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The conversion of waste and residues towards high added value products has receiving
a growing attention, as a reliable strategy to improve sustainability of emergent
processes. Anaerobic digestion converts organic waste into biogas and digestate. While
biogas may be used for energetic purpose, digestate has limited uses and with a low
profitability. In this paper, dimethyl ether (DME) is adopted as target product which
may be produced from digestate-derived syngas. Process simulation is carried out for
both direct and indirect synthesis of DME and environmental aspects are assessed.

1. INTRODUCTION

Anaerobic digestion is well-known process that has
attracted considerable attention with the rising for renewable
energy and environmental protection. In particular, biogas, a
mixture of methane and carbon dioxide, is currently the target
product of anaerobic digestion. Biogas production and
utilization give several environmental benefits such as green
energy production, organic waste disposal, environmental
protection, green-house-gases emission reduction [1-3]. In fact,
biogas may be used for the production of electricity, heat and
vehicle fuel, such as bio-methane as substitution of
conventional fossil energy sources, while the anaerobic
digestion address issues of disposal of agricultural residues,
industrial wastes, municipal solid waste, organic waste
mixtures, manure, food waste, etc. [4-6]. As an example,
European Union policy estimates that at least 25% of all
bioenergy can be derived from biogas, and the growing of the
number of anaerobic digestion plants confirms this trend [7].
Anaerobic digestion is a complex integrated system that
involve several reactions [8, 9]. During anaerobic digestion,
the organic feedstock is only partially converted to biogas. In
fact, the secondary main stream of anaerobic digestion process
is digestate. Digestate contains a high amount of non-
biodegradable components which is currently used as starting
material for the production of nitrogen-rich organic fertilizers,
avoiding the use of fossil-derived fertilizers for agricultural
soil [10, 11]. Regarding the organic municipal solid waste only,
the waste generation by urban residents is expected to increase
from about 3.5 Mtons/day in 2010 to more than 6 Mtons/day
in 2025, with a total management cost of $ 375 billion in 2025
[12]. The conversion of digestate into organic fertilizer
requires time and space (stabilization plants) and the obtained
product has difficulties to be accepted from community and
therefore its market is limited, although it may be considered
as a sustainable way to reduced GHG emission as
sequestration and storage of CO,. Therefore, the research is
also interested to found alternative way for the valorization of
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digestate. In this regard, gasification of digestate may be used
to as alternative process for digestate conversion into high-
added value products [13-15]. By gasification a solid
carbonaceous material is converted into a fuel gas mainly
composed of carbon monoxide, hydrogen, methane. The
carbonaceous material reacts at temperatures of 700-900 °C
with a controlled sub-stoichiometric amount of oxidant
(air/oxygen or steam), leaving an inorganic residue (ash). The
obtain gas stream, generally named syngas, can be used for
either energetic purposes, such as in combined heat and power
plants, or as reactants for the production of intermediates and
fuels. For the latter case, a large amount of experimental
investigations have been carried out for gasification of
biomass and lignocellulose residues, while a limited number
of studies are published from the gasification of digestate.
Similarly, several studies have been carried out on the
conversion of biomass-derived syngas into intermediates and
fuels, such as methanol, dimethyl ether, Fischer-Tropsch fuels,
and green hydrogen [16-20].

In particular, dimethyl ether (DME) is considered one of the
most reliable candidate as circular hydrogen carrier as well as
alternative fuel for diesel engine and intermediate for the
production of olefin [21-23].

Dimethyl ether, with chemical formula C,HeO, is the a
colorless, non-toxic, non-corrosive and non-carcinogenic
substance. The physical properties of DME are very similar to
those of liquefied petroleum gas.

The lower boiling point than diesel one, leads to fast
evaporation when liquid DME spray is injected into the engine
cylinder improving the combustion. In addition, the low auto-
ignition temperature permits to obtain a higher cetane number
of DME than that offered from diesel fuel.

On the other hand, some disadvantages have to be
accounted for a right evaluation about utilization of DME as
diesel substituted. DME exhibits a Lower Heating Value
(LHV) much lower than diesel (27.6 MJ/kg vs 42.5 MJ/kg)
fuel and for this reason a larger amount of injected volume and
longer injection period for DME is necessary in order to
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deliver the same amount of energy. Others disadvantages are
related to necessity to change engine configuration if diesel
fuel is substituted with DME fuel. Indeed, the much lower
viscosity of DME causes the necessity application of special
gaskets in order to avoid leakage.

DME can be produced from syngas (a mixture of carbon
monoxide and hydrogen), which may be produced a variety of
feed-stock including natural gas, coal, and renewables, such as
biomass [24]. The most consolidated process for DME
synthesis is named indirect synthesis.

In indirect synthesis, DME is produced via methanol
dehydration over an acid catalyst. More details about methanol
production and methanol dehydration to DME are reported
elsewhere [25-33].

In the direct synthesis way methanol synthesis (typically
from a CO,/CO/H, mixture) and dehydration process to
produce dimethyl ether is carried out in a single reactor unit
over a redox/acid catalyst [30].

The main steps occurring during the direct synthesis process
are usually the synthesis of methanol from syngas (c) over
redox catalytic function, methanol dehydration to DME over
acid function (d) and eventual water gas shift reaction
(WGSR) catalyzed by the redox function (d). If these three
steps occur during the process the global reaction can be
illustrated by equation (a); contrariwise, when WGSR does not
take place, equation (b) can be used to describe
thermodynamically the process. Among the above described
reaction, methanol synthesis is the most equilibrium-
restricted. The factors that affect theoretical equilibrium
conversion are generally temperature, pressure and initial
composition. The methanol synthesis reaction occurs with a
decreasing of moles number and exothermically, therefore is
favored at high syngas pressure and low reaction temperature.
The traditional catalyst for direct synthesis of DME is a
redox/acid bifunctional catalyst operating at reaction condition
similar to those adopted for methanol synthesis [31].

The research is currently focused on the direct
hydrogenation of carbon dioxide to dimethyl ether [32-36].
For this process, both technical and catalytic aspects are still
open challenges. Actually, the one-pot conversion of carbon
dioxide to DME at demonstrative scale is need to push towards
a deeper assessment on the profitability of the process, even if

advances in catalysis of the process are also strongly requested.

In the case of raw gasification syngas is used, both process
and catalytic aspects need to be investigated in more details
also at lab-scale.

This work aims to assess both the technical and
environmental aspects of a process for the production of
dimethyl ether from a digestate-derived syngas. In particular,
on the basis of a preliminary assessment [36], in this study a
comparison between indirect and direct synthesis of DME is
discussed at the light of both technical and environmental
considerations. This paper is written with the scope to push the
research to investigate in more details about the synthesis of
dimethyl ether from syngas derived from secondary streams
produced in bio-refineries, such as digestate in the case of bio-
methane production.

2. MATERIALS AND METHODS

In this work, three cases were assessed in order to identify
the best eco-friendly process pathway to valorise syngas
obtained by digestate gasification.
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Process design tools [37] were used calculate all material
and energy balances of the process schemes.
Indirect synthesis of DME was proposed in Figure la. In
this scheme there are two different recycles:
1. unreacted syngas is recycled to the methanol
synthesis reactor;
2. unreacted methanol is recycled to DME synthesis
reactor.
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Figure 1. Process flowsheet for the indirect DME-synthesis
case (a); direct DME synthesis with recycle of methanol (b);
direct DME synthesis without recycle of methanol (c)



Syngas and methanol recycled streams are necessary
because of low one-step conversions in the methanol synthesis
step [20], typical of DME indirect synthesis step [33].

Figure 1b shows the process flowsheet of the direct DME
synthesis case recycling the produced methanol as by-product
in the synthesis reactor. A particularity of this scheme consists
in the washing column after synthesis reactor to absorb DME
in the water solution in order to recycle unconverted syngas
[38].

The last flowsheet consists in direct DME synthesis without
the methanol recycle. Figure 1c shows the methanol produced
in the main reactor purified in the second distillation column
and, consequently, selling as pure methanol.

Using a commercial software, the Redlich-Kwong-Soave
thermodynamic equation of state was adopted to simulate
high-pressure systems, NRTL-RK was used for distillation
columns and flash separation units [39].

Table 1 shows the molar composition of the adopted syngas.
It was from a previous work [40], produced by the digestate
gasification. After syngas cleaning [41], WGS step [42],
carbon capture and storage process [43], a conditioned syngas
ready to be sent to synthesis reactors can be obtained.

Table 1. Syngas compositions (%volary) [42, 37]

From Carbon Capture and Storage (CCS)

H> 21.7
CO 7.1
CO2 2.3
CH4 5.0
C2Hs 1.5
N> 62.5

In the previous work [37] three process sections were
simulated and assessed:
1. digestate gasification;
2. water gas shift;
3. carbon dioxide capture and storage.

Resulting syngas is shown in Table 1. More than 60%volpry
consists in residue nitrogen of the gasification air. Content in
CO+CO:s is lower than previous step syngas because of carbon
capture process. In particular, about 69% of carbon is captured
and stored. However, H/C molar ratio increases from 0.45 to
2.3, optimal value for methanol/DME synthesis [43]. The final
value for the ratio (H, — CO,)/(CO + CO») is equal to 2.1 [20].
Each synthesis reactor was simulated by an equilibrium
reactor in order to consider the best possible performances.

2.1 Indirect DME synthesis
Methanol synthesis reactions of Table 2 were adopted to
simulate methanol synthesis via both CO and CO;

hydrogenation [42].

Table 2. Reactions set of synthesis of methanol

Reaction Reaction Heat

[kJ/mol]
(a) COz+ 3H2=CH3;0H+ H20 -49
(b) CO + 2H, = CH;0H 91
() CO +H0=CO0O2+ H2 -41

The exothermicity of the methanol synthesis favours the
syngas conversion at low temperature. The fresh syngas
stream was mixed with recycle stream (unreacted syngas)

782

before synthesis reactor, heated up to 200°C and fed to the
methanol synthesis adiabatic reactor. Pressure drop was
assumed equal to 2 bar for the methanol synthesis reactor.
Concerning operating pressure, an 80 bar pressure is
considered to favour thermodynamics. Similar values are also
adopted at industrial scale [41].

The light gases were separated in a flash-phase-separator at
40°C. For the recycle, most gases were re-compressed at 80
bar and sent to the reactor. The purge gas was used as fuel for
the electricity production. The liquid stream (methanol + water)
was expanded to have cheaper purification equipment, in a
throttling valve at 2 bar. A tray distillation column was used to
separate the wastewater from methanol. Pure methanol (liquid)
was pumped until to 30 bar and then heated to 250°C for the
DME synthesis, which is carried out in a secondary synthesis
reactor (pressure drop of 2 bar).

DME synthesis reaction is a dehydration of methanol:

(d) 2CH30H = CH30CH3 + H,O

with a reaction heat of -24 kJ/mol (exothermic reversible) [43].
This reaction proceeds without mole number variation. For
this reason, operation pressure does not affect equilibrium
conversion, while low reaction temperatures have a
thermodynamic benefit toward DME production. For this
reason, the process pressure was lower than methanol
synthesis pressure.

The DME-rich stream was the expanded to recovery DME
in the vapour phase. Due to traces of methanol, this stream was
sent to a distillation column to obtain pure DME.

Column bottom stream was sent to another distillation
column to recycle unconverted methanol [44].

2.2 Direct DME synthesis

In the direct DME synthesis flowsheets, a set of reaction (a),
(b), (¢), (d), was considered to simulate the main reaction
process. Because of the methanol dehydration (d) is a reaction
slower than methanol synthesis, an adiabatic reactor starting
from 250°C was used to convert directly the syngas to DME.
After products cooling, the gaseous stream was sent to an
absorption column to make liquid DME and to separe volatile
volatile compounds [44]. The gas stream was sent to a split to
divide purge gas and recycling gas. Solvent (water) and liquid
compounds were expanded to 2 bar for the DME purification
by distillation. An evaporator was used to obtain the DME-
rich stream and a liquid stream. In DME-rich stream there are
trace of methanol, because of this a first distillation column
was necessary. From the top of the column pure DME was
obtained. The bottom stream and the liquid stream (rich in
methanol and water) were heated and sent to a second
distillation column to recovery methanol for the recycle of it.
From the bottom a wastewater stream was obtained without
DME and, so, able to absorb again DME in the absorber. For
the case without methanol recycle, from the second distillation
column methanol has a purity sufficient to be sold.

2.3 Environmental impact analysis

The total CO,-equivalent emission was adopted in order to
assess the environmental impact analysis. Table 3 reports the
equivalent emission factors for each main process stream of
the flowsheets. In particular, a negative CO,-equivalent
emission value was associated with digestate. This because the



examined process avoids the digestate disposal in a landfill, so
its environmental impact. The electricity production saving
was considered equal to that of the fossil-based energy
production system.

The main direct CO, emission point is the-flue gases of the
combustion of purge gas.

Table 3. CO; equivalent emission parameters

Process item CO: equivalent

emissions
Green electricity (kgcozes/ MWhe) 600
[45] i
MeOH (kgcozeq/t) [37] -1°643
Process water (kgcozeq/t) [46] 6.5
Wastewater (kgcozeq/t) [46] 500
Biochar residual (kgcozeq/t) [47] 1’821

3. RESULTS AND DISCUSSION

A plant size equal to 100’000 t/y of digestate was
considered as collective digestate treatment plant [47].

For indirect synthesis, the global conversion and a one-step
conversion of CO+CO; to MeOH of 82 % and 17%
respectively, were found. Thanks to the syngas recycle the
global conversion is higher. A purge ratio equal to 12 % was
fixed to avoid decreasing H/C ratio in the inlet stream to the
reactor. The global methanol conversion in the main reactor
was equal to 94% (thanks to recycle) with a ratio
MeOHreCyded/MeOHfresh of 13%.

For the direct synthesis, the conversion of CO was 59%,
while CO, was produced in the reactor because of WGS
reaction (c). the molar yield of CO + CO» to MeOH was equal
to 0.3% and 1.8% for case with and without methanol recycle
respectively. This due to the higher partial pressure of
methanol in the reactor in the case with recycle.

For the indirect synthesis case this yield was calculated
respect to the initial syngas.

To consider the number of carbon atoms in DME, the molar
yield was:

_ 2DME
YoME = To + co,

Figure 2 shows the molar yield from CO + CO, to DME.
The lowest yield (37.9%) was obtained for the indirect
synthesis, since there isn’t the effect of simultaneous
conversion of methanol in the same reactor. The highest yield
(45.6 %) was found for the direct synthesis with methanol
recycle, thanks to double carbon recycle of syngas and
methanol.

Figure 3 shows the green electricity production for three
cases. Without methanol recycle, the purge gas combustion
(fixed to 12%) produces less electricity (1.8 MWe) than other
cases. In this case, in fact, the recycled material is lower due
to:

1. higher CO+CO, conversion, as previously
highlighted, and so lower LHV of the recycle stream;
2. energy content of the sold methanol is lost.

Consequently, in this case 10% less energy than indirect
synthesis case was produced. When DME global yield is lower,
for the indirect synthesis, higher values of carbon compounds
are available in the gas stream after methanol reactor and,
consequently, in the purge gas. For this case, 2.0 MWe of
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green electricity are produced. The middle yield to power is
obtained for the direct synthesis with methanol recycle. This
is due to the combination between:
1. higher yield to products of CO, decreasing LHV of
purge gas;
2. lower loss of energy by material outlet streams,
increasing the flowrate of the recycle gas.

Direct with
MeOH recycle

50%
45%
40%
35%
30%
25%
20%
15%
10%

5%

0%

2 DME/CO+CO,)

Direct without
MeOH recycle

Indirect

Figure 2. Molar yield of syngas after carbon capture to DME

Direct with
MeOH recycle

MWe

Direct without
MeOH recycle

Indirect

Figure 3. Green electricity production

Table 4 shows the process flowrates of three considered
flowsheets. Wastewater for direct synthesis has a similar value,
but 350% higher than indirect synthesis case. For the indirect
synthesis, in fact, are not necessary process water for the DME
absorption from the gaseous stream, to recover unreacted
syngas. For the same reason, also the process water is higher
for the direct synthesis cases.

Table 4. Process simulation main results

Direct  Direct

. with without

Process parameter Indirect MeOH MeOH

recycle recycle
Wastewater (kt/y) 1.5 53 5.2
Process water (kt/y) 12.4 16.2 16.1
DME production (kt/y) 3.2 3.9 34
MeOH recycled/produced (kt/y) 53 0.9 0.9

In terms of DME production, from 100 kt/y of digestate are
obtained about 3-4 kt/y of pure DME. In particular, the
production of DME is the same of DME yield of Figure 2. The
DME recovery is about 99%. Produced methanol can be used
to:

1. produce DME in the second reaction step (indirect
synthesis);

2. berecycled to the DME reactor (direct synthesis with
MeOH recycle);

3. be sold for the third case.

In the first case, methanol production in the reactor is the
highest (5.3 kt/y) and it is the main reactant to produce the final



DME. For both direct synthesis cases 900 t/y of methanol are
recycled or sold.

The results in terms of CO» equivalent emissions are shown
in Table 5. The solid residue from the digestate gasification
was considered disposed in a landfill. The direct CO-
emissions from purge gas combustion represent the second
larger environmental impact cause: between 22.5 and 22.9
ktcoo/y. The largest amount of “C” (35.5 ktcoo/y) atoms of
gasification syngas was captured Selexol®, after increasing of
CO; partial pressure by WGS section. The COzq saving
correspondent to the green electricity production is about 7.8-
8.6 ktcoaeq/y, less than 10% of the total emissions.

Table 5. Annual CO; equivalent emissions (ktcozeq/y)-
Negative values are CO, savings

Process Indirect Direct with Direct without
item MeOH recycle MeOH recycle
Char to 71 71 71
disposal
Wastewater 0.8 2.6 2.6
Process 0.08 0.10 0.10
water
COzinflue ) g 227 225
gas
MeOH - - -14
Green
clectricity -8.6 -8.4 -7.8
Total 86.1 88.0 86.9

The differences between the impact of three cases related to
wastewater and process water are due essentially to greater
amount of water necessary in the direct synthesis to absorb
DME from the reactor outlet stream. The behavior of CO,
direct emissions and of the green electricity production
emissions/savings is the same of Figure 3. Decreasing LHV of
purge gas, CO; in flue gas, power production and savings from
green electricity decrease. The specific deviation between the
largest saving and the lowest is the same of the power
production, equal to about 10 %. While between the largest
and the lowest direct emission is equal to 1.7%. This low value
is due to the large amount of CH4 (5.7%) in the purge gas,
because this is an inert compound. A low value of saving from
bio-methanol production was found for the direct synthesis
without methanol recycle case. Only 1.4% of the emissions, in
fact, was saved thanks to bio-methanol.

Globally, the total equivalent CO, emissions have the same
trend of the DME yield. In particular, 1.9 ktcoze/y more are
emitted for the direct synthesis with recycle case respect to the
indirect synthesis case. This due essentially to higher
emissions of the wastewater treatment, from the different
DME purification process must be used if the synthesis is
direct.

Finally, Figure 4 shows the specific environmental impact
associated to DME produced from digestate gasification. The
highest impact was found for the indirect synthesis case (27
kgcozeq’kgpme). The main reason is the low yield to DME of
the synthesis by double step process.

The direct synthesis without methanol recycle has an impact
of 26 kgcozeq/kgpmE, closer to indirect than direct with recycle.
This because of a medium DME yield, but with higher
emissions from wastewater treatment and lower savings from
the green power production. The bio-methanol production, in
fact, is not able to make environmentally convenient the third
case, due to low additional saving. The best solution was found
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for the direct synthesis with methanol recycle. In this case,
yield to DME is the highest, the power production and lower
direct emissions are sufficient to partially compensate higher
emissions associated to wastewater.

Future developments of this work should investigate the
process optimization of the WGS and CCS sections in order to
obtain a syngas, and consequently a conversion by direct
synthesis with methanol recycle, as the optimal one. The limit
of this work, in fact, consists in the low DME yields obtained
considering the digestate gasification downstream as syngas
(11.9 - 14.3% mol). Optimizing the section of WGS and CCS
would allow to allocate less carbon (CO + CO,) to the CO,
capture processes and more carbon available for conversion to
DME.

27
26
25
24
23
22
21
20

26

kgco:/k€pme

Direct without
MeOH recycle

Direct with
MeOH recycle

Indirect

Figure 4. Environmental impact per kg of DME for each
considered case

4. CONCLUSIONS

In this work three process flowsheet were assessed for the
production of DME using a syngas obtained from the digestate
gasification. In particular, indirect synthesis, direct synthesis
with methanol recycle and direct synthesis without methanol
recycle were simulated and evaluated for the environmental
analysis. The specific CO, equivalent emissions
(kgcoze’kgpme) were calculated and used as the main
parameter to consider a process flowsheet preferable from an
environmental point of view. Following that, the main
parameter result to make one process case better than another
consists in DME yield. In particular, the lowest emissions are
obtained for the direct synthesis case with recycling of
methanol. Despite this, thanks to the higher global yield to
DME (45%), this process flowsheet is the optimal one, with an
environmental impact of 23 kgcozeq/kgpme. Using this process,
about 1.9 ktCO,/y of emissions can be avoided respect to the
indirect synthesis process pathway. The indirect synthesis
process flowsheet presents a higher green electricity
production due to high waste-stream flowrate to burn. On the
other hand, this flowsheet does not valorize the carbon content
of digestate to DME (yield equal to 38%). In conclusion, the
digestate valorization can be an optimal alternative to the
utilization as a soil conditioner producing chemicals (DME),
energy (green power) using the gasification process and CCS
methods. More attention has to be paid to the WGS and CCS
sections. Future developments will concern the process
optimization of the WGS and CCS sections in order to increase
the global yields to DME by reducing the amount of CO;
captured.
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NOMENCLATURE AND ABBREVIATIONS

DME  Dimethyl Ether

WGSR Water Gas Shift Reaction
MeOH  Methanol

LHV Lower Heating Value

CCsS Carbon Capture and Storage





