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The growing atmospheric carbon dioxide (CO2)
concentration exceeded 415 ppm in 2019 from 280
ppm before the industrial revolution because of

anthropogenic activities and has become one of the most
pressing issues associated with climate change.1 To meet the
Paris Agreement objectives to keep global warming below 2
°C, carbon capture and utilization (CCU) and/or reduction of
CO2 emission of at least 30 gigatons of CO2 (GtCO2

)/yr is
needed.2−4 To achieve a meaningful impact on both the
economy and the environment, carbon dioxide utilization
(CDU) must be conducted for profitable industrial applica-
tions in addition to net zero CO2 emissions.5,6 The importance
of CDU in carbon management has long been recognized, and
CO2 is projected to play an essential role as the future C1 raw
material in the post fossil fuels era.7 However, at the present
time, even if the carbon footprint of the energy consumption
for CDU, with carbon in the most thermodynamically stable
oxidation state of +4, is not considered,8 the scale of its impact
is limited.
The current CO2 market potential for industrial use can

reach merely 0.3−0.8 GtCO2
/yr in the best case scenario,9,10

with the largest consumer of exhaust CO2 emission being the
fertilizer industry (∼0.12−0.14 GtCO2

/yr used for urea
manufacturing) followed by the oil sector (∼0.07−0.08
GtCO2

/yr consumed for enhanced oil and/or gas recovery).11

Alden and co-workers have also recently predicted CDU
potential for CO2 into chemicals to be around 0.3−0.6 GtCO2

/
yr in 2050, and rationalized that CO2 to fuel has the highest
estimated potential for CDU in the range of 1−4.2 GtCO2

/yr.6

In this context, dry reforming of methane (DRM, eq 1) has
been proposed and marketed as a potential solution that may
achieve decarbonization at the scale of multi-GtCO2

/yr.12,13

Such an argument has led to a significant increase in R&D
activities on DRM in the past two decades,14−17 as reflected in
the increasing number of recent publications. Analyses by
Scopus and Web of Science databases indicate that
approximately 50% of the total publications in the field were
reported in the last five years (Figure 1).18,19 Unfortunately,
claiming DRM to fuels to meet the goal of CO2 emission relief
is likely misleading and inappropriate, based on the impact of
DRM integrated with fuel production evaluated according to
the data acquired from various reforming processes in industry
and literature reports. Because methane (CH4) is the primary
energy source and CO2 only serves as a carrier, fuels from

DRM will create the same amount of net CO2 emission per
energy unit, similar to those of CH4 combustion and steam
methane reforming (SMR, eq 2).

+ → +DRM: CO CH 2CO 2H2 4 2 (1)

+ → +SMR: H O CH CO 3H2 4 2 (2)

DRM was first developed for the utilization of CO2
contained in methane fields and biogas because of the benefits
in converting waste for chemicals without the need of CO2
separation and purification.20,21 In DRM, greenhouse gases,
CH4 and CO2 in a 1:1 ratio, react to afford an equimolar
mixture of CO and H2, known as synthesis gas (syngas). This
process facilitates access to CO-rich syngas that offers potential
for certain downstream processes. Although the obtained CO-
rich syngas (H2/CO = 1:1) has a limited number of direct
applications, such as acetic acid synthesis (eq 3), it is more
valuable when integrated with SMR for producing syngas
suitable for Fischer−Tropsch (FT) synthesis (H2/CO = 1.7−
2.4). Additionally, it can be used to synthesize syngas with high
CO content (H2/CO = 0.4) by encouraging reverse-water gas
shift (RWGS, eq 4) reaction at high temperatures, and the
obtained CO can be exported as a valuable feedstock.

+ →DRM to Acetic Acid: 2CO 2H CH COOH2 3 (3)

+ → +RWGS: CO H CO H O2 2 2 (4)

Use of syngas for direct dimethyl ether (DME) synthesis
invented around the early 1980s has renewed the interest in
this field as a possible CDU pathway, because DME was
identified as an alternative transportation fuel for diesel
engines.22−24 With potentially low capital investments, this
process is envisaged as an efficient approach for DME synthesis
over indirect synthesis through methanol dehydration (eq 5).25

However, practical applications of DRM are limited because of
the high carbon deposition propensity of its synthesis mixtures
(low O/C and H/C ratios) which leads to severe coking and
rapid catalyst deactivation.26,27 Numerous efforts have been
made to overcome these limitations and to develop DRM as a
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valuable technology.15 Although some DRM pilot plants were
established, they are still in their infancy and additionally
employ steam/H2 to avoid coke formation and improve H2
content.28,29

+ → +DRM to DME: 3CO 3H DME CO2 2 (5)

Among various CH4 reforming processes, SMR and DRM are
both significantly endothermic (Table 1 and Figure 2). While
the high CO content in DRM-syngas gives a higher overall
calorific value (1050 kJ/molCH4

) (lower heating value (LHV)
of CO = 283 kJ/mol and H2 = 242 kJ/mol) compared to that
of SMR-syngas (1009 kJ/molCH4

) with a higher H2 content,
DRM requires more energy input. As a result, the thermal
efficiencies of DRM and SMR processes are similar. SMR
consumes ∼295 kJ/molCH4

30−32 and thus emits 0.33 mol of

CO2 equivalent per mole of CH4 (CO2e/molCH4
) (1 GJ = 50.5

kg CO2e as per US EIA)33−36 as the thermal energy is mainly
provided by external CH4 combustion. On the other hand,
while DRM may appear to be a simpler process than SMR, as it
does not require the use of steam, its energy demand (ΔH298K

= 247 kJ/molCH4
) is higher because of the exceptional

thermodynamic stability (standard enthalpy of formation,
ΔHf° = −394 kJ/mol) and chemically inert nature of
CO2.

32−37 Hence, DRM is operated at high temperatures in
order to overcome the high activation barriers and needs at
least 340 kJ/molCH4

, resulting in 0.38 CO2e/molCH4
(Table 1).

Thus, DRM consumes 1.38 mol of CH4 for the utilization of
0.62 mol of CO2 in the best case scenario. While DRM can be
used for FT synthesis, it requires additional H2 for which it
should be integrated with other reforming processes.38 In

Figure 1. Annual publications on DRM by Scopus and Web of Science. Search word: dry reforming of methane (accessed 2020-08-01).

Table 1. Process Parameters and Estimated Thermal Efficiencies of SMR and DRM

process oxidant product H2/CO Qsyngas
a (kJ/molCH4

) EQ‑Tot
b (kJ/molCH4

) EQ‑extra
c (kJ/molCH4

) therm. eff. (%) CO2e (mol)d

SMR H2O CO, 3H2 3.0 1009 1098 295 92 0.33
DRM CO2 2CO, 2H2 1.0 1050 1143 340 92 0.38

aLower heating value (LHV) of CO = 283 kJ/mol, H2 = 242 kJ/mol, CH4 = 803 kJ/mol. bTotal heat required (energy input). cEQ‑total − Q (CH4).
d1 kJ = 0.05 g CO2e.

Figure 2. CH4 reforming pathways (a) and energy changes (b) to produce syngas/molCH4
.
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contrast, DME synthesis is more straightforward for the
application of DRM to fuels (eq 5). Although DRM utilizes 1
mol of CO2/molCH4

in the primary reforming process, it re-

emits 0.67 mol of CO2/molCH4
during the production of DME.

Therefore, considering the energy-intensive nature and low
CDU potential of DRM to DME pathway, the overall
transformation of natural gas to the final products will be
analogous to those of the modern CH4 reforming technolo-
gies.39,40

Environmental concerns due to the continual acquisition of
emitted CO2 from ground transportation have prompted the
use of alternative and renewable fuels other than conventional
gasoline and/or diesel. In addition to improving vehicle
efficiency, the development and use of alternative fuels with
proper choices and infrastructure is of utmost importance.
Thus, well to wheel (WTW) efficiencies of various fuel-
processing technologies have to be considered in order to
evaluate their impacts on CO2 emission relief (Table 2 and
Figure 3). For the direct use of CH4 in a compressed natural
gas vehicle (CNGV), the transportation and distribution of
fuels are highly efficient (98%). However, because of the low
tank to wheel (TTW) efficiency from the CH4 internal
combustion engine (16−20%),41 the WTW efficiency is only
14.4−18.0%, indicative of an overall CO2 emission of 312−390
gCO2

/mile.41 Although the theoretical TTW efficiency for DME
in the diesel engine is much higher than that of CNGV (25−
30%),25 the energy efficiency in the DRM to syngas to DME
processes can reach only 59−64%.39,40 As a result, the WTW
efficiency (13.4−17.5%) and CO2 emissions (321−419 gCO2

/
mile) of a DME-DRM-based vehicle are approximately the
same as those of CNGV, in addition to the conceivable higher
capital and operating investments compared to the conven-
tional CNGV process. While DRM to DME was proposed to
save 30% CO2 emissions over conventional SMR by
incorporating CO2 into DME during synthesis,28 its utilization

as fuel offers no significant advantage in terms of CO2
mitigation. Although the exploitation of renewable energy
has also been proposed to make DRM CO2 neutral,

42,43 such
energy can be more efficiently utilized by fuel cell electric
vehicles (FCEV) and battery electric vehicles (BEV) with zero
tailpipe emissions.41,44

In addition to the existing challenges on the lab-scale
conditions, e.g., (i) low gas hour space velocity (GHSV; 10−
100 L gcat

−1h−1), (ii) low pressures (∼1 bar), (iii) dilute feed
(reactants/inert gas ≥4), etc.,15,27,34,45 DRM catalysts are
sensitive to feedstock impurities, and a CO2 capture and
purification system is essential to avoid catalyst poisoning. The
capture and purification of imported or recovered CO2 from
industrial sources require additional 2.1−5.7 MJ/kgCO2

based
on the technology employed.38,46 More importantly, the
current stats are based on the lab-scale conditions under
dilute conditions. With the scale-up, these limitations can play
a significant role, and the amount of CO2 sequestered may
decrease further. Theoretical and experimental studies specify
that CH4 and CO2 conversions are sensitive to change in
temperature and pressure.38 Any significant changes in the
pressures can lead to coking (whisker formation), catalyst
fractionation, and pressure drop.27 Industrially, these limi-
tations were realized, and therefore, other technologies, such as
partial oxidation (POX), steam-CO2 reforming (SCR),
autothermal reforming (ATR), and trireforming, have been
explored in place of DRM for producing CO-rich syngas.27,44

In summary, from a practical standpoint, even if these
arduous issues of DRM are tackled and resolved and the
energy penalty in this endothermic process is not considered,
CDU to fuels at the scale of multi-GtCO2

/yr by the DRM
approach will, at its best, make negligible contributions to CO2
emission relief. Broad deployment of DRM for such a purpose
will be a politically, financially, and energetically costly
distraction. DRM remains a valuable reaction that may serve
the business need for value-added manufacturing, but the goal

Table 2. Well to Wheel Efficiency and CO2 Emissions of Various Natural Gas-Based Vehicles41

vehicle drilla (%) transport and processing (%) TTW (%) WTW (%) CO2 (g/mile)

CNGV 93 99 (distribution) 98 (compression) 16−20 14.4−18.0 312−390
DME-DRM 93 59−64 (CH4 to DME)39,40 98 (transport) 25−30 13.4−17.5 321−419
BEV 93 50 (power-plant) 80 (transport)b 67 24.9 200d,e

FCEV 93 72 (SMR/WGS) 89 (fueling)c 35−50 20.9−29.8 188−260d
aDrilling, processing, and distribution. bElectricity transport and charging. cH2 compression and fueling. dNo tailpipe emissions. eBattery
manufacturing emissions not considered.

Figure 3. Well to wheel efficiency and CO2 emissions of vehicles using CNG and DME from DRM.
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of CO2 emission relief has to be realized with low-carbon
energy.47
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■ ABBREVIATIONS AND ACRONYMS
ΔH298K = enthalpy of reaction at 298 K
ΔHf° = standard enthalpy of formation
CH3COOH = acetic acid
CH4 = methane
CO = carbon monoxide
CO2 = carbon dioxide
CO2e = CO2 equivalent
DME = dimethyl ether
EQ‑Tot = total energy input
EQ‑extra = energy used in reforming
gCO2

/mile = gram of CO2 emissions per mile
GJ = gigajoule
GtCO2

= gigatons of CO2
H2 = hydrogen
kg = kilogram
kJ = kilojoule
L gcat

−1 h−1 = liter per gram of catalyst per hour
MJ = megajoule
/mol = per mole
/molCH4

= per mole of methane
QSyngas = the lower heating value of syngas
yr = year
ATR = autothermal reforming
BEV = battery electric vehicles
CCU = carbon capture and utilization
CDU = carbon dioxide utilization
CNGV = compressed natural gas vehicle
DRM = dry reforming of methane
FCEV = fuel cell electric vehicles
FT = Fischer−Tropsch
GHSV = gas hour space velocity
LHV = lower heating value
POX = partial oxidation
R&D = research and development
RWGS = reverse-water gas shift
SCR = steam-CO2 reforming
SMR = steam methane reforming
Syngas = synthesis gas
TTW = tank to wheel
U.S. EIA = United States Energy Information Admin-
istration

WTW = well to wheel
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