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HIGHLIGHTS

« Solar energy applied for synthesis of di-methyl ether via dry methane reforming.

« Concentrated solar energy at receiver reaction zone for syngas generation.

« H,/CO molar ratio of ‘1’ is maintained via two alternative processing routes.

« Assessed three days of operation under different insolation levels.

« Improvements of 18.7%, 32.2% and 20% for methane, energy and CO, emission intensities.
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to the reaction zone to provide necessary energy for syngas (CO and H,) generation. In order to maintain a
H,/CO molar ratio of ‘1’, as required in DME synthesis, the produced syngas is processed via two alterna-
tive routes: solar reformer coupled in parallel with a non-solar reformer (SoR-NSoR) and solar reformer
integrated with a water-gas shift reactor (SOR-WGS). It is found that steam methane reforming (SMR) is
the most suitable methodology when coupled with a solar reformer due to high H, content in the SMR
syngas. Further performance analysis is conducted by simulating three days of operation under different
insolation levels (high, medium and low irradiations). The simulation results showed that the SoR-WGS
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Syngas configuration produces the highest improvements of 18.7%, 32.2% and 20% in terms of methane, energy
Di-methyl ether and CO, emission intensity respectively. This enhanced process performance originates from the
Concentrated solar power exothermic nature of the WGS process which helps in controlling the overall syngas composition,

whereas the SOR-NSoR requires fossil based thermal energy to drive the NSoR process to similar control
targets. This promising improvement of all metrics in SOR-WGS may stimulate in-depth techno-economic
feasibility of this unique solar integration for DME and other synthetic fuels production.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction remains clean, safe and sustainable when process intensification
and utilization of renewables are maintained [2]. Technically,
Hydrogen economy is regarded as a viable option for delivering hydrogen can be produced from a variety of gaseous, liquid, and

high-quality energy services in a wide range of applications [1]. It solid feedstock including fossil fuels (i.e. natural gas, oil and coal)
as well as renewables (i.e. biomass and water) [3]. However,

- hydrogen can only be considered as a clean fuel of the future when
Abbreviations: CSP, concentrated solar power; DIVRR, directly irradiated volu- entirely produced from renewable or carbon-neutral energy
metric receiver-reactor; DMR, dry methane reforming; DNI, direct normal irradi- sources such as sunlight, wind, hydropower or nuclear energy

ance; IIR, indirectly irradiated receiver; [IReactor, indirectly irradiated reactor; SMR, ..
steam methane reforming; SoP, solar penetration; SoR-NSoR, solar reformer [4]. Most of the hydrogen produced worldwide is currently sourced

integrated with non-solar reformer; SoR-WGS, solar reformer integrated with from fossil fuels employing principal methods of steam methane
water-gas shift reactor. reforming (SMR) (reaction (a)). Methane (CH,4) is the primary
* Corresponding author. component in natural gas (NG) generated in landfills or from coal
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seam gas. The catalytic steam reforming of CH, (and other
hydrocarbons) is estimated to provide approximately 95% of the
world’s industrial hydrogen production [5].

CHy + Hz0 «+» 3Hz + CO  AH,44 = 4206 kJ/mol (a)

Depending on the feed composition and the adopted reforming
method, the produced hydrogen (H,) and carbon monoxide (CO)
are mixed at different ratios to produce synthetic gas (syngas).
Other impurities and by-products such as CH4, H,0, CO,, H,S and
inert gases may also be present. The produced hydrogen has to
be separated from the syngas and purified in order to be used as
a clean energy source. One practical solution, which is dependent
on the syngas composition, is to extract excess H, (when available)
in order to reach a specific H,/CO ratio desired for the production
of synthetic liquid fuels such as methanol (MeOH) or di-methyl
ether (DME). This practice satisfactorily addresses the sustainable
production of hydrogen while diverting the carbon into chain
liquid fuels. Reusing and recycling CO, in the process of synthetic
fuel production would add value to these chemicals and reduce
the uptake from the fossil-based natural resources [6] which is
the principal of another conceptual framework known as
“methanol economy” [7]. This concept can be further empowered
by capturing large CO, emissions from power plants and other pro-
cess industries to be converted and utilized as a feedstock for a
wide variety of fuels and petrochemicals [8,9]. This approach is
often known-as carbon capture and utilization (CCU).

1.1. Solar integrated di-methyl ether synthesis

Currently, the main environmental benefit of CCU is that it
helps to reduce fossil fuel usage by utilizing CO, as a second carbon
source [10]. The primary liquid fuels such as MeOH and DME are
attractive hydrogen carriers and may constitute the building blocks
for higher hydrocarbons synthesis. In fact, DME production might
arguably be a preferred option attributed to its ability to accept
syngas under various compositions [11], while MeOH requires a
syngas composition with a predetermined H,/CO ratio. Production
of DME based on CCU starts with the preparation of syngas in dry
methane reforming reactor (DMR) (reaction (b)) followed by
simultaneous MeOH synthesis and dehydration step in one sepa-
rate reactor [7]. This route is known as DMR-DME which is emerg-
ing as a more sustainable DME synthesis process. This is because
the DMR-DME route can utilize CO, as a second carbon feedstock,
thus reducing the reliance on fossil fuel for carbon source. In
addition, the syngas produced by the DMR unit has a molar ratio
of 1 (i.e. Hy/CO = 1) which is optimum for DME synthesis. The oper-
ation of DMR unit is conventionally driven by fossil fuels. Sourcing
the required thermal energy from fossil fuels will undermine the
sustainability of the DMR-DME route. It is estimated that the refor-
mer duty (including the preheater and catalytic reactions) in DMR
(reaction (b)) counts for approximately 55% of the total energy
demand for the entire DME synthesis process [11,12].

CHy + CO, > 2H; +2C0  AHjgq ¢ = +247 k]/mol (b)

In order to further enhance the sustainability of the DMR-DME
process, utilization of solar thermal energy for the DMR step
becomes a subject of primary technological interest. As the reform-
ing temperature range usually exceeds 800 °C, solar contribution is
only achievable via sun-tracking concentrated solar power (CSP)
collectors [13] (Fig. 1). If solar heat is effectively utilized for the
preparation of syngas for DME synthesis, a considerable reduction
of fossil fuel uptake will be achieved. In addition, the product
syngas will contain solar energy embodied in the chemical form
at approximately 26% for reaction (a) and 31% for reaction (b)

respectively (LHV basis and assuming water vapor) [14]. Overall,
the integration of solar thermal and DMR-DME yields two
desirable outcomes: (1) utilization of captured CO, as part of the
carbon feedstock, (2) utilization of carbon-neutral solar energy.
The former offers reduction in fossil fuel used as raw feed, while
the latter reduces the thermal energy demanded from fossil fuel
to drive the DMR step. Thus, the proposed approach for production
of DME is more sustainable compared to conventional DME
production (e.g. auto-thermal-reforming based) attributed to the
reduction of fossil fuel consumption and CO, emission.

However, to the best of our knowledge, few studies have
focused on the solar integrated DMR-DME process. Most solar
DMR studies are at experimental and model validation levels
[5,16-19]. As a result, literature studies often either focus on the
solar-assisted DMR or DMR-DME respectively, but not the integra-
tion of the two parts [5,20-24]. Yu et al. [20] performed experi-
mental study on DMR reaction in a tubular and semi-reactors
heated by a solar dish system. In that study, Yu and co-authors
found that increasing the direct normal irradiance (DNI) aids to
enhance methane conversion. From the integration with DME syn-
thesis perspective, this finding implies there will be unconverted
methane in the syngas which should be recovered before the
DME synthesis step. Vakili et al. [21] mathematically investigated
a novel concept of energy saving by coupling the exothermic
(DME synthesis) and endothermic (dehydrogenation of cyclohex-
ane to benzene) reactions in one reactor. Further enhancement in
the sustainability aspect of that study can be done by utilizing solar
energy in the syngas preparation step (i.e. before the DME
synthesis).

Studies about the integration aspect of the solar assisted
DMR-DME process are vital for understanding and overcoming
operational challenges, particularly for the transient nature of solar
energy. For example, one typical requirement for optimum DME
synthesis is the syngas should have a ratio of 1, i.e. Hy/CO=1
[25]. However, one of the intrinsic features of the DMR reaction
is that it often fails to deliver that optimum ratio due to the accel-
eration of the reverse water-gas shift (RWGS) (reaction (c)) [5,19].
Thus, some of the produced H, is used to convert the excess CO, to
CO, resulting in deficiency in H, in the syngas. From the syngas
quality perspective, the presence of excess CO, is undesirable
because it reduces the H,/CO ratio. On the other hand, if one con-
siders the catalyst stability aspect of DMR system, excess CO, can
help to suppress the solid-carbon formation [26] and endure
catalyst life. Al-Ali et al. [19] performed experiments on solar
cracking of methane using DMR in a contact bubble reactor con-
taining suspended Ni/Al,O3 catalysts and observed the opposite
trends between solid-carbon formation and syngas ratio. Nikoo
and Amin [27] performed thermodynamic analysis for DMR
reaction and found that feeding excess CO, results in less solid
carbon formation.

CO, +Hy «» CO + Hy,0  AH,qq ¢ = +41.2 kJ/mol (c)

Another potential operational challenge is the intermittent
nature of solar energy. It was found that fluctuations in DNI leads
to variations in the conversion percentage of methane [20]. The
aforementioned operational challenges leave uncertainties about
how one could stabilize the operating performance of the
integrated DME synthesis process when there are: (i) deficiency
in H; in the syngas; (ii) fluctuation in methane conversion.

In this paper, we analyze the technical viability of solar inte-
grated DMR-DME synthesis, by evaluating the environmental
and process performance compared to a conventional process.
Due to the solar DNI fluctuations, two process configurations are
proposed in an attempt to control the operation of the syngas
production step within the DME plant and to ensure an optimum
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Fig. 1. Categorization of solar-thermal collectors based on their sun tracking motion [15].

syngas ratio of ‘1’. A typical location for real-time (i.e. based on
actual measured DNI) simulations is chosen and explained. Mass
and energy balances from Aspen Plus simulations are used to com-
pute different performance metrics (methane productivity, energy
efficiency, and CO, emission) for comparisons and evaluations of
the solar-based processes against a conventional non-solar DME
production. For this purpose, Aspen PLUS V8.4 (Aspentech USA)
is employed for process simulations. Process models development
and validation are carried out based on the solar DMR experiments
reported in literature. The outcome from this paper will reveal the
technical viability of a more sustainable DME production
route - solar integrated DMR-DME synthesis. Thus, it will help
to accelerate the potential of solar energy into the world of
sustainable energy and chemicals/materials production.

2. Solar collectors and receivers for methane reforming reaction

Many attempts for solar thermal reforming of methane for
hydrogen or syngas production are reported in literature. A recent
review conducted by Agrafiotis et al. [14] categorized solar-driven
catalytic reforming based on how solar radiation interact with
chemical reactions. An indirectly irradiated reactor (IIReactor)
and a directly irradiated volumetric receiver-reactor (DIVRR) were
investigated. Indirectly irradiated receivers (IIR) are divided into
two groups: (i) the receiver is decoupled from the reformer where
[IR heats up a heat transfer fluid which in turn exchanges heat with
a detached reformer (Fig. 2A) or (ii) the IIR is shaped as a tubular
reactor at the focal point of solar reflectors where reforming
reactions take place (Fig. 2B). There are limitations, in both cases,
in terms of maximum operational temperatures due to conduction
heat losses in heat exchangers. Moreover, there are limitations
imposed by the materials of equipment (e.g. absorbers, pipes
etc.) [28], inertness to chemical reaction, thermal conductivity,
radiative absorbance, resistance to thermal shocks and suitability
for transient operation [14]. Coupling the reactor with a receiver
that is continuously tracking the Sun might impose some
technical complications and scale-up limitations. By comparing
high-temperature two-axes SCP technologies (Fig. 1), HFC offers
heat supply at much higher temperatures and power levels
interpreted in a better economic alternative [29]. In addition, for
high-temperature and large solar thermal production at MW range
(Fig. 3), HFC is the best economical candidate of a scale appropriate
to commercial solar reforming [14].

In contrast, DIVRRs offer more efficient radiation heat transfer
directed to the reaction medium where energy is mostly needed.
This eliminates shortcomings imposed by indirect heat transfer
via heat exchangers. A typical setup of DIVRR is illustrated in
Fig. 3. It comprises of a field of solar reflectors and a receiver - a
tower where the reforming reactions take place. Upon receiving
solar radiations from the primary reflectors, the secondary reflec-
tor in the receiver concentrates solar radiations into the reaction
zone by passing it through a transparent quartz window. The high-
est temperatures are reached at reaction sites as solar energy is
directly absorbed by the catalyst and most chemical reactions
become kinetically-limited rather than heat transfer-limited as in
the case of conventional tubular reactors. Moller et al. [29] stated
that the intensity of solar radiations in DIVRR can be five times
higher than that of an equivalent tubular reformer. However,
special restraints must be exercised to prevent out-of-chamber
re-radiation losses. The main technical challenge in DIVRR is in
the aperture window design which acts similar to a one-way valve.
It is a transparent quartz window that captures all concentrated
solar radiations with negligible transmission (Fig. 3). This window
is usually kept at low temperatures and does not come into direct
contact with reactant gases and solid particles. A swipe inert gas
(e.g. argon) or CO, is used as a protective layer to prevent window
degradation [14]. There are many existing DIVRR projects world-
wide. The EU-Project SOLREF (solar SMR) aims to develop a
demonstration 400 KW solar chemical plant for hydrogen produc-
tion via steam-reforming of natural gas [30]. In Australia, the solar
SMR project lead by CSIRO focuses on integrating solar energy into
a combine cycle power station [31]. At the CNRS-PROMED facility
in France, a 10 kW, solar methane cracking reactor was success-
fully tested at a temperature range of 1430-1800°C [14]. The
Weizmann Institute solar tower [5] concentrates solar irradiations
to 3 MW/m? and has been successfully used to operate a DMR solar
reactor and reach high temperatures of 1450 °C. From the above,
DIVRR is an attractive candidate for the solar DMR reactor, thus
it is utilized for the syngas preparation step in the studied DME
synthesis. To the best of our knowledge, no large-scale validated
model for using DIVRR in syngas production is available in
literature. Furthermore, it is unclear how DIVRR can be optimized
to overcome uncertainties of the syngas compositions that may
unstable DME production and/or contribute to the catalyst
poisoning. In this work, we have developed two unique approaches
to stabilize the feed conditions for DME reactor. These two
approaches are extensively explained and three important
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Fig. 3. Schematic of a directly irradiated solar reforming (i.e. methane reformer) in a HFC set-up.

criterion metrics for evaluation and comparison are identified. The
technical feasibility of these approaches has the potential of
delivering a commercial-scale DIVRR in DME production.

3. Process development and results evaluations methodology

In this section, we discuss different approaches that can help to
achieve stable operation for the solar integrated DME production,

i.e. controlling the syngas ratio at 1. There are two syngas
adjustment approaches: (i) using a non-solar reformer after the
solar reformer to produce syngas that can accommodate the pre-
determined solar syngas; (ii) using a water gas-shift (WGS) reactor
to adjust the H, content via the WGS reaction (reaction (d)). The
former approach is relatively new for solar reforming operation,
but already widely considered in literature studies for non-solar
based fuels productions [32-34]. However, there are still uncer-
tainties on which reforming methodology is mostly suitable to be
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carried out in the second reformer. Luu et al. [11] explored
different reforming methodologies to solve the H, deficiency asso-
ciated with DMR in MeOH production (i.e. H>/CO ratio is lower
than the requirement of MeOH synthesis). It was found that
increasing the H,/CO ratio by adding pure H, or using BiR gave
the best results in terms of CO, emission and methane uptake
[11]. Jie and Tiejun used DMR to integrate with a biomass gasifier
in order to control the overall syngas composition [33]. A number
of most widely considered reforming methodologies including
SMR (reaction (a)), DMR (reaction (b)), and BiR (reaction (e)) in
which they differ by the source of the oxidizing agents (i.e. CO,
or/and H,0).

CO +H,0 < Hy + CO;  AH,gq ¢ = —41.2 kJ/mol (d)

3CH, + 2H,0 + CO, <> 8H, +4CO  AHjgq « = +206 k]/mol  (e)

On the other hand, using the WGS reaction (reaction (d)) in the
latter approach has been widely employed in H, production [35].
From the perspective of low H, content of the syngas produced
by DMR, water-gas shift reaction can be utilized to convert the
CO produced by RWGS reaction back to Hy. As a result, this helps
to reclaim the H, that was consumed by the RWGS reaction in

the first place, thus increasing the H,/CO ratio of the syngas. Unlike
the other approach, the WGS approach does not require an extra
energy input as WGS in an exothermic reaction (reaction (d)).
Fig. 4 shows the process flow diagram for the three process con-
figurations proposed in this study including the aforementioned
integrations. Case (I) is chosen as a bench-mark for evaluation
and comparison; in this case syngas production is accommodated
by a DMR reformer using natural gas (NG) as the only fuel to drive
the reforming reactions. Case (II) is the solar reformer with WGS
integration (SoR-WGS) and case (III) is solar and non-solar reformer
coupling (SoR-NSoR). The SoR utilizes DMR reaction while the NSoR
might either use SMR, BiR or DMR. The actual reforming reaction
that is used in the NSoR is determined in this work. This is because
choosing a right reforming methodology can help to minimize the
need for extra fossil fuel in the NSoR [11]. For case (II), the syngas
at the outlet of the SoR is processed through a H, separation
membrane which results in a CO and H, rich streams, respectively.
After that, an appropriate portion of the CO stream is remixed with
the H, stream, while the rest is ‘shifted’ into the WGS reactor. The
separating fraction of the CO splitter is one key factor that affects
the overall syngas ratio. Once, a desirable syngas composition is
achieved, the syngas (mainly H, and CO, with traces of unconverted
CO, and CH,) is then used for DME synthesis. In case (III), the solar
reformer (SoR) and non-solar reformer (NSoR) operate in parallel

PREHEAT1

Dry methane reformer (DMR) (1)

&

DME synthesis

Solar reformer (SoR)

membrane

(11)

DME synthesis

Water-gas shift (WGS)

Solar reformer (SoR) (1)

DME synthesis

Fig. 4. Process configurations for the (I) DMR; (II) SOR-WGS and (III) SOR-NSoR cases.
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fashion and syngas adjustment is accomplished by manipulating
the NSoR operation represented by the three valves on the feed of
the reformer (i.e. making NSoP operates as SMR, BiR or DMR,
respectively) (Fig. 4III). The DME synthesis process used in this
work is entirely adopted from Luu et al. [36]; hence it is not
represented here.

In the events of DNI fluctuations, the SoR temperature might
change significantly which can lead to variations in the conversion
rate of methane. For case (III), the unconverted methane is utilized
as fuel in the NSoR; while in case (II) this methane is purposely
vented out (instead of recycling). This arrangement will help to
overshadow the effects of solar radiation fluctuations over the
entire process performances. This is because the amount of
unconverted CH4 is directly functional to the solar reformer
temperature which is related to the solar DNI availability.

For evaluations and comparisons, three key performance met-
rics are developed, namely methane intensity, energy intensity
and CO, emission intensity as shown in Egs. (1)-(3), respectively.
For the calculation of methane intensity of case (I and III), the total
methane input takes into account both the methane used as feed-
stock and as fuel in the reformer and the pre-heater (Fig. 4). The
methane fuel can be sourced externally or from the unconverted
methane at the exit of the reformers. On the other hand, for the
SoR-WGS (case II) there is no need for an external fuel supply as
the syngas production process is dynamically driven only by solar
energy. The energy intensity metric considers all energy duties
(thermal + electrical) consumed by the entire process comprising
of syngas production and DME synthesis. To compute the total
CO, emissions, we employ the reduced C-T-G (cradle-to-grave)
methodology as proposed in Luu et al. [11] and Milani et al. [12]
which considers both direct and indirect CO, emissions. The total
CO, emissions comprised of three components: CO, equivalent in
the NG feed, CO, equivalent of utility energy consumption and
vented CO, in the DME synthesis process.

. . Total methane input /tonne
Methane intensity = p ( CHy )

Total DME production \ tonnepye

Total energy input GJ

Total DME production (tonneDME>
Total CO, emissions [ tonneco,

Total DME production (tonneDME>

Energy intensity =

COq emissions intensity =

4. Model development and validation

The solar reformer model is developed using the data-driven
approach based on the experimental work of Klein et al. [5] who
performed direct solar irradiated DMR experiments under variety
of conditions: temperature range 750-1450°C and DNI range
700-907 W/m?. The rigorous multiple variables regression analysis
tool box in Excel is used to analyze the experimental data reported

in Klein et al and to determine the relationship between the model
inputs and outputs. All variables involved in the solar reformer are
presented in Table 1. Eqs. (4) and (5) present the formulations for
the model predictions based on the input data. The symbols ‘q, b, c,
d, e, f represent coefficients determined from the regression
analysis and their associated subscripts ‘5, 6, 7, and 8 indicate
the calculated model predictions.

X5 = (sXq + bsXy + CsXx3 + dsx4 + €5 4)
Xg agX1 + beXy + CoX3 + doX4 + €6Xs + fg
X7 | = | azX1 4+ bsxa + C7x3 + d7X4 + €7X5 + f5 (5)
Xs agX1 + bgXy + CsX3 + dgXg + €gXs + fg

The experimental results reported in Klein et al. [5] are
insufficient for the implementation of the solar reformer into
DME synthesis simulation due to the lack of actual flow rate of
the species (H,, CO, CO,, H,0 and CH,). To resolve this limitation,
mass conservation principles are employed to determine outflow
of all species. These flow rates are then exported into Aspen Plus
via the Excel-Aspen communication platform known as Aspen
Simulation Workbook. Model validations are carried out based on
10 sets of experiments and the outcomes are graphically presented
in Fig. 5. It can be seen that the developed model is able to predict
fairly well the experimental data.

In this work, the CuO/ZnO/Al,03 + YAl,05 catalyst system is
used in DME synthesis [37]. The kinetics for this catalyst were pro-
posed by Nie et al. [37] and involve three main reactions, namely,
methanol dehydration, methanol synthesis and WGS reactions.
Shim et al. [38] formulated these kinetics using the LHWW ((Lang-
muir-Hinshelwood Hougen Watson) algorithm and implemented
them into the RPlug model in Aspen Plus. The developed DME
model was then simulated and validated against experimental
work based on a DME pilot plant [38]. In Aspen Plus, the DME reac-
tor is modeled using a rigorous built-in RPlug reactor model. The
LHWW kinetic expressions for CuO/ZnO/Al,O5 + yAl,03 are taken
from Shim et al. [38]. The implementation of the LHWW Kkinetics
in the Aspen-RPlug model is comprehensively discussed and illus-
trated in Robinson’s work [39]. The RPlug DME reactor is config-
ured as a shell-and-tube type with 10 tubes, each being 0.02 m
in diameter and 1 m in length. These tubes are packed with CuO/
ZnO/Al,05 + YAl,03 catalysts. This configuration produced suitable
equilibrium conditions and is used for all simulations. The RPlug
DME model built in this work is validated against Shim et al.
[38].The results are displayed in Table 2 showing good agreement
with the DME reactor outputs (i.e. mole fraction of species).

The non-solar reformer used in case (III) is modeled in Aspen
Plus using the rigorous built-in RPlug model. The kinetics are based
on the work of Shahkarami and Fatemi [40]. For the SMR associ-
ated reactions, the kinetics of a Ni/Al,03 catalyst proposed by Xu
and Froment [41] are used. For DMR reactions, the kinetics of a
Ni/La,05 catalyst are utilized [42]. The Ni/La,0O5 catalyst’s kinetics
are also used as inputs to the RPlug model of the DMR reactor of

Table 1
Solar reformer model’s variables.
Variables Symbol Model range Unit
Model inputs CO, flow X1 1.7-2 mole/min
CO,/CH4 X3 2.1-3.2 molar ratio
Particle load® X3 2-3.7 8/Ms feed
DNI Xq 700-907 W/m?
Model predictions Reformer temperature X5 - °C
CH4 conversion X6 - %
H, in syngas X7 - mole%
CO in syngas Xg - mole%

@ Black carbon particle was used as a catalyst for DMR.
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Fig. 5. Solar reformer model validations.

Table 2
Comparison between the DME reactor outputs against Shim et al. [38].

Species Mole fraction of species at DME reactor
Inlet Outlet (Shim et al.’s work) Outlet (This work)

co 0.378 0.316 0.314
CO, 0.080 0.134 0.137
H, 0.142 0.026 0.026
H,0 0.000 0.003 0.001
N, 0.400 0.473 0472
MeOH 0.000 0.007 0.008
DME 0.000 0.042 0.042

case (I). All the kinetics obtained from the literature studies are
re-arranged in accordance with the LHHW formula built-in Aspen
Plus and the operating temperature/pressure are specified at
1200 °C and 25 bar, respectively.

The WGS reactor is modeled using an equilibrium based reactor
(REquil) [43-45]. This built-in Aspen Plus reactor model automat-
ically determines the equilibrium conditions based on a specified
temperature and pressure. There are two main categories of WGS
reactions according to the catalyst operating temperature: high
temperature WGS over a Fe,03-Cr,05 catalyst (350-450 °C) and
low temperature WGS over a Cu-Zn-Al,05 catalyst (180-250 °C)
[46]. The operating temperature of the WGS reactor is set at
200 °C since it gives a moderate equilibrium constant with the
REquil model [47].

Table 3
Solar reformer model’s inputs and outputs [5].

5. Results and discussions

This section discusses cases (III) and (II) for optimum opera-
tions. For case (III), comparisons with a conventional route (case
[) are performed to determine the most suitable reforming
methodology to be used in the NSoR. On the other hand, optimum
operations for case (II) are determined by manipulating the carbon
monoxide splitting ratio, i.e. the operation of the WGS reactor.
Then, a real-time simulation case study based on all three cases
(I, Il and IIT) is conducted to comprehensively evaluate the benefits
of the solar based DME production process.

5.1. Analysis for syngas production in the SOR-NSoR configuration
(case III)

In order to determine the most efficient energy route for case
(1), three NSoR reforming methodologies (SMR, BiR, and DMR)
are assessed to pair with the SoR, respectively. The NSoR employs
SMR, BiR or DMR, respectively by varying the feed rate of CH,,
CO, and H,0, to yield an overall syngas ratio of ‘1’ suitable for
DME synthesis. Manipulating those feed rates has been proven
experimentally to be able to yield syngas at various ratios [48].
On the other hand, the SoR (with DMR) is simulated using the val-
idated data-driven model. The SoR is initialized using conditions
reported for experiment no. 13 in the work of Klein et al. [5]. Three
DNI values used as basis for all simulations (Table 3) are chosen
within the range of the DNI parameter used in the data-driven

DNI (W/m?) Input (mole/min) Output (mole/min or ratio)
CO, Ar CHy4 COsor Ha sor H20 sor H»/CO ratio CH,4 conversion (%)
700 2.12 0.15 0.98 0.07 76
800 1.88 1.29 0.714 2.46 0.26 1.10 0.10 90
840 2.56 0.30 1.13 0.12 100
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SoR model (Table 1). In addition, with the feed gas conditions in the
experiment no. 13, a DNI of only 840 W/m? is needed for complete
conversion of methane. Therefore, a DNI of 840 W/m? is used as an
upper limit for the performed sensitivity tests. It can be seen that
the syngas ratios produced by the employed SoR are very low
(Table 3). This is attributed to the fact that the SoR experiments
performed by Klein et al. [5] used excess CO, in the feed conditions.
As a result, the analysis aims at determining a suitable reforming
reaction to be used in the NSoR to help increase the H,/CO ratio
in the SoR and minimize fossil fuel input.

To confirm the suitability of the ‘integrated’ NSoR reforming
reactions (SMR, BiR and DMR), a stoichiometric based model (i.e.
based on the stoichiometry of SMR, BiR and DMR reactions only)
is developed to determine the theoretical feed rates of CH4, CO,
and H,0, respectively. This model has the following three
simultaneous equations:

Hy sor + Hansor)

(

(COsog + COnsor) ®
(Hz NSoR)

(Onsor) ~° @
(HZ SOR)

(COsn) ~ ®)

where ‘a’ and ‘b’ are the syngas ratios from the non-solar reformer
and solar reformer, respectively; Hpsor and Hpnsor (mole/min)
represent the H, produced from solar and non-solar reformers,
respectively; similarly COs,z and COnsor (mole/min) represent the
CO produced from solar and non-solar reformers, respectively.Egs.
(6)-(8) are solved simultaneously to compute the amount of CO
and H, in the NSoR. The value of ‘a’ is then varied from 1 to 3 with
approximately 10% increment while the DNI input to the SoR is set
at 700 W/m2. The required CH,, CO, and H,O flow rates are
consequently back calculated based on elemental (C, H and O)
balances. All the calculated results are shown in Table 4. It can be
seen that a syngas ratio of ‘1’ can be achieved by using SMR and
BiR methodologies, whereas the - DMR method is infeasible. This
is because DMR already produces a syngas with a H,/CO ratio of
‘1’; hence, theoretically, it cannot supplement H,-deficient SoR syn-
gas. This stoichiometric based model helps facilitate fundamental
understanding about the effectiveness of different pairing options
(i.e. SMR, BiR or DMR) in achieving the target syngas ratio. However,
the stoichiometric based model assumes 100% conversion of all feed
which is inaccurate; hence the Aspen Plus models of the reformers
(SMR, DMR, BiR) are used for further analysis of the thermal energy
aspect in case (III). For comparison, a standalone DMR based syngas
production (case I) is used, the energy advantage of case (III) is

Table 4

evaluated using a parameter named solar penetration (SoP) which
is defined as the energy portion contributed by solar energy to
the total energy consumed by a similar plant but without solar
assistance. The SoP is formulated as follows:

SoP = (Qcase I Qcase i

07

chsel > . 100/& (9)
where Q.. i (W) presents the fossil-based fuel demand for syngas
production in the SOR-NSoR case (i.e. case IIl) and Q. ; (W) repre-
sents the fossil-based thermal energy required if a similar quantity
of syngas is produced by conventional case (I). From the nominator
in Eq. (9), it can be observed that the difference between Q. ; and
Qe 1w 15 the supplied solar energy.

The feed rate to the NSoR (CH,4, CO, and H,0) is varied for all
components from 0 to 10 mole/min with 5% increments. This cre-
ated 8000 probabilities for simulating case (III) operation. For
every found-condition that resulted in a syngas with H,/CO ratio
of 1, case (I) was simulated to determine the required thermal
energy to produce the same amount of syngas. Afterwards, the
SoP was obtained using Eq. (9). The above steps are illustrated in
Fig. 6 in which all the valves represent feed rate manipulations
and the red dash-line represents the signal from the sensor that
detects when the syngas of case (III) has an H,/CO ratio of ‘1'.
The simulations are conducted using the three respective DNIs
shown in Table 3, and the results are graphically shown in Fig. 7.
It can be seen that proceeding from DMR to SMR, the SoP increases
significantly. This is can be explained by observing Table 4, as one
goes from DMR to SMR, the syngas produced by SoR becomes a
dominant part in the total syngas production, e.g. at H,/CO equals
to 3, the total CO is 3.1 mole/min in which 2.12 mole/min (~68%) is
produced by the SoR. As a result, the syngas contribution by the
SoR (and consequently SoP ratio) is enhanced. In addition, increas-
ing the DNI which enhances the H,/CO ratio produced by the SoR
(Table 3) also helps to slightly increase the SoP due to less
supplemented H, needed to bring the overall H,/CO ratio up to
‘1. Therefore, the SoP is strongly influenced by the syngas ratio
of the SoR and NSoR, respectively. The SoP is enhanced by
increasing those ratios in which the latter gives more significant
improvements. This is evident in Fig. 7: the changes of SoR are
more significant when one goes across the ‘x’ axis vs variations
in DNI values. As a result, practically, SMR is the best reforming
methodology to be used in the NSoR and paired with SoR as it
results in the highest SoP (Fig. 7). From the CO, utilization perspec-
tive, employing SMR in the NSoR seems to be less effective com-
pared to BiR as more CO, can be utilized in the BiR reaction
(Table 4). However, from the mass conservation principle, the

Theoretical feed rates of the non-solar reformer (NSoR) which employs various reforming methodologies in order to process the pre-determined syngas produced by solar

radiation of 700 W/m?, i.e. to make the final syngas ratio equals to 1.

H,/CO from non-
solar reformer

Reforming reactions in non-solar reformer (mole/min)

Combined solar and non-
solar syngas (mole/min)

Syngas from solar
reformer at 700 W/
m? (mole/min)

CHy +  COy + Hy0 —  Hansor +  COnsor Ha sor COsor Total CO Total H,

1 DMR At a H/CO ratio of 1, solving Egs. (6)—(8) returns no results

1.11 9.83 8.85 0.98 20.65 18.68 0.15 2.12 20.79 20.79
1.22 4.92 3.93 0.98 10.81 8.85 0.15 2.12 10.96 10.96
1.35 3.28 2.29 0.98 7.54 5.57 0.15 2.12 7.69 7.69
1.5 2.46 1.47 0.98 5.90 3.93 0.15 2.12 6.05 6.05
1.66 BiR 1.97 0.98 0.98 4.92 2.95 0.15 2.12 5.06 5.06
1.86 1.64 0.66 0.98 4.26 229 0.15 2.12 4.41 4.41
2.08 1.40 0.42 0.98 3.79 1.83 0.15 2.12 3.94 3.94
2.33 1.23 0.25 0.98 3.44 1.47 0.15 2.12 3.59 3.59
2.64 1.09 0.11 0.98 3.17 1.20 0.15 2.12 3.32 3.32
3 SMR 0.98 0 0.98 2.95 0.98 0.15 2.12 3.10 3.10
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Fig. 6. Syngas production processes used in solar penetration (SoP) calculations (the two processes are not physically linked). The flow rate of CH,4, CO, and H,0 input to the
non-solar reformer in case (III) is varied from 0 to 10 mole/min, respectively, while the controller (SENSOR) detects if the syngas produced from the solar based process equals

to 1, a signal will be sent to case (I) for it to produce the same quantity of syngas. After that the energy duties (preheat + reformer) for case (I) and (III) are obtained for the
computation of the SoR parameter.
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Fig. 7. Solar penetration at three DNI values determined for each reforming methodology used in the non-solar reformer in case I (Only those conditions that yield H,/CO
equal to 1 are used in solar penetration calculations).

overall CO, utilization of case (Ill) when employing SMR is the the overall mass balance of case (III) is always driven by reaction
same as when using other reforming methodologies. This is (b) in order to satisfy the requirement of an H,/CO ratio of‘1".
because regardless of reforming methodologies used in the NSoR, Although, H,0 is involved in the reforming reactions of the NSoR,
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Fig. 8. Conceptual operation modes (A, B, C) for a syngas productivity ramp-up problem.

the required H,O flow rate is found exactly equal to the H,O
produced in the NSoR (0.98 mole/min as shown in
Tables 3 and 4), hence neutrally closing the water balance of case
(III). Therefore, irrespective of the used reforming reactions in the
NSoR, the CO, utilization ability of the studied SoR-NSoR (case
III) integration is unchanged, i.e. in overall; one mole of CO, is con-
sumed per one mole of reacted CH,4. The only variation arises from
employing different reforming reactions in the NSoR is where
most/all of the CO, splitting will take place. For example, if a
SMR reformer is chosen for NSoR, no CO, splitting is carried out
in the NSoR. In this case all CO, splitting will be carried out in
SoR driven by the DMR and RWGS reaction. In short, pairing the
SoR with SMR always ensures the highest possible SoP while main-
taining the CO, utilization ability of the overall process.

Mapping the SoP also provides insights to process operation and
control strategies of the SOR-NSoR integration. To illustrate this per-
spective, the result of SoR model at DNI equal to 700 W/m? is used
for analysis. In practice, there are situations where one needs to
double the syngas productivity of case (III), how this should be done
to maintain and/or improve the SoP? For this process control prob-
lem, there are three conceptual operation modes (A, B, and C) as
shown in Fig. 8 in which ‘A’ represents similar percentage of incre-

ment (e.g. 100% increases for both reformers), ‘B’ and ‘C’ represent
more favorable productivity boosts devoted for SoR and NSoR,
respectively. A sensitivity study driven by these three operating
modes is conducted to find an optimal solution. Fig. 9 shows the cal-
culated SoP in various reforming methodologies. In addition, a new
parameter named “carbon ratio” is calculated using Eq. (10) where
CO is the carbon monoxide molar flow rate of the SoR and NSoR,
respectively. Carbon monoxide is chosen to reflect the relative syn-
gas productivity of the two reformers (SoR and NSoR) in case (III)
because carbon is the back-bone of all synthetic fuels. Therefore,
the carbon ratio parameter is used to reflect the syngas productivity
contributed by the two reformers.

CONSOR
COSOR

The carbon ratio parameter informs the relative syngas produc-
tivity between SoR vs NSoR, e.g. a carbon ratio above ‘1’ means the
productivity of the NSoR is higher than the SoR. To interpret the
performance of the SoR-NSoR integrated process, one can start at
the ‘x’ axis and then read across the two opposite ‘y’ axes (Fig. 9).
For example, at NSoR syngas with H,/CO ratio equal to’'1.6’, the
SoP of the integrated process is 26% and the NSoR produces
39 mole% more CO when compared to SOR (COnsor/COsor = 1.39).

Carbon ratio =

(10)
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Fig. 9. Solar penetration and carbon ratio calculated when the non-solar reformer employs SMR, DMR and BiR, respectively (A, B and C represent the three operation modes,

respectively).
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Ata 100% productivity increment, the ramp-up can preferentially
go to the SoR or/and NSoR, respectively (Fig. 8). Fig. 9 shows that
there are three possible process states, namely A-A*; B-B* and C-
C*. These process states represent the three conceptual operation
modes (A, B, C) shown in Fig. 8 and they correspond to the values
of SoP and carbon ratio, respectively. Moreover, it is assumed that
the process state A-A* is also the initial state prior to ramp-up. It
can be seen that operation mode B is the most desirable, whereas
mode C actually deteriorates the SoP. To obtain the A-A* state (mode
A) the SoR and NSoR must be ramped up at the same extent so that
the carbonratio is unchanged, thus maintaining the SoP. The state B-
B* (mode B), which improves SoP, occurs when the productivity of
the SoR is increased at the larger extent compared to the NSoR, thus
the carbon ratio drops down from 0.7 to 0.5 (Fig. 9). However, in
order to achieve a syngas ratio of ‘1’, the NSoR has to increase its
H,/CO ratio from ‘2.4’ to ‘2.8’ (on the x-axis of Fig. 9). For the third
process state, C—-C* which deteriorates the SoP, its existence comes
from reversing mode B (i.e. the productivity of NSoR is increased
more than that of the SoR). However, to yield an overall syngas with
a H,/CO ratio of ‘1’, the H,/CO produced by the NSoR needs to be
reduced from ‘2.4’ to ‘2’ (on the x-axis of Fig. 9). From the above
ramp-up scenario, one can maintain, improve, or even deteriorate
the SoP. Although, the changes in SoP are trivial as the three states
fall near the plateau region of the SoP curve, understanding the fun-
damental drivers behind those changes caused by different opera-
tion modes (A, B, C in Fig. 8) is imperative for efficient techno-
economic operations. Moreover, there are complex relationships
between the three parameters (SoP, H,/CO ratio of the NSoR, and car-
bonratio) shown on the axes of Fig. 9. Changes in one parameter will
result in changes in the other two accordingly due to the ultimate
constraint that the H,/CO ratio of the combined syngas production
routes must be equal to 1. In summary, SMR is the best reforming
methodology to be employed for the NSoR in the SoR-NSoR inte-
grated process (case III). In addition, knowledge about the opera-
tional and process control aspects are found to be vital for efficient
solar utilization as it is found that one can maintain, improve or even
deteriorate the SoP for the same process control problem.

5.2. Analysis of syngas production in the SoOR-WGS configuration
(case II)

This section analyses the WGS integrated process (SOR-WGS) as

‘1". It can be seen that the splitting fraction of the CO splitter is a
key factor that affects the H,/CO ratio in the overall syngas
production. To analyze this effect, the solar reformer is initialized
at the conditions reported in Table 3 and the separation percentage
of the CO splitter is varied from 0% (i.e. none goes to the WGS reac-
tor) to 100% (i.e. all goes to the WGS reactor). The sensitivity test is
run for the three DNI values reported in Table 3 and the results are
shown in Fig. 10.

Increasing the CO splitting percentage leads to a higher H,/CO
ratio because a larger portion of CO is utilized in the production
of H, in the WGS reactor. There is an optimum splitting percentage
for the proposed DNI benchmarks where the H,/CO ratio of ‘1’ is
achieved; deviations from this optimum result in undesirable
H,/CO ratios (Fig. 10-the smaller graph). Some might argue that
the WGS approach is not beneficial from the CO, utilization point
of view. In fact CO, is a by-product of the WGS reaction. However,
it is found that using the WGS reaction to bring the solar syngas
ratio up to ‘1’ does not generate net CO, emissions because the
overall mass balance is still driven by reaction (b) and the pro-
duced CO, from the WGS reaction can be recycled back into the
solar reformer. This can be seen in Fig. 11 which presents the
results at DNI of 700 W/m?. At the conditions where the H,/CO
ratio equals to ‘1’ (58.5% CO splitting), the overall rate of CO, and
CH4 consumption is 1:1 molar ratio which agrees with the stoi-
chiometry of reaction (b). Moreover, Fig. 11 also demonstrates
the importance of controlling the CO splitting appropriately
because there is a limit (about 90%) in which further increases in
CO splitting percentage results in net CO, emissions (i.e. more
CO, is released from the WGS reactor compared to the amount of
CO, being used in the SoP). In short, the WGS reaction is found
to be able to relatively enhance the H, composition in the solar
syngas. The CO, utilization ability of this approach is found to be
similar to that of SOR-NSoR because both are governed by the same
mass balance stoichiometry (reaction (a)).

In Fig. 10, higher DNI leads to higher H,/CO ratio in the SoR.
Similar behavior was observed in Fig. 7. In general, the proportion-
ality relationship between DNI and H,/CO ratio is expected for the
carbon-black catalyst system used in Klein et al. [5]. This is due to
the reaction pathway of DMR on a black carbon particle. There are
two main steps for the overall reaction of methane reforming with
COz:

S ; . X CHy4 — 2H, + C(solid)  AH,q4 « = 74.9 kJ/mol f
shown in Fig. 4l for the production of syngas with a H,/CO ratio of 4 2+ C( ) 298 K J/ (0
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Fig. 10. Analyze the effect of CO splitting on the overall H,/CO ratio at the respective DNI values.
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Fig. 11. The effect of CO splitting percentage on the overall H,/CO ratio and the CO, uptake.

Followed by
CO, +C(s) = 2CO  AH,gs x = 172.4 kJ/mol (8)

In addition, the RWGS (reaction (c)) also can proceed to an
extent that is often proportional to the excess percentage of CO,.
It can be seen that both endothermic reaction g and c contribute
to the production of CO. When the temperature of the solar refor-
mer increases, the rate of both reaction g and c also increases [5].
However, the rate of CO production from reaction g increases to
a larger extent compared to reaction c¢ [5]. This is because the
higher rate of CO generation from reaction g enhances/reduces
partial pressure of CO and CO,, respectively and consequently
shifts the equilibrium of reaction ¢ to the left. Another factor
contributes to the higher rate of reaction g could be due to the
use of black carbon for the catalyst (one of the reactants in reaction
g). The overall outcome is less H, can be consumed via the RWGS
reaction, thus helping to increase the H,/CO ratio. As a result, for
the SoP plot, increasing DNI is expected to enhance the SoP. For
Fig. 10, increasing DNI results in lesser dependence on the
water-gas shift reaction to reclaim the consumed H,, i.e. smaller
CO splitting percentage.

5.3. Solar reforming for DME production case study

The location for this case study is chosen to be Port Headland in
the Pilbara region of Western Australia. This area is famous for its
rich solar energy resources and the on-going commercial scale
activities of solar projects (e.g. 20 hectares Solar Farm project)
[49]. In addition to these favorable features, Port Headland is also
in the vicinity of natural gas resources that have facilitated large
scale NG based power generation plants (e.g. the Pilbara energy
project and the Port Headland virtual gas pipeline project)
[50,51]. The measured DNI values are obtained from the Australian
Bureau of Meteorology [52]. The aim of this case study is to evalu-
ate the benefits of solar integration in DME synthesis. The two dis-
cussed approaches (SoR-NSoR and SoR-WGS) are employed in
different scenarios. In this section, the NSoR is featured with the
SMR methodology which can result in the highest SoP. Practically,
the NSoR does not operate at purely SMR conditions because nat-
ural gas usually contains some impurities and certain amounts of
CO,. In this work, we assume that the NG feed has 10% mole of
CO, and 90% mole of CH,. Other impurities are neglected while

the entire native CO, is utilized for syngas production. This
approach further enhances the feasibility of the overall process
as the CO, removal unit in the NG purification step is no longer
required [10]. In addition, the native CO, is now utilized as a car-
bon feedstock, thus promoting the sustainability aspect of the pro-
cess. The three performance metrics expressed in Egs. (6)-(8) are
used for process evaluations and comparisons. The scenarios are
developed based on three respective approaches (cases I, II, and
Il) as shown in Fig. 4. Fig. 12 presents the process configuration
for the three scenarios; each comprises of one or two syngas
production blocks followed by a DME synthesis block. The three
scenarios are formulated as follows (Fig. 12):

e Scenario 1 is developed using DMR in syngas production. In this
scenario, DME production is linked with the DMR process
(blocks 1 and 4 in Fig. 12). The performance metrics of this sce-
nario are used as bench-marks for comparisons and evaluations.

e Scenario 2 comprises of the three blocks: SoR-WGS, DMR and
DME (blocks 1, 2, and 4 of Fig. 12). Syngas production for
DME synthesis in this scenario alternates between the DMR
and SoR-WGS processes, i.e. during none or insufficient-solar
periods, syngas is produced via only DMR and vice versa for
the solar rich periods.

e Scenario 3 is configured with the three blocks: SoR-SMR, DMR
and DME (blocks 1, 3, and 4 of Fig. 12). Syngas production for
DME synthesis in this scenario alternates between the DMR
and SoR-SMR processes in responding to non-solar and solar
operation periods, respectively.

In Scenario 3, the alternating operating fashion of the two
reformers (DMR or SMR) is governed by the solar availability.
The switching mechanism in the syngas production of Scenario 2
and 3 is activated when there is none or insufficient solar radia-
tions for high conversion of methane. To ensure comparability
between the scenarios, the DNI lower limit of the SoR model -
700 W/m? (Table 1) - is chosen to be the switch threshold. This
DNI corresponds to 76% of methane conversion in the SoR
(Table 3).

For the three syngas production blocks (1, 2 and 3), the process
configuration and model are equivalent to the three cases (I, II, and
IIl) in Fig. 4. In addition, heat integrations are now incorporated by
coupling the hot and cold streams in the Aspen Plus models. More-
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Scenario 1 comprises of Block 1 and 4 (switch position: b)
Scenario 2 comprises of Block 1, 2 and 4 (switch position: b and c)

Scenario 3 comprises of Block 1, 3 and 4 (switch position: b and a)
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Fig. 12. Process flow diagram of the studied scenarios.
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Fig. 13. DNI profiles used in the Port Headland case study.

over, the SoR is followed by an argon membrane separation [53] to
selectively recover the inert gas from the syngas; after that, argon
is recycled back to the feed of the SoR. The operating temperature
and pressure for the reformers (DMR and SMR) are set at 1200 °C
and 25 bars, respectively; while for the WGS reactor, a temperature
of 200 °C is used. For the DME synthesis plant, there are three sub-
units: DME synthesis, CO, removal and DME purification. The DME
synthesis reactor utilizes the CuO/ZnO/Al,03 + YAl, 05 catalyst sys-
tem to drive the DME synthesis reaction. Carbon dioxide removal

and DME purification are accomplished by a series of distillation
columns which produce highly pure DME (>99 wt%) [1]. The reboi-
ler duties are provided by the steam generated in the DME reactor
due to the exothermic nature of DME synthesis [1]. Heat integra-
tion between the cold and hot streams has been also incorporated.

Solar availability varies daily and seasonally throughout the
whole year. There are periods when insufficient solar irradiations
are available for solar reforming operations. Any analysis during
these periods will not provide a good insight into the aspects of
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solar reforming. In this study, we analyze three typical solar avail-
ability profiles [49] which are suitable for solar reforming as shown
in Fig. 13: most irradiated day (1/11/1990), partial irradiated day
(1/10/1990) and least irradiated day (27/06/1990) which are char-
acterized by the intensity and stability of solar radiations. The
inputs into the solar reformer model are: flow rate of reactants
(argon, CH4 and CO,) and DNI values which are taken from Table 3
and extracted from the solar DNI profiles (Fig. 13), respectively. It is
found that the solar reformer only required a DNI of 840 W/m? to
achieve nearly 100% conversion for both CH,4 and CO,. As a result,
when DNI during those days goes beyond 840 W/m?, excess DNI
can be defocused or used for other heating purposes (not
considered in this study). To ensure a syngas H,/CO ratio of ‘1’,
the operation of the SMR (for Scenario 3) and the WGS (for Sce-
nario 2) are controlled appropriately similar to that done for case
Il and II (Fig. 4). In Scenario 3, the feed rate of NG (with 10% mole
CO;) and H,O into the SMR are manipulated simultaneously to
determine the minimum amount of NG (to improve the proposed
metrics in Egs. (1)-(3)) and H,0. For scenario 2, the H,/CO ratio
is controlled at ‘1’ via manipulations of the productivity of the
WGS reactor; this is done by varying the splitting portion of the
CO splitter. For scenario 1, since it is solar independent, the feed
rate (NG and CO,) is kept constant at 1.38 and 1.1 mole/min; this
is found to produce a syngas H,/CO ratio of ‘1’. This specified feed
rate is chosen arbitrary but at the same order of magnitude com-
pared to the feed rate of the other reformers. This does not affect
the analysis and conclusions because the evaluation and compar-
ison between these scenarios is based on 1 tonne DME production.

Once the syngas production unit of each scenario is able to yield
the target H,/CO ratio, the produced syngas is fed into the DME
synthesis plant. Mass and energy balances from the Aspen Plus
results are processed and used to compute the three key metrics:
methane intensity (tonnecys/tonnepyg), energy intensity
(GJ/tonnepyg), and CO, emissions intensity (tonneco,/tonnepyg)
(Egs. (1)-(3)). For those performance metrics, lower values mean

Most irradiated day

Partial irradiated day

better performances as they reflect less raw materials, energy,
and CO, emissions. The resulted metrics of the three days of
operations for these scenarios are graphically presented in
Fig. 14. Intuitively, the performance metrics of Scenario 1 stay
unchanged during the operations because this scenario is solar
independent. In addition, both Scenarios 2 and 3 outperform
Scenario 1 attributed to the fact that they are promoted by solar
contribution, i.e. less/no CH4 is required as fuel in the reformers
which results in less energy as well as less associated CO, emis-
sions. Moreover, with the current configurations of the operating
units, process operation stability in the presence of drastically
DNI fluctuations is successfully achieved and evidenced by the
continuity of the graphical results. For example, in the partial
irradiated day when solar radiations are too low to drive the solar
reforming operation, the DMR process is switched on and this sud-
den change results in the oscillating fashion of the performance
metrics as can be seen in Fig. 14. Evaluations for the solar based
scenarios (2 and 3) between the three days show that the two
performance metrics (methane and CO, emission intensity) are
influenced by the solar radiations to various extents and the best
outcomes are during the highest irradiated periods. This is because
a higher DNI allows for a higher temperature in the SoR, thus
enhancing methane productivity and lowering methane intensity.
For the CO, emissions intensity, higher DNI gives lower emissions
attributed to the fact that higher conversion of methane can be
achieved in SoR and subsequently enhancing the methane feed
productivity. This enhancement helps to reduce the CO, equivalent
emissions intensity generated due to the use of fossil fuel. From the
perspective of performance stability in the presence of solar fluctu-
ations, the solar based scenarios are found to exhibit different
extents of tolerance. Examining the process performance stability
shows that Scenario 3 is more robust compared to Scenario 2
against deterioration effects in terms of methane intensity caused
by low DNI (Fig. 14, most and least irradiated day). In other words,
when going from the most to the least irradiated day simulations,

Least irradiated day
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Fig. 15. Average improvement for the respective metrics of Scenario 2 and 3 compared to those of Scenario 1.

the methane intensity metric of Scenario 3 does not deteriorate as
significantly as in Scenario 2. This is because in Scenario 3, the
unconverted CH,4 can be utilized as fuel to drive the non-solar
SMR. Hence, this helps to enhance the performance stability in
the presence of solar fluctuations as any variations in unconverted
CH4 (due to DNI fluctuations) are processed again by the CH,4 uti-
lization mechanism. However, this is not the case for Scenario 2
because it is currently not featured with any methane utilization
mechanisms. The robustness of Scenario 3 over Scenario 2 in terms
of CO, emissions intensity is also observed. This is attributed to the
correlation between CO, emissions and NG usage. In other words,
Scenario 3 exhibits stability in terms of CO, emissions intensity in
the presence of solar radiation variations attributed to the robust-
ness in methane intensity.

The most unexpected observation is the similarity in the energy
intensity of Scenario 2 between the most irradiated and the least
irradiated days of operation (Fig. 14). This similarity can be
explained by examining the formulation of the energy intensity
metric. There are two energy components: energy duty required
in the syngas production and DME production, respectively. The
latter is found to be similar in all simulations and only the former
is responsible for variations in energy intensity between scenarios
as seen in Fig. 14. Since the reforming energy in Scenario 2 merely
comes from solar energy, the energy duty required for syngas
production during solar operation is always close to zero (cooling
duty is still needed for dehydration purpose). Therefore during
solar periods, the energy intensity of Scenario 2 approximately
stays constant regardless of the solar radiation intensity.

To provide a comprehensive view about the merits of Scenarios
2 and 3, quantitative comparisons are conducted by computing the
‘percentage of average improvement’ for the respective metrics.
For this purpose, Scenario 1 is used as a benchmark and the
calculated ‘improvement’ for the respective metrics is averaged
across the hours that have solar radiations (including hours that
have both usable and unusable irradiations). The computed results
are reported in Fig. 15. In scenario 2, utilizing solar energy in DME
synthesis results in improvements over a conventional approach
(Scenario 1) by up to 18.7%, 32.2% and 20% for the three respective
metrics: methane, energy and emission intensity (Fig. 15). Scenario
2 is found to yield more significant improvements compared to
Scenario 3. This is expected because during solar operation periods,

Scenario 2 sources the reformer thermal duty only from solar
energy whereas in Scenario 3, part of this energy is contributed
via fossil fuels (e.g. NG). The negative effects caused by using the
extra portion of NG as a fuel would result in higher methane inten-
sity and subsequently leading to higher CO, emission. Obviously,
these significant findings in terms of the operational metrics
should also be evaluated at the superstructure level and for the
entire year of DNI profile. The overall metrics improvement for
these two scenarios would prompt more extensive location-
specific analysis integrated with localized and updated economic
parameters. These two novel approaches have the potential to play
a crucial role in promoting integrated systems for the commercial-
ization of DIVRR not only in DME synthesis, but will also be tested
in other synthetic fuels productions.

In summary, the two approaches for solar utilization in DME
synthesis (Scenario 2 and 3) are found to successfully bring
noticeable benefits against a conventional DME production route
(Scenario 1). By employing the alternating operation strategies,
robust stability of the solar based scenarios is achieved. The overall
quantitative evaluations show that Scenario 2 results in the highest
average improvements in comparison to Scenario 3. This is attrib-
uted to the complete reliance on solar energy in Scenario 2. It is
recommended that any unconverted CH, that arises from
variations in reformer temperature should be recycled and utilized
to dampen out the deterioration effects caused by DNI fluctuation
and achieve performance stability. For practical application, the
WGS integrated scenario should be further improved by adding a
CH4 recovery mechanism.

6. Conclusions

In this work, we presented an application of solar energy for
DME synthesis by using a directly solar irradiated dry methane
reformer. Solar radiations are concentrated onto the reformer-
receiver and distributed into the reaction zone via a transparent
quartz window to directly provide necessary energy for chemical
reactions. The syngas produced by the solar reformer can be trea-
ted via two studied routes to control the overall H,/CO ratio at ‘1’,
namely SoR-NSoR and SoR-WGS. The former route performs the
controls by manipulating the syngas ratio produced by the NSoR
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in order to accommodate the pre-determined syngas from the SoR.
It was found that using SMR methodology in the NSoR gives the
highest energy saving, i.e. solar penetration is maximized (approx-
imately 40%). On the other hand, the latter route adjusts the H,/CO
ratio by controlling the extent of CO ‘shifting’ in the WGS reactor. A
case study based on Port Headland was conducted for the two
described routes. In addition, a conventional DMR based route
was chosen as bench-marks for evaluations and comparisons.
Three typical solar availabilities (most, partial and least irradiated
days) were used as simulations basis. It was found that the SoR-
WGS scenario results in highest improvements in term of methane,
energy and CO, emissions, with the maximum improved values to
be 18.7%, 32.2% and 20%, respectively. However, the SoR-WGS
scenario was found to exhibit performance instability in terms of
methane and CO, emissions intensities in the presence of DNI
fluctuations. To alleviate this issue, one should incorporate the
methane utilization, or recycle mechanism, into the solar based
DME processes in oder to minimize fluctuations in methane
conversion caused by variations in solar radiations. From an
operation stability perspective, the two solar based scenarios are
able to successfully control the overall syngas ratio at ‘1’ in the
presence of solar radiations fluctuations.
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