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ABSTRACT: Dry reforming of biogas is referred as an attractive path for
sustainable H2 production over decades. Meanwhile, in the Malaysian context,
the abundance of palm oil mill effluent (POME) produced annually is deemed
as a potential renewable source for renewable energy generation. Convention-
ally, nickel (Ni) is the most common catalyst used in the industrial-scale dry
reforming of methane (DRM) to yield H2, but it is subject to the drawbacks of
sintering and deactivation after a long reaction time at high temperatures (>500
°C). Therefore, this work aims to provide an insight on the feasibility of the
application of modified Ni-based catalysts in DRM, specifically in the economic
and environmental aspects. From the benchmarking study of various Ni-based
catalysts (e.g., bimetallic (Ni-Ce/Al2O3), alumina support (Ni/Al2O3),
protonated titanate nanotube (Ni-HTNT), and unsupported), the Ni-MOF
catalyst, notably, had proven its prominence in both economic and
environmental aspects on the same basis of 10 tonnes of H2 production. The
MOF-based catalyst not only possessed a better economic performance (net present value 61.86%, 140%, and 563.08% higher than
that of Ni-Ce/Al2O3, Ni/Al2O3, and Ni-HTNT) but also had relatively lower carbon emissions (13.18%, 20.09%, and 75.72% lower
than that of Ni/Al2O3, Ni-HTNT, and unsupported Ni). This work also accounted for 3D printing technology for the mass
production of Ni-MOF catalysts, where the net present value was 2 to 3% higher than that of the conventional production method.
Additionally, sensitivity analysis showed that the H2 price has the greatest impact on the feasibility of DRM as compared to other
cost factors.

1. INTRODUCTION

Over the decades, H2 demand has increased rapidly alongside
the growth of other hydrogen-sink industries (e.g., petroleum
refining, fine-chemical production, and power generation).1−3

The H2 production had increased over the years and achieved
73.3 million tonnes in 2020 and aimed to reach 300 million
tonnes by 2030, as stated by S&P Global Platts and Statistica.4,5

Despite H2 being classified as a promising energy carrier, its
production is still emitting ca. 830 million tonnes of CO2 per
year due to its derivation via fossil fuels.6 A greener solution that
can fulfill the high H2 global demand without impeding the
environmental sustainability is highly essential. This is, in fact,
aligned with the seventh and eighth Sustainable Development
Goals (SDGs) that emphasize the importance of (i) clean and
affordable energy production for the world and (ii) mitigation of
global climate change issues.7

Malaysia, being the second largest palm oil producer in the
world, is continuously contributing more than a quarter of the
global palm oil production (ca. 26%, 19.7 Mt per year).8,9 This
phenomenon led to an enormous amount of palm oil mill
effluent (POME) generation as waste (e.g., 2 to 3.5 times of
crude palm oil). It can be treated via anaerobic digestion to

produce biogas (consists of about 50−75% of CH4 and 25−45%
of CO2), which is deemed as a green source for H2
production.10,11 In conjunction to reducing carbon emissions
and promoting biomass valorization, green H2 production from
biogas becomes an attractive and greener option to fulfill the
escalating H2 demand, tackling the waste management issue as
well as favoring the ″waste to wealth″ strategy.12
Dry reforming of methane (DRM) is one of the technologies

that is capable of converting biomass into valuable H2. From
Table 1 (i.e., the possible reactions in the DRM process), most
of the reactions favoring the production of H2 are endothermic,
in which a high temperature (>650 °C) is essential. However,
after a long period of reaction time, most of the commercial
catalysts (e.g., Ni, Co, Zeolite, Mg, Na, and Cu) will suffer from
deactivation due to coke deposition and poisoning.13−15 To
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increase the life span and catalytic activity of the catalyst, noble
metals (e.g., Pt, Pd, and Ru) are often used as a co-catalyst
alongside the non-noble metals. Despite having excellent
resistance toward coking, noble metal catalysts are often
expensive and earth-scarce, hindering their attractiveness to be
used in bulk quantities.16

Comparatively, among non-noble metals (e.g., nickel, copper,
and cobalt), Ni-based catalysts have been extensively used in
industrial applications due to their affordable cost and decent
catalytic performance. For instance, Garciá-Dieǵuez et al.18 had
incorporated Ni and Pt at different ratios and discovered that
0.4Pt4Ni/Al2O3 had the best performance of CH4 conversion of
70% and CO2 conversion of 75% at 700 °C. In addition, Chein
and Fung19 also reported that bimetallic catalysts such as doping
ceria to nickel (Ni-Ce/Al2O3) have improved the catalytic
performance where the CH4 conversion had increased from 76
to 82% and CO2 conversion had increased to 88% from 78%.19

Figure 1 shows the timeline of the development of Ni-based
catalysts from 1928 until the present, from monometallic, the
introduction of promoters and supports, bimetallic, mesoporous
matrix to Ni-based MOF.

Over the last decade, the synthesis of nano-engineeredmetal−
organic frameworks (MOFs) has shown a tremendous develop-
ment with reassuring application in catalysis processes, aligning
with the Principles of Green Chemistry of ″Design of Energy
Efficiency″, ″Use of Renewable Feedstocks″, and ″Cataly-
sis″.26,27 Due to the unique features such as intrinsic porosity,
large surface area, tunable characteristic, long life span, and low
density, MOFs are expected to offer desired improvements in
contemporary organic chemistry and modern organometallic
catalysis.28,29 One of the most promising approaches for the
application of MOF-based heterogeneous catalysts is thermal
carbonization, including pyrolysis, DRM, and Fischer−Tropsch
synthesis.30 MOFs have been introduced into the carbonization
field, where these hybrid materials are used as sacrificial
templates. This overcomes the shortcomings of conventional
catalysts, such as (1) short life span due to coking, (2) low
surface area-active sites for enhancing the carbonization
reaction, and (3) nonhomogeneous dispersion of metal
sites.31,32 The first study that reported on the incorporation of
MOF into Ni-based catalysts for the DRM process can be dated
back to 2019 in the study by Chin et al.33 They had prepared a
bimetallic (Ni-Ce) MOF-derived catalyst in the DRM process
and proved that the application ofMOF as a precursor improved
its catalytic performance as the MOF application had
successfully produced higher-dispersed particles. It is then
followed by Karam et al.,25 who have synthesized a highly porous
Ni-Al/MOF MIL-53 for the DRM reaction in 2020. Notably,
the Ni-Al/MOF MIL-53 was still highly active after 100 h of
reaction and managed to yield 3 times higher CO2 and CH4
conversions than those of the conventional Ni/Al catalyst. Given
the aforementioned unique features of MOF, the MOF-derived
catalysts had proven the capability of offering greater (about 2 to
3 times) CO2 and CH4 conversions as compared to the
conventional Ni-based catalysts (Ni impregnated on γ-alumina).
To the best of the authors’ knowledge, the existing work by

Karam et al.25 in 2020 merely focused on the proof-of-concept
experimental work for the feasibility of Ni-based MOF catalysts
for DRM processes. None of the literature has reviewed the
respective overall techno-economic and environmental perform-
ances. Therefore, this research attempts to provide an overview
of the economic and environmental feasibility of the application

Table 1. Occurrence of Reactions in the DRM process17

type of reaction reaction heat of reaction

CO2 reforming of methane CH4 + CO2 ↔ 2H2 +
2CO

ΔH° = 260.5 kJ/
mol

reverse water−gas shift
(RGWS)

CO2 + H2 ↔ CO +
H2O

ΔH° = 41.0 kJ/
mol

steam reforming of methane CH4 + H2O ↔ CO +
3H2

ΔH° = 206.0 kJ/
mol

steam reforming of methane CH4 + 2H2O↔CO2 +
4H2

ΔH° = 165.0 kJ/
mol

combustion of methane CH4 + 2O2 ↔ CO2 +
2H2O

ΔH° = −802.0 kJ/
mol

partial oxidation of methane CH4 + 0.5O2 ↔ CO +
2H2

ΔH° = −36.0 kJ/
mol

methane decomposition CH4 ↔ 2H2 + C ΔH° = 75.0 kJ/
mol

Boudouard/disproportionation
reaction

2CO ↔ CO2 + C ΔH° = −172.5 kJ/
mol

CO hydrogenation/reduction H2 + CO ↔ C + H2O ΔH° =
−131.5 kJ/mol

Figure 1. Timeline of Ni-based catalytic DRM revolution.18,20−25
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of Ni-MOF-based catalysts for the DRM process. Alongside the
conventional way of catalyst preparation, this work also
discusses the possibility of the adoption of additive mass
production for Ni-MOF-based catalysts via a cutting-edge 3D
printing method. Herein, given the low technology readiness
level (TRL) of the application of MOF in DRM, this study can
be considered as the first preliminary economic and environ-
mental assessments for downstream oil palm waste biorefinery.

Through the valorization of the biogas (waste) to H2
production, this study can stand as an integrated starting point
in bridging both the catalyst preparation and DRM process to
support the realization of a circular economy.

2. METHODOLOGY
Figure 2a shows the research flow adopted for the work,
including techno-economic, environmental, and sensitivity

Figure 2. Illustrative diagram for the (a) research methodology flow; (b) model development of DRM process using Aspen Plus V12; and (c) model
development of PSA via integration of Aspen Plus V12, Microsoft Excel, and MATLAB R2019b.
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analyses to investigate the most feasible Ni-based catalysts in
industrial-scale DRM. The descriptions of each step are
presented in the following subsections.
2.1. Model Development. The data collection was

performed and adopted in DRM (see descriptions in Supporting
Information Section S-1). From Table 2, five types of Ni-based

catalysts were identified based on a similar production scale (lab
scale) and the same type of feedstock (CH4 and CO2) and
operation mode (batch process). This is to ensure that the
comparative study can be made based on a fair basis.
The DRMmodel was simulated using Aspen Plus V12, which

comprises three main units, namely, biogas treatment, reformer,
and syngas (mainly CO and H2) cleaning (see Figure 2b).

36,37

The feed biogas composition was adopted from Shahidul et al.38

as shown in Table 3. On the other hand, based on Figure 2b,

various equipment is needed in the DRM plant, in which the
corresponding details are listed in Table 4. In this work, a custom
pressure swing adsorber (PSA) MATLAB model was developed
and connected with the Aspen Plus V12 (see Figure 2c) using
COM technology (i.e., a toolbox that enables the integration of
interfaces between MATLAB and Aspen Plus). This is
essentially part of the model to simulate H2 purification more
accurately rather than the conventional method of relying on an
assumed separation efficiency (typically 98−99%).39

2.1.1. Biogas Treatment. Biogas treatment mainly aims at
removing H2S before entering the reformer as the presence of
H2S will cause adverse effects on the DRM process, specifically
on the DRM efficiency, syngas purity, pipeline clogging, and
catalysts’ life span (due to rapid deactivation).41 Fe2O3 was
selected as the adsorbent to remove the H2S given its capability
of reducing the H2S down to the ppm level and its affordable
nature.40,42 During the desulfurization process, Fe2O3 will react
with unwanted H2S to form iron sulfide (FeS) (see eq 1). In the
subsequent stage, Fe2O3 can be regenerated from FeS via a
thermal oxidation process (see eq 2). The amount of Fe2O3
required was calculated using the ″calculator″ function in Aspen
Plus using a Fortran statement, as shown in eq 3. Generally, 250
g of Fe2O3 was required for 36 L/min of biogas feed, reducing
3000 ppm of H2S to 50 to 100 ppm.40 Similarly, the amount of
O2 required for regeneration was also written as a Fortran
statement (see eq 4).

Fe O H S 2H FeS 3H O2 3 2 2 2+ + → + (1)

2FeS 7/2O Fe O 2SO2 2 3 2+ → + (2)

F F( 1000/60) 0.25 36CATALYST BIOGAS BIOGASρ= ÷ × × ÷
(3)

where FCATALYST refers to the amount of Fe2O3 needed (kg) and
FBIOGAS is the molar flow of biogas (kmol/h), while ρBIOGAS, on
the other hand, denotes the molar density of biogas (kmol/m3).

F F 2 3.5OXYGEN FES= ÷ × (4)

where FOXYGEN refers to the molar flow of O2 needed (kmol/h),
while FFES indicates the molar flow of FeS formed through eq 1
(kmol/h).

2.1.2. Reformer. Due to the lack of kinetics information on
Ni-based catalysts in the literature, the DRM process cannot be
modeled using RPlug in Aspen Plus V12. Therefore, the RYield
block was used instead, where the CH4 and CO2 conversion

Table 2. Ni-Based Catalysts Considered in This Comparative
Study

Ni-based
catalyst remarks source

Ni-MOF Ni impregnated on metal−organic framework (MOF),
MIL-53(Al)

25

Ni-Ce/
Al2O3

bimetallic catalyst, Ni (10 wt %) and Ce (5 wt %) with
alumina (Al2O3) as support

19

Ni/Al2O3 conventional catalyst, Ni (10 wt %) with alumina
(Al2O3) support

19

Ni-HTNT Ni impregnated on protonated titanate nanotube
(HTNT) as support

34

Ni unsupported Ni catalyst 35

Table 3. Composition of biogas38

element
composition range

(vol%)
composition (vol%) used in model

development

CH4 50−75 50
CO2 25−45 45
H2O 2−7 4.75
O2 <2 0.05
N2 <2 0.05
H2S <2 0.05
NH3 <1 0.05
H2 <1 0.05

Total: 100

Table 4. Major Equipment Used in the DRM Model Development

unit equipment operating condition remarks

biogas
treatment

desulfurization unit (DESULF)
(RStoic)

temperature: 450 °C to remove H2S before entering the reformer with iron(III) oxide (Fe2O3) as
adsorbentpressure: 22.29 bar40

regeneration unit (REGEN)
(RStoic)

temperature: 650 °C to regenerate iron sulfide (FeS) back to Fe2O3 to be reused

pressure: 20.22 bar40

reformer reformer (REFORMER) (User2) temperature: main reaction of DRM where CH4 and CO2 are converted to produce CO
and H2MOF: 650 °C

Ni-HTNT & Ni: 700 °C
Ni-Ce/Al2O3 & Ni/Al2O3:
800 °C

pressure: 1.01 bar
syngas cleaning separator (S-102) (Flash2) temperature: 180 °C to remove excess water from product

pressure: 6.22 bar
pressure swing adsorption (PSA)

(User2)
temperature: 25 °C to adsorb other impurities (N2, CH4, CO2, and CO) to produce high purity

of H2pressure: 6.5 bar
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rates, along with H2 and CO yields, were obtained from the
literature and inserted into the block.19,25,34,35 To ensure the
high reliability and accuracy of the results, the mass balance
calculation was performed using aUser2 block function in Aspen
Plus V12 that was interconnected to the Excel spreadsheet (i.e.,
material balance calculation).43 The information related to the
inlet flow of the reformer was first imported into the remote
Excel spreadsheet. With the aid of the Macro function, the
material balance of each component was conducted, while the
obtained outlet flow can then be subsequently exported back
into the Aspen model to proceed with the subsequent
simulation.
2.1.3. Syngas Cleaning. The products exiting from the

reformer (i.e., CH4, CO2, H2O, O2, N2, H2S, NH3, CO, and H2)
were introduced into the syngas cleaning process. This unit
generally aims to remove the impurities and enhance the purity
of the H2 product. A phase separator was used to remove the
excess water as a significant amount of water was produced from
the reformer. In addition, the PSA system was used to eliminate
other undesired gases. PSA is the most used conventional
technique due to its competitive potential to filter out impurities
down to ppm in the production of high purity of 99.99% H2.

44

Instead of assuming the separation efficiency of PSA, this work
attempted to estimate the separation efficiency of the PSA
system usingmathematical programming viaMATLABR2019b.
As mentioned earlier, Aspen Plus and MATLAB were
interconnected through Microsoft Excel (see Figure 2c).39

The MATLAB codes were written with considerations of the
Languir−Freundlich isotherm parameter, loading ratio correla-
tion (LRC) model, and linear driving force (LDF) model
coefficients (see detailed information in Supporting Information
Section S-2).45 In addition, the dual-layer adsorbents zeolite 5A
(Z5A) and activated carbon (AC) were used as the adsorbent
due to their respective characteristics, where Z5A can adsorb
traces of CO and N2, while AC removes a bulk amount of CO2
and CH4.

46 The parameters used to model the PSA system are
listed in Table 5. Note that the detailed parameters, density, and

void fraction of the opted adsorbents (in this work, Z5A and AC
adsorbents are selected) can be found in Supporting
Information Section S-2.
2.2. Techno-economic Analysis. A techno-economic

analysis was performed thoroughly to evaluate the economic
viability of the Ni-based catalysts in the DRM process (inclusive
of biogas treatment, reformer, and syngas cleaning), including
the investment costs of the catalyst synthesis process and the
DRM process. In general, catalyst synthesis costs involve raw
material cost (mass loss during the synthesis process was
neglected), utility cost, and capital cost of equipment, while the
DRM process cost encompasses both utility cost and capital
cost. It is worth noting that the capital cost of the DRM process
was obtained from the economic analyzer in Aspen Plus V12.

The DRM plant was assumed to have a life span of 20 years,
including 1.5 years of commissioning (70% in the first year and
30% in the second year), with an annual operating time of 8000
h. The other expenses also included operation cost, maintenance
cost, operating overhead, property taxes, insurance, as well as
general expenses. On the other hand, income tax and
depreciation were also considered in this techno-economic
analysis (see Supporting Information Section S-3). The techno-
economic analysis was carried out assuming that the plant
location is in Malaysia where the cost (and emissions)
parameters required for the analyses are obtained based on the
collected regional data (see Supporting Information Sections S-
9 and S-11).
To evaluate the economic performance, various economic

indicators including net present value (NPV), payback period
(PBP), return of investment (ROI), and discounted cash flow
rate of return (DCFRR) were applied in this study (see
equations in Supporting Information Section S-4).

2.3. Environmental Analysis. In view of the growing
concerns in environmental protection and responsible produc-
tion, it is essential to ensure the environmental sustainability of
the H2 production process.With this, the environmental analysis
was performed to evaluate the environmental impact of each Ni-
based catalyst in terms of the overall carbon emissions of the
greenH2 production (involved the catalyst synthesis process and
DRM process while excluding those attributed by trans-
portation), where the boundary was considered to be a cradle-
to-gate analysis. In terms of the catalyst synthesis process, the
emission factor attributed48−58 to raw materials and utility used
were considered, whereas for the DRM process, the emissions
were mostly attributed to the emitted gaseous products (e.g.,
CH4, CO2, and H2O), utility consumption, and the use of
adsorbents (see equations in Supporting Information Section S-
5).

2.4. Sensitivity Analysis. Sensitivity analysis is essential to
examine the uncertainties in forecasting the viability of a
project.59 For example, the unit prices of H2, raw materials, and
utilities are subjected to market fluctuations from time to time.
This analysis can also provide insights on the robustness of the
obtained results. In general, throughout the sensitivity analysis,
the techno-economic analysis will be reperformed multiple
times by varying the value of each cost parameter (i.e., (i) H2
price, (ii) raw material cost, and (iii) utility cost).

3. RESULTS AND DISCUSSION
As mentioned in Section 2.3, this study focuses on the
investment cost in two aspects: (i) the catalyst synthesis process
and (ii) the DRM process. The economic performance is
presented in the following subsections.

3.1. Catalyst Synthesis Cost. In terms of the cost
associated with the catalyst synthesis process, it encompasses
various cost items, including raw material cost, utility cost, and
capital cost for catalyst synthesis.

3.1.1. RawMaterial Cost.The rawmaterial cost concerns the
procurement cost of the materials required for the Ni-based
catalyst synthesis process. The amount of raw materials required
for each Ni-based catalyst is summarized in Supporting
Information Section S-6. Based on the results shown in Figure
3a, the raw material cost required to synthesize the Ni-based
MOF catalyst was the highest among the five Ni-based catalysts.
This was attributed to the intensive raw material cost used for
washing agents (to remove unwanted residue completely),
particularly the N,N-dimethylformamide (DMF). Since it

Table 5. Parameters Used for PSA System Model
Development

parameters value

bed volume ratio (Z5A:AC) 3:747

total length of bed 4.8 m39

adsorption time 180 s47

interstitial velocity 0.45 m/s39

inlet temperature 25 °C39

inlet pressure 6.5 bar47
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required a significant amount of DMF in the synthesis process
(i.e., about 180.57 L/kg of the Ni-MOF catalyst), the material
costs were therefore boosted up. It was then followed by Ni-
HTNT where the high-cost nature was mainly due to its
requirement of various types of raw materials (e.g., sodium
hydroxide, titanium dioxide, hydrochloric acid, nickel(II) nitrate

hexahydrate, and deionized water). Subsequently, Ni-Ce/Al2O3

and Ni/Al2O3 required less raw material costs given the much

simpler process. Generally, the former has a relatively higher raw

material cost that was attributed to the additional cerium(III)

nitrate hexahydrate, Ce(NO3)3·6H2O, added to form the

Figure 3. (a) Rawmaterial cost and utility cost required for Ni-based catalysts’ synthesis. (b) Capital cost for equipment used in synthesizing Ni-based
catalysts. (c) Utility cost and capital cost for different Ni-based catalysts in the DRM process. *Note: Costings were calculated based on a plant scale of
10 tonnes H2 per day.
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bimetallic catalyst. Lastly, Ni had the least cost as it was directly
sourced without the need for other raw materials.
3.1.2. Utility Cost. The utility cost mainly considers the total

amount of energy consumed during the catalyst’s synthesis
process such as the drying, washing, and impregnation method.
The detailed calculations are attached in Supporting Informa-
tion Section S-9. Based on Figure 3a, Ni-MOF and Ni-HTNT
required a high utility cost given their complex synthesis process.
For instance, the microwave-assisted method that required high
energy consumption was required to synthesize the MOF-
support for Ni-MOF (13.5 MJ/kg Ni-MOF). On the other
hand, Ni-HTNT possesses a high energy cost due to its
sophisticated synthesis method that required a long synthesis
time (128 h). It was then followed by Ni-Ce/Al2O3 and Ni/
Al2O3, while the Ni had the least utility cost as it only involves
catalyst activation.
3.1.3. Capital Cost. Figure 3b shows the capital cost needed

in the catalyst’s synthesis process for each Ni-based catalyst (see
Supporting Information Section S-10). As mentioned, the
synthesis of both Ni-MOF and Ni-HTNT contains a series of
processes (i.e., drying, mixing, washing, centrifuging, incipient

wetness impregnation, calcination, and reduction) that, there-
fore, lead to a higher capital cost. The capital cost required for
the case of the Ni-MOF catalyst and Ni-HTNT is about 61.58%
and 44.56% more expensive than that for Ni-Ce/Al2O3 and Ni/
Al2O3. On the other hand, these cases were about 113.53% (Ni-
MOF) and 91.03% (Ni-HTNT) more expensive than that of
unsupported Ni case since the synthesis processes of the former
two catalysts were relatively more complex (Ni-Ce/Al2O3 and
Ni/Al2O3 were synthesized using incipient wetness impregna-
tion, while pure Ni only required preactivation).

3.2. DRM Process. This section covers the cost associated
under the DRM process. In general, the catalytic performance of
the catalysts (see Table 6) will influence the magnitude of the
investment cost in the DRM process. For example, given a H2
production goal of 10 tonnes per day, the catalyst with a lower
catalytic performance will lead to a greater requirement of the
biogas feed. This further leads to a greater energy consumption,
which then results in a lower energy efficiency. Additionally, the
overall utility cost and capital cost were expected to be higher
than that of the catalysts with better catalytic performance. The
corresponding utility cost and capital cost for each Ni-based

Table 6. Performance of Ni-Based Catalysts in the DRM Process

catalyst

performance

feed flow rate (kmol/h) amount of catalyst (kg)d energy efficiency (%)eCH4 conversion CO2 conversion H2/CO ratio

Ni-MOF25 74 mol % 80 mol % 1.03 277.8 296.2 36.46%
Ni-Ce/Al2O3

19 82 mol % 88 mol % 0.87a 308.4 917.5 35.59%
Ni/Al2O3

19 76 mol % 78 mol % 0.85b 336.5 1000.9 33.07%
Ni-HTNT34 75 mol % 70 mol % 0.80 349.7 471.6 32.13%
Ni35 45 mol % 65 mol % 0.72c 504.3 1242.4 21.40%

aCalculated using a 1.35 H2 yield and 1.55 CO yield. bCalculated using a 1.23 H2 yield and 1.45 CO yield. cCalculated using a 40 mol % H2 yield
and 55 mol % CO yield. dCalculated with a target H2 production of 10 tonnes per day. eCalculated with the percentage of energy produced over
energy consumed, evaluated on the basis of the higher heating value (HHV).

Figure 4. Performances of various Ni-based catalysts in terms of (a) NPV, (b) PBP, (c) ROI, (d) DCFRR, and (e) environmental performance
(carbon emissions in 20 years).
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catalyst are presented in the following subsections. It is worth
noting that the raw material cost was omitted since the biogas
was assumed to be sourced from POME that is generally free of
charge.
3.2.1. Utility Cost. The utility costs in the DRM process for

different Ni-based catalysts are portrayed in Figure 3c. As
mentioned, the amount of utilities required is proportionate to
the feed flow rate. Therefore, Ni that had the poorest
performance requires the highest biogas feed (81.53% more
thanNi-MOF) among theNi-based catalysts (see Table 6). This
further leads to a greater consumption rate of utility in the DRM
process (i.e., 72.67% greater than that of Ni-MOF). Never-
theless, despite better performance from Ni-Ce/Al2O3 and Ni/
Al2O3, the utility cost was about the same as that of Ni-HTNT.
This was due to the fact that the optimal operating temperature
of the reformer that utilizes Ni-Ce/Al2O3 and Ni/Al2O3 is about
800 °C, which is much higher than that of other Ni-based
catalysts (e.g., the operating condition for the DRM process that
utilizes Ni-HTNT and Ni is 750 °C). Ni-MOF incurred the
lowest utility cost due to its high catalytic performance and lower
requirement of optimal operating temperature for the reformer
(i.e., 650 °C). It is worth noting that the utility cost is mainly
attributed to the electricity consumption (about 61% to 66%)
that is the major utility used in the DRM process, followed by
cooling utility (about 28% to 33%) and heating utility (about 5%
to 8%) (see calculations in Supporting Information Section S-
11).
3.2.2. Capital Cost. Similarly, the capital cost for the DRM

process is subjected to the feed flow rate (greater feed that leads
to the need for a larger equipment size). For example, to achieve
a H2 production rate of 10 tonnes per day, the capital cost for the

DRM process that utilized Ni-MOFwas 25.71% less than that of
the DRM process that used Ni as the catalysts, given that the
biogas feed for Ni-MOF was only 44.91% of Ni. It is worth
noting that, due to the high operating temperature for Ni-Ce/
Al2O3 and Ni/Al2O3, the associated capital costs have become
even higher (stainless steel 321 was selected as the construction
material to withstand the operating condition) (see calculations
in Supporting Information Section S-12).

3.3. Economic and Environmental Performance. This
section outlines the overall performances in both economic and
environmental aspects. Figure 4 summarizes the performances
(in terms of four economic indicators and one environmental
indicator) of each Ni-based catalyst, which are further discussed
in the subsequent subsections:

3.3.1. Economic Performance. The economic performances
of different Ni-based catalyst applications were evaluated to
identify the most economically feasible catalysts for H2
production via the DRM process. The economic performances
were analyzed, while corresponding cash flow statements are
tabulated in Supporting Information Section S-15. The
economic indicators that were used to evaluate the economic
performance include, NPV, PBP, ROI, and DCFRR.
In this work, the NPV of the plant in 20 years was evaluated

based on the investment cost estimated in Section 3.1. Based on
Figure 4a, the DRM with Ni-MOF offered the highest NPV
value of $25.49 million. This was due to the greater catalytic
performance of Ni-MOF as compared to other Ni-based
catalysts (see Table 6). This somehow revealed the potential
of using Ni-MOF in green H2 production in an industrial DRM
plant. In contrast, the use of unsupported Ni as the DRM
catalysts led to a negative NPV value of −$22.88 million. This

Figure 5. Carbon emissions from the Ni-based catalyst synthesis and DRM process.
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showed that the revenue obtained from the H2 sale could not
compensate for the large investment costs (revenue is 3.22% less
than the total investment cost required) incurred in the
unsupported Ni case.
In addition to a high NPV, a good project should come with a

reasonably short PBP. This indicates that it is more desirable if
the amount of time required to recoup the investment cost is
shorter. In fact, having a long PBP may cause the economic
feasibility to become unsecured due to the uncertainties in the
distant future. As illustrated in Figure 4b, a reasonable PBP of 8
to 9 years was obtained for the case of Ni-MOF, Ni-Ce/Al2O3,
and Ni/Al2O3, while the use of Ni-HTNTmay prolong the PBP
to about 10 years given that the production cost of Ni-HTNT
was much higher (270% to 310% higher than Ni-Ce/Al2O3 and
Ni/Al2O3) while having a similar number of catalyst life span (4
years) as Ni-Ce/Al2O3 and Ni/Al2O3 (3 years).
On the other hand, ROI was used to evaluate the investment

potential and economic performances.60 As expected, the higher
ROI (32.62%) was dedicated to Ni-MOF, which was 2.66-fold
compared to the conventional Ni/Al2O3 (see Figure 4c). It was
followed by Ni-Ce/Al2O3, which can only offer a ROI (18.83%)
that was almost half of the one offered by Ni-MOF.
Generally, the use of all Ni-based catalysts (except for the

unsupported Ni case) can lead to a decent DCFRR of more than
10% (see Figure 4d). Nevertheless, Ni-MOF, which offers the
highest DCFRR (15.24%), still stood out from the rest. This
further confirms that it is worthful to consider investing and
commercializing the use of Ni-MOF for sustainable H2
production.
Note that a negative NPV was obtained for the unsupported

Ni case, in which a negative ROI of −21.77% was experienced.
Therefore, it was unable to pay back within the 20-year time
frame (PBP = ″nil″). On the other hand, given that the use of Ni-
MOF requires the shortest PBP and was capable of offering the

highest NPV, ROI, and DCFRR, its overall economic viabilities
over other Ni-based catalysts can be justified.

3.3.2. Environmental Performance. As shown in Figure 4e,
the environmental performance (in terms of the total carbon
emissions for a plant life span of 20 years) of each Ni-based
catalyst in green H2 production was evaluated from the total
emitted gaseous products, utilities, adsorbent application, and
Ni-based catalysts used (see Supporting Information Sections S-
16 to S-19). As shown, Ni-Ce/Al2O3 had the lowest carbon
emissions (2.13 × 109 kg CO2 equivalent), which is 16.71%
lower than that of the Ni-MOF case (2.56 × 109 kg CO2
equivalent) (see Figure 5). As expected, due to the poor catalytic
performance of the unsupported Ni catalyst, it offered the
greatest carbon emissions among all studied Ni-based catalysts.
The distribution of the carbon emissions (in the catalyst
synthesis process and DRMprocess) is shown in the subsections
below.

3.3.2.1. Carbon Emissions from Catalyst Synthesis. The
carbon emissions from catalyst synthesis were from the emission
factors of the raw materials used and from the energy
consumption during the synthesis of the Ni-based catalysts.
To note, the total emissions were also subjected to their
respective regeneration life span. For instance, Ni-Ce/Al2O3,
which had a life span of 3 years, would need to be regenerated six
times throughout the 20 year life span. In other words, the total
emissions will need to account for six regeneration cycles (i.e.,
the number of regeneration activities needed within the 20 year
plant life span).
On the other hand, based on Figure 5, the carbon emissions to

synthesize Ni-MOF catalysts were mainly contributed by utility
consumption (note that the energy source here refers to the
energy mix of the studied area, inclusive of natural gas, coal, and
oil55) from the catalyst synthesis process (87%). This was due to
the DMF washing agent having a relatively low emission

Figure 6. Trend of NPV value (in $ × 106) of different Ni-based catalysts at different H2 unit prices.
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factor.50 Similarly, in Ni-Ce/Al2O3 and Ni/Al2O3 cases, the
carbon emissions were mainly contributed by the energy
consumption, i.e., about 78% and 81%, respectively, whereas
for the Ni-HTNT case, the total carbon emissions were 117% of
Ni-Ce/Al2O3, where the emissions were fairly distributed across
both raw materials (contributed 47%) and utility consumption
(contributed 53%). It is worth noting that the emission factor of
NaOH used in Ni-HTNT synthesis process was relatively high,
i.e., up to 1.12 kg CO2/kg of NaOH.

48 In contrast, the emissions
for the unsupported Ni case were mainly attributed to the
material (84%) given that the synthesis process of these catalysts
only requires a single step, i.e., the activation process.
3.3.2.2. Carbon Emissions from the DRM Process. The

carbon emissions from the DRM process have accounted for the
emissions from the gaseous products in the DRM process (e.g.,
CH4, CO2, and H2O), utilities, and adsorbents used. For the
emissions caused by the products, Ni-Ce/Al2O3 had the least
contribution due to its high CH4 and CO2 conversion. As
observed in Figure 5, the gaseous products are the main
contributors (>70%) to the overall carbon emissions from the
DRM process. Furthermore, the carbon emissions attributed to
utilities were found to be directly proportional to the energy
consumption of each Ni-based catalyst. Generally, catalysts with
the best catalytic performance (i.e., Ni-MOF) will require the
lowest total energy consumption, thus leading to the lowest
carbon emissions (4.49 × 106 kg CO2 equivalent) among the
studied Ni-based catalysts. The adsorbents used in the DRM
process include Fe(III) oxide (for H2S removal) and Z5A and
AC (for H2 purification). Note that the emission contribution
from adsorbents is relatively low (1.50 × 105 kg CO2 equivalent
in 20 years, which is ∼99.97% lower than that of the energy
consumption) as the regeneration only takes every 5 years.

3.4. Sensitivity Analysis. The sensitivity analysis was
carried out to identify the impact of various preassumed
parameters on the NPV estimation. The investigated parameters
include (i) H2 price, (ii) raw material cost (for catalysts), and
(iii) utility cost.

3.4.1. H2 Price. The base H2 price used in the techno-
economic analysis was assumed to be $10/kg. In this sensitivity
analysis, the price was varied from −90% to 90% of the current
assumed price. This not only helps decision-makers to identify
the minimum H2 price that the plant can be sustained without a
loss in profit but also serves as a guide for investors to gauge the
risk associated with the fluctuation of the H2 price in the market.
Figure 6 illustrates the changes in NPV against the H2 price

(ranging from $1 to $19/kg). Generally, a higher H2 selling price
will lead to a greater revenue of the green H2 plant. For instance,
when the H2 was sold at $19/kg, the NPV obtained from the Ni-
MOF case can increase to $159.07 × 106. The minimum H2

price is extracted and summarized in the table shown in Figure 6.
As expected, given the superior economic performance of the
Ni-MOF case, it offers the lowest minimumH2 selling price (i.e.,
$8.28/kg) among others. This indicates that the plant will be
generating profit as long as the H2 price was kept above $8.32/
kg. In contrast, the NPV of the poorest unsupported Ni catalysts
will maintain positive only if the H2 was sold at price greater than
$11.54/kg (see calculations in Supporting Information Section
S-21).

3.4.2. Raw Material Price. Due to the possible occurrence of
fluctuation in the raw material price, this section aims to
investigate the sensitivity of the unit price of each key raw
material on the obtained NPV of the respective Ni-based
catalysts.

Figure 7. Sensitivity analysis on the raw material price of different Ni-based catalysts: (a) Ni-MOF, (b) Ni-Ce/Al2O3, (c) Ni/Al2O3, (d) Ni-HTNT,
and (e) Ni.
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From Figure 7, the most sensitive parameter for Ni-MOF
synthesis was the DMF price. This is due to the high-cost nature
of DMF where the unit cost price of DMF in the base case was
$18.70/L.61 In addition, DMF was highly required in synthesiz-
ing and washing the Ni-MOF catalyst (180.57 L/kg catalyst
synthesized). Meanwhile, for the synthesis of Ni-Ce/Al2O3 and
Ni/Al2O3, the most sensitive parameter was the Ni precursor
(Ni(NO3)2·6H2O) price. This is because the Ni precursor had a
slightly higher unit cost price as compared to the other raw
materials such as alumina (the unit cost of the Ni precursor is
9.32 times higher than that of alumina). On the other hand, the
most sensitive parameter for the Ni-HTNT was the unit cost of
deionized water, given its high-volume requirement (112.79 L/
kg catalysts synthesized).
Furthermore, the unsupported Ni catalyst simply required Ni

powder for the synthesis process. Therefore, the sensitivity
analysis was carried out to evaluate the impact of the fluctuation
in Ni powder price on the NPV (see Figure 7e). Nevertheless,
although the unit price of Ni powder had been reduced by 90%,
the NPV still remained negative. This shows that the gigantic
investment cost could not be compensated with the low unit
price of the Ni powder (see calculations in Supporting
Information Section S-22).
3.4.3. Utility Price. This subsection, on the other hand,

investigates the impact of the unit cost of various utilities (i.e.,
electricity tariff, fuel price, cooling water, and chilled water cost)
on the attained NPV. The results are illustrated in Figure 8.
From Figure 8, it is clearly seen that the electricity tariff had

the greatest impact on the NPV of the plant for all Ni-based
catalysts (i.e., the greatest deviation shown in the tornado chart).
Therefore, the sensitivity of the electricity tariff was further
investigated (see Figure 8e).

Figure 8 shows that the use of both the Ni-MOF catalyst and
bimetallic catalyst (Ni-Ce/Al2O3) was capable of providing a
positive NPV even when the electricity tariff was increased by
90%. This showed the robustness of this DRM plant.
Meanwhile, for Ni/Al2O3, the impact of electricity tariff on the
NPV was more significant as it will turn negative if the electricity
tariff was increased by 83.49%. Moreover, given the high energy
requirement of Ni-HTNT, a slight increment of the electricity
tariff (28.53%) will lead to a negative NPV. Lastly, for the
unsupported Ni catalyst case, the NPV still remained negative
even though the electricity tariff had been reduced by up to 90%.
This further confirmed the infeasibility of using unsupported Ni
as the DRM catalyst.
Among the sensitivity analyses, it was discovered that the

changes in H2 selling price have the greatest impact as compared
to fluctuations of raw material price and utility price. This shows
the importance of securing the selling price of green hydrogen
on promoting the deployment of the catalytic DRM process for
green hydrogen production. As proven in previous sections, the
plant only showed a positive NPV when the H2 selling price had
increased by 15.41% or more; however, it suffered a loss even
when the rawmaterial price and utility price had dropped to 90%
for the unsupported Ni case (see calculations in Supporting
Information Section S-23).

3.5. Additive Manufacturing. Additive manufacturing (or
known as 3D printing) is a cutting-edge technology to fabricate
bulk production of objects precisely and effectively in a short
period of time.62,63 Lately, 3D printing technology had been
acknowledged as a paradigm in fabricating the complex design of
a catalyst in mass production, offering an attractive means of
forming structured metal−organic frameworks (MOFs), since it
enables precise and accurate customization and tailoring on

Figure 8. Sensitivity analysis on the utility price with application of different Ni-based catalysts: (a) Ni-MOF, (b) Ni-Ce/Al2O3, (c) Ni/Al2O3, (d) Ni-
HTNT, and (e) Ni. (f) Trend of NPV against variation in electricity tariff.
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geometry and molecule structures.64,65 However, this technol-
ogy is still at its infant stage due to the lack of sustainability and
feasibility studies that impedes its attractiveness in the catalytic-
centric energy system.
Based on the findings above (Sections 3.1 to 3.3), it was

shown that Ni-MOF had the best performance in both
economic and environmental aspects. Therefore, this section
aimed to discover the robustness of 3D printing for the bulk
production of Ni-MOF catalysts. After thorough consideration,
the four different approaches that may vary its overall feasibility
were chosen as shown:

1. MOF support was synthesized using the microwave-
assisted method, while Ni was impregnated onto MOF
using the wet incipient impregnation method (labeled as
Ni-MOF).

2. MOF was synthesized using the microwave-assisted
method, while Ni was impregnated onto the MOF
support using the 3D printing method (labeled as Ni-
MOF-ss-3D)

3. MOF was purchased directly from the market, while Ni
was impregnated onto MOF using the wet incipient
impregnation method (labeled as Ni-MOF-buy)

4. MOF support was purchased directly from the market,
while Ni was impregnated using the 3D printing method
(labeled as Ni-MOF-buy-3D)

The comparison study in terms of economic and environ-
mental performances of each synthetic strategy focused on the
catalyst synthesis process only since it will not cause any effects
on the DRM process.

3.5.1. Investment Cost. Based on Figure 9a, the raw material
cost for purchasing the parent MOF (MIL-53(Al)) was

Figure 9. (a) Raw material cost and utility cost required for MOF-based catalyst synthesis. (b) Capital cost for equipment used in synthesizing MOF-
based catalysts.
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significantly higher due to the high unit cost of MIL-53(Al)
(around $3105/kg).66 In addition, the raw material cost for the
3D printing method was also higher than that of the
conventional method; this was due to the addition of binders
(e.g., polyvinyl alcohol and bentonite clay) required for paste
densification and formation of elastic paste rheology to ease the
3D printing process.67

On the other hand, when the parent MOF (MIL-53(Al)) was
purchased, the utility consumption for MOF synthesis was no
longer required where the parent MOF purchased was readily
available. Therefore, this led to a significantly lower utility cost
(about 58 to 64% lower than the other two cases: Mi-MOF and
Ni-MOF-ss-buy). On the other hand, the use of the 3D printing
method had increased the utility cost by 3% to 11% as it involved
an additional 3D printer. The additional equipment of a 3D
printer had increased the energy consumption (8.1 MJ/kg of
catalysts synthesized) as compared to the conventional method.
As illustrated in Figure 9b, the capital cost for the cases of

purchasing the parent MOF was almost halved as compared to
others given the simplification of the synthetic process. Similarly,
due to the need for an additional 3D printer, the capital cost for
synthesizing the catalyst via the 3D printing method was slightly
higher (6.27% higher for Ni-MOF-ss-3D as compared to Ni-
MOF) than that of the conventional method.
3.5.2. Economic and Environmental Performance. The

corresponding economic and environmental performances were
estimated and are summarized in Figure 10.
The NPV obtained fromMOF-based catalysts synthesized via

the 3D printing method was about 2% to 3% higher than that of
the conventional method. This is due to the longer life span
(about twofold as compared to the conventional method68).
Given the same reason, Ni-MOF-ss-3D was capable of offering
the greatest ROI and DCFRR among all cases. Besides, after

accounting for all the investment cost items as shown in Section
3.4.1, purchasing the MOF parent directly from the market will
generally lead to a poorer economic performance (e.g., the NPV
obtained from Ni-MOF-buy was 1.87% lower than that of the
Ni-MOF case). It is worth noting that all four cases were capable
of paying back during the eighth year.
In terms of the environmental aspect, Ni-MOF-buy-3D had

contributed the least carbon emissions followed by Ni-MOF-ss-
3D (see Figure 10e). This is because Ni-MOF-buy-3D does not
take into consideration the carbon emissions from synthesizing
the parent MOF. Due to the longer catalyst life span (about
twofold longer than that of the catalysts synthesized from the
conventional method), the use of the 3D printing method had
proved its capability to be environmentally friendly by emitting
less CO2 within the 20 year life span (e.g., shifting Ni-MOF to
Ni-MOF-ss-3D can reduce about 14,117.03 kg CO2 equivalent).
In short, there is a bright future in the bulk production of

MOF-based catalysts via additive manufacturing. This is due to
its accuracy of printing where organic linkers and precursors can
be printed at their respective coordinates more precisely,
creating a completely homogeneous packing arrangement where
the position and orientation alignment of particles are highly
accurate according to a prior design, ensuring its superior
catalytic performance.69 The current proposed model implied
the manufacturing in a scaled-up quantity (10 kg) where it could
be improved by manufacturing on a larger scale to save utility
cost and energy consumption.

4. CONCLUSIONS

The valorization of biogas in H2 production via the DRM
process is subtle as a golden opportunity to convert ″waste″ into
″wealth″, at the same time reducing carbon emissions gradually.
Among the five Ni-based catalysts, the MOF-based catalyst had

Figure 10. Comparison of different MOF-based catalysts in aspects of (a) NPV, (b) ROI, (c) DCFRR, and (d) environmental performance (carbon
emissions in 20 years).
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proved its feasibility in terms of both economic (NPV of $25.49
× 106) and environmental (total carbon emissions of $2.56 ×
109 kg CO2 equivalent) aspects on a 20 year basis. Nevertheless,
this work had shown the capability of an advanced synthetic
method, the 3D printing method, in enhancing the overall
economic (NPV is 2.10% better than that of the conventional
microwave-assisted method) and environmental performances
(14,117.03 kg CO2 less than that of the conventional method).
In summary, this work has concluded that:
1) Based on the five proposed Ni-based catalysts in the DRM

process, the economic and environmental performance rankings
are listed as follows: Ni-MOF > Ni-Ce/Al2O3 > Ni/Al2O3 > Ni-
HTNT > unsupported Ni.
2) The analyses had proved the infeasibility of unsupported

Ni (conventional industrial catalyst) in DRM that incurs a large
investment cost.
3) The additive manufacturing technique (3D printing) offers

a better sustainability performance in terms of both economic
and environmental aspects since it can produce MOF that had a
longer life span as compared to the conventional technique.
4) From the sensitivity analyses, the H2 price had the most

significant impact than the raw material price and utility price.
Thus, decision-makers should consider this factor thoughtfully
when venturing into such proposed sustainable hydrogen
production business.
These insights are beneficial for the future process engineer in

commercializing the MOF-based catalytic DRM process that is
deemed as an attractive way to achieve the greening of various
H2 sink industries (e.g., including oil and gas sectors). The
subsequent works can expand the study scope to cover other
resource conservation alternatives (e.g., consideration of the
salvage value of metal that can be recovered from the spent
catalysts) and process integration techniques (e.g., heat
integration to enhance energy recovery).
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