgy~!), In(PT) =
2879000042036000 _ 1 64 4-0.21, R? = 0.97. With a production of 1.05 x 107 kg y~!, the MRU breaks—
even 3y after its installation.

Case Production, kg y~! Averiirge Payback 10
ime, y

1 1.96 x 100 - -

2 3.91 x 10° - -

3 5.87 x 10° 33.54 14.96
4 7.82 x 106 5.68 0.47
5 9.78 x 100 3.13 0.19
6 1.17 x 107 2.16 0.12
7 1.37 x 107 1.65 0.08
8 1.56 x 107 1.33 0.06
9 1.76 x 107 1.12 0.05

Under the most probable operating conditions (2-2, shown in Table 3), the natural
gas scenario is economically the most interesting. When the natural gas feedstock is
available at a price of zero, and when the liquid product sells similarly to crude oil, the
cumulative NPV goes towards zero after 3.5y, even with an accelerated depreciation of
5 years. This demonstrates that a portable, modular MRU plant, is economically self-
sufficient without any direct (investment) or indirect (on the avoided emission) subsidy.
After all the expenses, the MRU produces enough liquid to pay for carbon taxes for the CO;
emissions related to the combustion of the remaining flue gases. Oil and gas companies
as well as local governments must at least aim to achieve this chemistry (CO conversion,
product distribution), and these economics to operate their wells. Even more interesting
is the case where the natural gas feedstock comes with a negative price, equivalent to the
avoided carbon emissions. With the carbon tax increasing in the near future, this case will
be even more beneficial.

The nature of the feedstock does not heavily affect the economics. The MRU performs
better for feedstocks richer in methane, but at the same time, it operates quite well over
wide range of natural gas compositions (Figure 3).

Emissions from flared stranded gas pose the main threat (in terms of volumes) to the
environment. We optimized our operating conditions (H> /CO ratio) for this feedstock
source. By injecting water, or by simply changing the air intake, the biogas and the landfill
cases could be more viable. Moreover, steam condensation requires additional CAPEXs
and OPEXs due to heat tracing. However, our ultimate objective was to benchmark the
three cases in the easiest manner, to demonstrate that the process is attractive even when
the best possible outcome is not achieved.

We studied the influence of the scale of the MRU, changing the natural gas flowrate
to 25kmol h~! (approximately 9 m? min~!, lower scale) and 100 kmol h~! (approximately
40 m® min~!, higher scale). In the actual economic scenario, the reduced production due to
a lower gas flow is insufficient to have a positive net present value, even if CAPEXs are
60% compared to the base scale analyzed (natural gas flared flowrate of 19 m®min~1!, as
shown in Figure 4).
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Figure 4. The MRU is uneconomical for battery units that flare less than 10m® min~! of natural
gas. Here, the FT fuel is sold at the same price as raw oil and the natural gas cost is 0USDm 3

(scenario 2-2).

MRU benefits to some extent from the economies of the scale. Even if the CAPEXs
and OPEXSs increase accordingly, higher production reduces the payback time if we assume
a natural gas flowrate of 40 m® min~! (Table 6). This flowrate represents approximately
25 % of the Texas permitted flares in 2010 [38].

Table 6. If associated gas costs the same as natural gas, the MRU is uneconomical at all scales studied. In other cases,
the higher the quantity of natural gas treated, the lower the payback time. Results are expressed as the average of

3000 simulations *10.

Raw Material Price,

USDkg~!

Product Price, USD kg !

Flowrate, kmol h—1 0.20 0.30 0.40

25 - - -

0.2322 50 - - -

100 - - -
25 - 13+1 3.7+ 0.13
0 50 1342 3.140.19 1.8 £ 0.09
100 40+03 1.8 +0.11 1.2+ 0.07
25 1.8 £0.11 1.3 +0.15 1.1+0.10
Negative 50 0.56 £ 0.1 0.49 £ 0.06 0.44 + 0.05
100 0.22 + 0.03 0.21 4+ 0.03 0.20 + 0.02

Similarly, MRU benefits from numbering up [62,63]. The unit itself needs minimum
maintenance, control and supervision, and runs lean in terms of personnel and direct and
indirect capital cost expenses (Equation (2)). This is because of its small scale and its modu-
larity [18]. A bigger plant is not portable and needs at least one extra operator, plus higher
direct and indirect capital costs (5.9 MUSD for the case where we considered 40 m3 min~!
of natural gas flared instead of a total of 3.7 MUSD for the base case, Equation (2)). Fur-
thermore, the attractiveness goes with a quick payback time and a relatively cheap plant.
This way, oil companies can approach the increasing carbon tax and public concern in a
timely manner, whilst having a delocalized unit that they build over one year, depreciate
in five, and dismantle and move between wells at low cost. The same applies in the case
of landfills and biogas in remote places, where local authorities need a simple, affordable,
and modular plant to address the environmental threats of uncontrolled emissions.
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We foresee the MRU as a lean plant, where the investment itself plays the biggest
impact on annual expenses (Figure 5). Compressors represent the main source of fixed
costs for the MRU, with 70 & 8%, 71 &+ 8%, and 57 £ 3% for natural gas, biogas, and
landfill gas, respectively. For natural gas, the bare module model overestimates the cost
of the air compressor (USD 562,000 £ USD 42,000) because the empirical regressions only
account for the unit duty (Figure 5). In the other two scenarios, both the compressors were
estimated to cost between USD 200,000 to USD 210,000 (including installation, control,
etc.), which is more reasonable (Figure 5). The model estimates the reactors’ cost at USD
170,000, which represent between 11% and 14% of the purchase costs. The total fixed
investment resulted in 2.7 MUSD, 3.3 MUSD, and 4.7 MUSD for landfill gas, biogas, and
natural gas (Figure 5), respectively (uncertainty below 1%). Utilities account for between
USD 200,000 y~! and USD 270,000 y~! with waste disposal as the main source of cost
(waste disposal is proportional to annual production).

FCl, 0.71 MUSDy~!

Variable, 0.94 MUSDy !
m=m Overheads, 0.13 MUSDy~!

General exp., 0.20 MUSDy~*

19%

%

%
%
3

5
2
‘7%

%

20.3%

FC, 0.49 MUSDy~!

Variable, 0.83 MUSDy !
=== Overheads, 0.11 MUSDy~!

General exp., 0.17 MUSDy~*

FCI, 0.51 MUSDy~!

Variable, 0.83 MUSDy~
== Overheads, 0.11 MUSDy

General exp., 0.18 MUSDy~?

24.8% 1.4%

Figure 5. Depreciation of fixed capital investments (FCIs) per year (linear depreciation over 5y),
Variable costs, plant overheads and general expenses (administration distribution, selling, and R&D)
for the MRU in the base case scenario with the three feedstocks (price = 0 USD y_1 and FT fuel
price = 0.3USDkg~!). We outlined the contribution percentage of the main units to the FCIs (air
compressor, natural gas compressor, water pump, , ) and to variable costs
(labor, catalyst, maintenance, , , and ). Top: natural gas; middle: biogas;
bottom: landfill gas.
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According to the rule of thumb which says that FT-based GtL units cost (FCIs) approxi-
mately 100,000 USD bbl ! d of production [16], we calculated that our unit respects this es-
timation for the biogas and landfill scenario (USD 95,000 bbl~! d to USD 105,000 bbl~! d),
while for the natural gas, the overestimation of the FCI costs for compressor is a bias.

We designed and simulated a CPOX reactor with a stoichiometric hydrocarbon/oxy-
gen ratio. With this configuration, the biogas and the landfill gas in the current economic
scenario (case 2-2 of Table 3) resulted with a negative actual cash flow (Figure 6). The
presence of CO; and higher hydrocarbon reduces the total FT-fuel production. It is out of
the scope of this paper to optimize the condition for both these methane-rich feedstocks,
which, however, resulted in a slightly negative annualized actual cash flow: —3.8 MUSD
and —4.4MUSD in year y = 12 for biogas and landfill gas, respectively, with an initial
investment of —2.5MUSD and —2.6 MUSD. We speculate that the optimized operating
conditions and oxidant feed (steam or using green hydrogen to increase the CO/H; ratio
in the FT reactor) also make the MRU economical for biogas and landfill gas, feedstocks
that are suitable for GtL technologies [64-66].

A combined techno-economic assessment and LCA may also find that optimal operat-
ing conditions reduce emissions [67] .

15 — . -
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2 z e Landfill
% andfill gas
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Figure 6. Present annual cash flow of the MRU for the three feedstocks studied. Lines represent the
best possible scenario (cost of feedstock discounted by the carbon tax (—50USDt ! g COz¢q) and an
FT fuel price of 0.2 USD kg !); and the worst possible scenario (cost of feedstock of 0.23 USD kg !
and an FT fuel price of 0.4 USDkg~1). Symbols represent the base-case scenario (cost of feedstock of
0USDkg™! and an FT fuel price of 0.3USDkg™!).

4. Conclusions

Flaring natural gas is the only solution for battery units in remote locations. However,
environmental concerns and new GtL processes create new avenues to solve this issue.
The MRU integrates the existing flaring sites on the well and converts 40% to 75% of the
stranded gas into liquid hydrocarbons, which are an extra source of revenue for producers.
The MRU has a payback time of less than 10 years regardless of the assumed fuel price. On
the other hand, if we consider the stranded gas to cost the same as natural gas, or the MRU
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to treat less than 10 m® min~!, the technology we propose is not viable. The oil industry is
mercurial, and the stability of production, safety, technology maturity, and oil price are the
major sources of uncertainty. Moreover, the chemical industry should strive towards plant
automatization, as a part of the accelerated development of the 4.0 technologies [68]. In the
North American context, regional or provincial bodies can either decide to grant incentives
up-front on the CAPEXs, or alternatively, focus on the final product. We did not account for
governmental economic incentives that reduce CAPEXs from 30% to 50% (and their relative
depreciation) in our calculation. We also neglected a scenario where local bodies decide
to subsidize the FT liquid itself. This last scenario is particularly appreciated by the local
authorities, because it can decide to bet only on winning technologies, is mature enough to
ensure steady operation and production in the long term. A third kind of incentive is the
carbon tax, planned to increase to 135 USD by 2030, becoming the biggest contributor to the
NPV of the plant. Concerning the Fischer—Tropsch synthesis, Co or Rh are more indicative
compared to iron-based catalysts due to their higher « and CO per-pass conversion. MRU
is also economical with feedstock such as biogas or landfill gas, which will become the
main source of carbon when the energetic transition towards renewables will be achieved.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/pr9091568/s1, Figure S1: Comparison between the calculated kinetic constants from our
Python model and the experimental data at 573 K. Paraffin formation (a), olefins absorption (b), and
alcohols desorption (d) show good agreement with the experimental data. The olefins desorption
step (c) resulted as underestimated because the value of the parameter apyjcere Was not reported in
the manuscript. We assumed appicere = 1 — aprce. Moreover, the value of EOHCére is not present in
Table 6. We assumed Eg icere = Eorice (lines 30-31 of kinetics.py), Figure S2: Distributions of the
feedstock compressor duty (a), CPOX temperature (b), Hy /CO ratio in syngas (c), CO conversion
in the FT reactor (d), and asf chain growth probability factor (e) for the three scenarios, Code—
Python.rar: Source code of the Python algorithm.
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Abbreviations

The following abbreviations are used in this manuscript:

AER Alberta Energy Regulator

ASU Air separation Unit

CAPEXs Capital expenses

CEPCI  Chemical engineering plant cost index
CPOX  Catalytic partial oxidation

EPA Environmental Protection Agency
FCIs Fixed capital investments


https://www.mdpi.com/article/10.3390/pr9091568/s1
https://www.mdpi.com/article/10.3390/pr9091568/s1

Processes 2021, 9, 1568 13 of 15

FT Fischer-Tropsch

GtL Gas to liquid

LNG Liquefied natural gas
MRU Micro refinery unit

NG Natural gas

NPV Net present value
OPEXs  Operating expenses
PWF Present worth factor
TCI Total capital investment
WGS Water-gas shift
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