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Abstract: The implementation of a circular economy is a
fundamental step to create a greater and more sustaina-
ble future for a better use of resources and energy. Wastes
and in particular municipal solid waste represent an un-
tapped source of carbon (and hydrogen) to produce a
large range of chemicals from methane to alcohols (as
methanol or ethanol) or urea. The waste to chemical pro-
cess and related economics are assessed in this concept
article to show the validity of such solution both from an
economic point of view and from an environmental per-
spective considering the sensible reduction in greenhouse
gas emissions with respect to conventional production
from fossil fuels.
_/

Introduction

Oil is the current largely dominating carbon source for chemi-
cal production, but a series of issues currently pose the need
to urgently find alternative raw materials:" i) reduction of the
greenhouse gas emissions to mitigate climate change and
meet emission targets, ii) geopolitical issues (security and diver-
sification of resources), iii) support to the rural development
and use of the local resources, and last, but not least, iv) need
to find alternative C-sources, which are less dependent on the
current large fluctuations and uncertainty in future costs of
fossil raw materials. These aspects are interconnected with the
ongoing energy transition and the related impact on the sub-
stitution of fossil-based energy resources, with the consequent
change in terms of the energy-chemistry nexus.”’ These fac-
tors push the shift from fossil-raw materials to the use of local-
ly available C-sources. Biomass, however, does not allow alone
to account for this transition, and there is the need to use less
costly C-sources. In addition, the reduction of the environmen-
tal impact related to biomass growing and harvesting is anoth-
er crucial element, particularly for dedicated crops.
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Municipal Solid Waste as a C-source

Municipal solid waste (MSW) or fractions of MSW having a sen-
sible calorific value, the so-called refuse derived fuels (RdF) or
organic fraction of MSW, have the potential to support the
growing demand of chemicals commodities and at the same
time mitigate concerns regarding climate change and energy
scarcity associated to the use of fossil fuels. The carbon con-
tent of solid MSW fraction varies from about 38 to 51% (aver-
age about 47% wt on dry bases), depending on countries and
their style of life.”® The total organic fraction ranges between
30 and 50% wt. of the MSW. The MSW production in the Or-
ganization for Economic Cooperation and Development coun-
tries was about 673 and 278 Mt (total and Europe, respectively)
in year 2016.°® MSW amount is going to double in the next
years because of the increasing gross domestic product and
population, with the generation rate expected to increase to
2.2 billion tons per year by 2025 worldwide.” Just limiting to
Europe as an example, the MSW production is enough to over-
come the actual olefin production by cracker in Europe (about
23 Mt capacity ethylene per year in 2016).

The use of MSW as C-source could thus be a significant com-
ponent, covering at least one third of the demand of alterna-
tive sources of carbons to reach the target of a 30% decrease
of fossil fuel use by year 2030, or even higher targets.”

The Role of Waste Utilization for Circular Econ-
omy

The use of MSW waste as C-source is an important element to
push forward a circular economy. Circular economy is a con-
cept promoted at both policy-makers and business community,
especially in EU and in general worldwide.®! Differently from
recycling practice, circular economy emphasizes, among other
aspects, waste utilization as a way to close the cycle and mini-
mize the use of resources. The recent (year 2018) EU action
plan for the Circular Economy has remarked to set in the re-
vised legislative proposals on waste “an ambitious and credible
long-term path for waste management and recycling”, includ-
ing for MSW, because they represent a major potential re-
source, and still “only a limited share (43%) of the municipal
waste generated in the Union is recycled”, as indicated in the
first sentence of the memorandum to European Parliament for
the Directive on waste (COM2015 595 final). Thus, the waste-
to-chemicals solution, as alternative to landfill or incinerated
(accounting 31 and 26% of the municipal waste generated in
the Union, according to the cited document) represents an im-
portant element for the circular economy strategy.

In a circular economy, in addition to using and reducing
waste, it is also necessary to incentivize making products that
do not become waste in the first place. For MSW, it is certainly
advisable to minimize their production, but between 2005 and
2016, the MSW decreased by only about 7% (average on
EU28, Eurostat source) remaining around 500 kg per capita.
MSW will be thus a still major waste even in the next decades,
and the more rational solution for their handling will be their
valorization focused at reducing the need of new raw materials
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(fossil fuels) to provide the services (fuels, chemicals, fertilizers)
need anyway for our style of life. In a sustainability vision, the
circular economy objective is thus a reduction of the use of re-
sources at equal level of quality of life (and thus related serv-
ices needed), rather than just to minimize waste. In this sense,
waste-to-chemicals will be an important element to reach this
scope.

Waste Biorefinery

The concept of waste bio-refinery has been proposed,”” but
mainly for using waste bio-products from agro-food industry.
On the contrary, MSW and derived products represents a large-
ly available and widespread carbon source, which valorization,
particularly within the framework of biorefinery, opens valuable
opportunities.”

RdF, the organic component of MSW (comprising both or-
ganic matter and other C-based non-recyclable fraction, includ-
ing, for example, plastic, paper and textiles) has typically a cal-
orific value (LHV-lower heating value) ranging from 14,000 to
18,000, even 20,000 kJ per kg. Although RdF comprises of both
bio-based fractions and others derived from fossil fuels, such
as plastic, being considered a recyclable waste, the products
obtained from it are considered from the legislation perspec-
tive bio-equivalent. For example, methanol produced by MSW
is qualified by the EU’s Renewable Energy Directive as a bio-
fuel, with even double recognition, that is, a supplier needs
only half of the quantity of such bio-fuel in place of 1st gener-
ation ethanol to meet their obligations.

The major advantage with respect to other biomasses is that
their use avoids the additional costs and environmental
impact, related to biomass growing, collection and harvesting.
In fact, MSW needs to be anyway collected and disposed. As
commented later, waste-to-chemicals offers a more sustainable
route for MSW disposal. In terms of cost, this translate to a
negative cost feedstock, which thus become competitive (or at
least comparable) with natural gas or other hydrocarbons to
make chemical commodities, something that other bio-renew-
able resources are unable to do due to their higher cost per
energy unit.

Today, half is disposed either through landfilling or thermo-
chemical treatment processes aiming to produce electricity,
the so-called waste-to-energy.""’ Chemical composition of RdF
is typically the following (% wt): 29-38 C, 4-5H, 14-18 O, 19-
22 H,0, 17-30 ashes, or in terms of components (% wt.): 1-4
wood, 10-34 paper, 26-36 plastic, 7-8 textile, 10-14 organic
fraction and 10-27 inert fraction.

MSW incineration/thermovalorization is still the main solu-
tion adopted on a worldwide basis as alternative to landfill-

i [

ing

Waste to Chemicals

Still very limited attention is given in literature and scientific
research to this waste to chemical possibility,'? although some
industrial initiatives are present (for example, by Enerkem and
Fulcrum BioEnergy)."® We reported the waste-to-chemical ap-
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proach in relation to the production of urea and methanol
from RAF."¥ In this concept paper, we will address the waste-
to-chemical from a more general perspective, which includes
techno-economic feasibility and impact considerations in
terms of benefits for the environment. It is also remarked the
role in moving to a distributed, low carbon and sustainable
chemical production. Key chemical and technological aspects
are outlined with the aim to push research and development
and socio-political interest on this option that we feel repre-
sent a relevant, underestimated possibility for the future sus-
tainable chemical production.

While the waste-to-chemical concept is not limited to RdF
derived from MSW, and includes the possible use of other
waste with enough calorific value (from agricultural or industri-
al production), we feel that MSW is the most relevant case,
being a general worldwide issue, for which still the high envi-
ronmental impacting landfill technology (still often uncontrol-
led) is used. In addition, even when waste-to-energy technolo-
gy is used, the overall process efficiency is limited (even below
40%), particularly in area where co-generation technologies
cannot be used. There is also often strong social opposition to
waste-to-energy, often called with the old indication of inciner-
ation. Furthermore, as common to other power plant technolo-
gies, the highly fluctuating request of electrical energy, may
often pose severe limits on the electrical grid capacity to
accept the produced electrical energy, with the consequence
that waste-to-energy plants may often not be able to work at
the full capacity, with relevant impact on the process econom-
ics. The production of chemicals, or products used for the
liquid fuel market, may instead overcome these limitations, be-
cause these products can be easy stored and distributed.

We limit discussion here, in terms of process analysis, to
waste gasification as the first step, to produce syngas, which
may be further processed to produce the target chemicals. The
alternative (fast) pyrolysis solution™ produces a liquid fuel
(together with gas components) characterized by a large range
of products, and quite low quality. Beside to the need of
severe upgrading treatments, the pyrolysis liquid product can
be essentially used only as fuel. On the contrary, different
products can to be obtained from syngas in waste-to-chemical
process. Their use ranges from chemicals to fuels. This large
flexibility is a key aspect of the technology, because allows a
much better tailoring to different demands.

There are some possibilities also in terms of gasification
technology. We consider that the one presented here we con-
sider is the preferable for typical sizes as discussed below.
However, other cases exist, in which alternatives could be
better. An example is the use of the technology for MSW treat-
ment in small islands. There are various practical examples in
which the produced MSW actually needs to be transported by
ship to distant areas, with large impact on costs. In this case, it
may be worthy to have a gasification technology, such as that
in nearly supercritical water,">'® which is more compact than
the high temperature gasification discussed below. A target
product of syngas upgrading could be methane, in this case,
because it can be distributed in the island for local heating
uses. Typically, these islands are not reach by the natural gas
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grid and thus local substituted natural gas could be an added
value.

In general, waste-to-chemical technology may be considered
composed by established technologies, which do not need to
be further discussed. Although the general process Scheme
discussed in more detail below is composed from apparently
known technologies (gasification, syngas purification and com-
position adjustment, syngas catalytic conversion to the target
chemicals), the integration of these steps and their optimiza-
tion in relation to the use of MSW determines a series of pecu-
liarities and in some cases still need of developments, the
most relevant of which are discussed below. In addition, we
feel that this technology may play a strategic role for the
future low carbon and sustainable chemical production, al-
though still largely underestimated.

Few studies exist about the techno-economic and the envi-
ronmental benefits of waste-to-chemical technology. This
paper could thus stimulate both the research to solve the re-
maining issues and the investors to proceed in application of
the technology. For this reason, we feel that a concept paper
as the present one could be a stimulus to accelerate the devel-
opments for a large-scale implementation of waste-to-chemical
technology.

Syngas Options and Opportunities

Syngas is a crucial intermediate resource for production of hy-
drogen, ammonia, methanol, ethanol and synthetic hydrocar-
bons (Figure 1). The fields of use of these products range from
fuels to chemicals and fertilizers.

WGS,

N, co,
— H, —» NH; —> urea
» Syngas %V hydrocarbons (olefins)
CO (+CO,) / H, fmethat.
ferment.

~————» Ethanol Y ethylene
propylene
% CH;O0H — DME
catal.
CH, (SNG)

Figure 1. Versatility of syngas intermediate for chemical and fuels produc-
tion. WGS: water gas shift; FT: Fischer-Tropsch process; FTO: Fischer—
Tropsch to Olefins; ferment: gas fermentation; methat.: metathesis process;
catal.: catalytic process; DME. dimethyl ether; SNG: substituted natural gas.

dLAN/OLN

A more specific block diagram for waste-to-urea process is
reported in Figure 2. From the syngas, H, is first produced,
which is then reacted with N, (deriving from the air separation
unit used to produce the oxygen used in the HT conversion of

=
RdF, | steam ] steam
HT v ,| SYNGAS HYDROGEN | |AMMONIA|
conversion - purification production synthesis
3 £
N 05 .Y NH; ©
2 2 jnert co, y 2
2 UREA
ir < < |%
separation synthesis
unit
A Y
air fertilizers

Figure 2. Block diagram for waste-to-urea process.
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RdF) to form ammonia (NH;), followed by conventional reac-
tion with CO, to produce urea.

Here the main challenge is the process intensification, to re-
alize an efficient technology on the medium-scale suitable for
MSW (RdF) use, as commented below. Reduction in the pro-
cess steps, as well as microreactors use,l'” are the two related
keywords. The most effective possibility is the development of
a technology for the direct syngas to urea conversion. There
are very limited studies in this direction. Akay"® indicated the
possibility to use catalytic multi-reaction-zone reactors with
nonthermal plasma and simultaneous reactive separation for
direct fertilizer production. An extension of current electrocata-
lysts for direct ammonia synthesis" could allow producing di-
rectly urea.

Urea is one of the largest volume chemicals, with current
production over 190 Mt per year, about 80% of which used as
fertilizer. It is also a market in still continuous expansion, at a
rate estimated between 2-4%. In the actual process of urea
production, starting typically from methane to produce the H,
necessary for ammonia synthesis, the most critical process step
(from an energy intensive point of view) is the ammonia syn-
thesis integrated with H, production. The total actual natural
gas consumption in best-available-technology new ammonia
plants is estimated to be between 27.4 and 31.5 GJ/t, corre-
sponding to CO, emissions ranging from 1505 to 1729 kg/t.*”

Using the waste-to-urea technology, a saving of about 0.113
tons CH, and about 0.78 tons CO, per ton urea produced
could be achieved.™ In the case of introducing new advanced
technologies for direct syngas to urea conversion, a reduction
in the capital expenditure and energy intensity higher than
20% could be expected, although difficult to be estimated,
being still at a too early stage. However, already with the
actual technologies, but to be improved to realize an efficient
process and energy integration even at a medium-size plant
discussed below, the waste-to-urea process represents an op-
portunity from both economic and environmental protection
perspectives* for a distributed fertilizer production.

Methanol production is another valuable target for waste-to-
chemical." 2" Methanol is a large volume product which
found use as both chemical and fuel in several applications.
The current world demand is raising at a rate over 3-4%, due
to new applications from fuel area and for the production of
olefins. Currently, it is produced for over 80% from natural gas,
but its synthesis from coal, via syngas formation, is increasing.
The advantage of the production from waste is that the (bio)-
methanol produced has the premium of being considered as a
biofuel counted twice to meet biofuel targets.””

The process scheme from RdF was earlier discussed. In ad-
dition to good economics, with a return of investment of up
to about 30%, the waste-to-methanol process allows halving
the greenhouse gas emissions with respect to methanol pro-
duction from natural gas and shows lower greenhouse gas
emissions with respect to other bio-methanol productions."
Worth to note, the process may be coupled with the use of re-
newable electrical energy (for example, surplus during night)
to produce O,/H, from water electrolysis and increase process
productivity.
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Another interesting process option is the production of low-
density polypropylene. A block diagram is presented in
Figure 3, where syngas is routed to a gas fermentation® step
to produce ethanol. The ethanol can be dehydrated to ethyl-
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Production and Purification of the Syngas

Figure 4a reports a scheme of high temperature conversion, in
which a temperature control is done along the vertical axis
with two oxygen injections in the so-called heating
area (800-1000°C) and in the melting area (1000-

HTC& Compression & Ethanolto Propylene 1600 °C).

purification fermentation ropvlene 4 urification . . .

s s p 3 Such high temperature conversion may be consid-
RdF y i i

0, v T v ered as a sort of fixed bed, where the waste is fed
N other from the side. The partial conversion of the waste in

Enyaration.to Chemicals, X olefins . .
ethylene ol RES LDPP the bed leads to the formation of a syngas, which

Figure 3. Block diagram to make low density polypropylene (LDPP) from waste (RdF).

ene efficiently by using acid catalysts,”® and then ethylene can

be used as building block for other chemicals or polyethylene.
However, the actual demand and price value is especially for
low-density polypropylene. While ethylene metathesis to pro-
pylene and butenes is well established commercially, a valua-
ble option in this case is the direct catalytic conversion of etha-
nol to propylene, which has been reported to be possible in
high yield over a composite In,0,/zeolite beta catalyst.*” This
reaction has not been extensively studied, or applied commer-
cially, but the low production cost associated to ethanol deriv-
ing from a waste, can open new perspectives. Propylene can
be then fed to a conventional low-density polypropylene unit.
From a ton of RdF (or equivalent waste), about 0.26 tons of
low density polypropylene could be produced.

Only for low-density polypropylene, the demand today is
higher than 20 Mt per year, and it is expected to reach 30 Mt
per annum in 2030. The possibility to produce low density
polypropylene from alternative sources than fossil fuels is cur-
rently a challenging possibility, taking into account also that
currently the perspectives in using shale gas has been signifi-
cantly revised. The production of low-density polypropylene
from waste has the advantage of using an unused carbon
source and widespread available, with thus a further step to-
wards to a distributed production and a circular economy. Also
in this case, the step of low density polypropylene production
should be optimized for medium-scale production.

Process Layout

Looking at the existing literature, waste-to-chemical is not yet
considered as a way to convert waste to produce chemicals,
but to produce energy (electrical energy with eventual heat
co-generation, the waste-to-energy technology), fuels (by py-
rolysis, anaerobic digestion) or eventually as substrate for
some enzymes or to recover some components for recycling.
The only specific waste-to-chemical process has been suggest-
ed by Antonetti"* and laquaniello* by using high tempera-
ture gasification or conversion with pure oxygen. This is the
key step to convert RdF into a syngas having a composition
that enables to a further transformation into several chemicals.
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moves to the upper part of the reactor, the stabiliza-
tion chamber, where the temperature is maintained
higher than 1000°C in order to complete the crack-
ing of the long chain organic molecules as the tars
and the destruction of other noxious molecules such as dioxins
and furans.

The typical composition of the syngas produced is in this
range (% vol): H, 36-40, CO 37-43, CO, 8-16, H,0 6-8, N, 1-5,
0,<?2, CH,<5, Argon < 2. Typical impurities (mg/Nm?®) are the
following: H,S 100-1500, COS 10-150, other S compounds
<10, HClI<5, HF <1, HCN< 10, Hg<0.2, Ti+Cd <0.2, heavy
metals < 1, particulate matter < 3.

a) HT Gasifier

Re-heating Area
~ 800-1150°C

Stabilizing Area
~ 1150-1100°C

ajifod aampiadwal

|| Fixed-bed
Level

Gasification Area

~1600-800°C

Oxygen -‘

Melting Area
~1600°C

Molten slag

RdF Feed System

Quench

(dsam o03) seSuhs

Molten Slag %

(granulated) @ o

Sedimentation
tank

Acid
scrubber

scrubber

Figure 4. (a) HT converter for waste-to-chemical plant with indications of dif-
ferent reaction zones and of the temperature profile. (b) Unit of HT gasifica-
tion and related purification section. Reproduced with permission from

Ref. [10] Copyright Elsevier, 2017.
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Such a syngas has a CO/H, ratio around 1,2 which indicates
a shortage of hydrogen for manufacturing methanol or urea,
or conversely an excess of CO+CO,. Of course, the syngas
contains a fraction of the impurities contained typically in the
waste, mainly S compounds, HCl and HCN, which need to be
removed from the gas stream before the downstream process-
es.

The syngas production may change due to feedstock com-
position changes and irregularities in the reactor bed behavior.
Different feedstocks cause variation in the syngas quality/quan-
tity. Some examples of impact of feed composition on the
syngas output are presented in Table 1.

Table 1. Dependence of syngas characteristics from the feed composition
to the high temperature conversion unit.
Feed [kg/h] 9000 9000 7000 7000
Composition [% wt.]
Wood 3 3 35 1
Paper 29 34 24 10
Plastic 31 36 5 68
Textile 7 8 7 6
Organic fraction 12 10 14 7
Inert fraction 18 9 15 8
LHV waste [MJ/kg] 14.05 16.04 11.21 20.97
Syngas [Nm*/h] 10,837 12,444 7605 11,708
H, [%vol] 41.0 41.8 393 421
CO [%vol] 414 424 40.1 444
CO, [%vol] 47 47 47 47
H,0 [%vol] 129 1.1 15.8 8.8
LHV syngas [MJ/Nm?] 9.58 9.79 9.23 10.08

The magnitude of the changes depends on the feedstock
supply strategy, but a proper premixing of different wastes
allows minimizing such a change, which in any case, is in the
order of magnitude of a few percentage of points per hour.

The non-uniformity of the reactor bed behavior introduces
variations in the syngas flow. In regular operations, a fluctua-
tion of a few percent per minute is considered normal. Addi-
tionally, a partial clogging of the bed (as bridge formation),
with subsequent temporary decreasing of the syngas produc-
tion, might occur. At a later stage, the bridge collapses, gener-
ating a peak of syngas and a short period of overproduction.
Applying a suitable dimensioned gasometer and, where it will
be possible, operating with multiple parallel units, peaks and
fluctuations can be reduced or even eliminated.

After the waste conversion step to syngas, a subsequent pu-
rification of the raw gas is required, as shown in Figure 5 and
Figure 4b. The high temperature and the appropriate tempera-
ture profile are the key parameters to achieve the proper per-
formance of the high temperature conversion step. In particu-
lar, hydrogen content increases and tar remarkable decreases
at temperature higher than 1000 °C, methane and other hydro-
carbons tend to decompose at temperatures higher than
600°C. By proper selection of the operative conditions, the
amount of char becomes negligible. The gas leaving the con-
verter at around 1100-1150°C is quenched with water to ambi-
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HT First Gas Syngas to
; »| purification > .
conversion treatment storage downstream units
7 S Y 4
RdF o, v : .
Air Syngas o ,e:ont.
i o uritication
separation compression -
unit treatment

Figure 5. Block diagram of the waste conversion and purification.

ent temperature and enters two adsorption towers in series,
the first with water and the second with an alkaline solution in
order to remove particulate, metals and HCI. A wet electrostat-
ic precipitator (WESP) will act as a final polisher. The raw gas
coming from different lines is routed to an atmospheric tank.
From the storage, the gas is compressed and moved into the
second purification treatment where demetallization and dech-
lorination steps are carried out before the H,S/COS removal
and conversion to solid sulphur. The purified syngas is now
ready to downstream processing according to final chemical
product.

A Distributed Approach in Making Chemicals

Once a clean purified syngas is produced, we need to identify
what kind of chemicals we may produce, choice that will
depend on the amount of syngas available. For an average
RdF, LHV equal to 14,000 kJ/kg, the syngas production is ap-
proximately 1200 Nm? per ton. To explore better this concept
let us look at Figure 6, which depicts the overall material bal-

Sulphur €O, (excess)
3v/d ‘[ T 450 t/d
RdF 700 t/d
e
Power 25 Mwelh| \Waste to UREA
—_—
Demiwater urea 500 t/d
300 m3/d
Inert l lSaIt
125 t/d 3t/d

Figure 6. Overall material balance for a 500 metric tons per day waste-to-
urea plant. Adapted from Ref. [14].

ance for a 500 metric tons per day (MTPD) waste to urea plant.
For such a plant, 700 tons per day of RdF will be required.
Considering an average of 320 working days per year, this
translates into 225,000 tons per annum. By considering an
average of 475 kg MSW annual production per habitant and
that about 40% is the RdF fraction, a population of about
1.1 million persons would be necessary to produce the re-
quired fuel, if RdF is collected within a maximum distance of
about 100 km to limit transport costs and impact. This would
require a population density of about 35 persons/km? This is a
population density met over most of European areas, for ex-
ample. It is quite evident that a distributed approach can be
adapted in Europe for the waste-to-chemical production.
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Economic Assessment

All the process schemes presented here could be considered
reliable and technologically feasible today, even if some further
developments are necessary in terms of process intensification
and step reduction, as commented before. There is also a need
to tailor the catalysts for the different options for syngas con-
version, because the syngas composition, both in terms of
CO+CO, ratio to H, and in terms of impurities, is different
from that of current commercial syngas catalysts. A pre-re-
quirement for these developments is the demonstration of the
techno-economic feasibility, one of the objectives for this Con-
cept paper.

The key aspect for the possibility for exploitation is the eco-
nomic feasibility. Economic parameters used to estimate the
cost of production are summarized in Table 2. Capital expendi-
tures have been calculated as a percentage of the delivered
equipment costs, following usual cost estimation procedures
for initial feasibility. The typical accuracy of this procedure is
around 30%, which could be considered acceptable for pre-
liminary estimations.

Table 2. Key economic elements and parameters used to estimate the
costs of production in waste to chemical processes.

Parameter Costs

RdF price 80 € per ton
Electricity price 50 € per MWh
Slag disposal 20 € per ton

Maintenance costs
Methanol capacity

25% of the capital expenditure (CAPEX)
105,000 ton per year,

capital expenditure 350 M€

30,000 Nm3/h (900 t/y), CAPEX 110 M€
36,000 t/y, CAPEX 150 M€

100,000 t/y, CAPEX 590 M€

Hydrogen capacity
Methane capacity
Low density polypropylene

capacity
CO, avoided 15 € per ton
Capacity factor 8000 h/y

Depreciation factor 0.0875 based on 20 years and
6% interest rate

Labour and other costs 2% of CAPEX

Table 3 provides the costs of production compared with the
actual market price of the same chemical produced starting
from fossil fuels. These results and the estimated profit per ton
of chemicals indicate an estimated return of investment higher
that 15%, which indicate an interesting profitability and value

Table 3. Cost of production of various chemicals via the waste-to-chemi-

cal concept.

Chemical Cost of Average product
production [€] value [€]

Urea [€/1] 135 225

Methanol [€/t] 150 325

Low density polypropylene [€/t] 550 1000

H, [€/Nm?] 0.07 0.12

CH, [€/Nm’] 0.16 0.25
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for further process development and exploitation. Although
costs of production have been calculated considering an aver-
age situation, which may change from country to country, and
even from the specific location within one country, the values
presented in Table 3 remark that it is worthy to explore in a
more detail the waste-to-chemical technology.

Environmental Benefits

In the analysis of the environmental benefits for waste-to-
chemical technology, the following aspects have to be consid-
ered: the new process will substitute the equivalent currently
based on fossil raw materials, which show highly fluctuating
prices, difficult to predict on a long term, and which extrac-
tion/distribution has also its relevant environmental impact, al-
though often not considered;

MSW should be treated anyway, with the current approach
still largely based on landfill (for over 50% on the average)
with the related impact in terms of greenhouse gas (CO,, CH,,
N,O), odors and other VOCs (volatile organic chemicals) emis-
sions as well as highly polluted wastewater; the actual main al-
ternative to landfill for MSW is waste-to-energy technology, for
which cogeneration is not always used (with thus limited
energy efficiency), and with increasing issues related to the
limited capacity of the electrical grid to accept the produced
electrical energy, due to the increasing competing production
based on renewable energy sources; the distributed produc-
tion of chemicals at a regional level will bring benefits in terms
of local use of the resources and integration with territory
needs, as well as job preservation.

The discussed aspects are part of the general concepts of
i) waste biorefinery, based on the integrated use of different
waste local resources (from MSW to agro-food wastes) to pro-
duce different fuels/chemicals for the local needs, and ii) circu-
lar economy. The benefits of the waste-to-chemical approach
are thus going beyond the simple substitution of fossil fuels
with an alternative C-source and the reduction of the environ-
mental impact, which can be estimated for this substitution.

For the waste-to-urea process, the comparison of the inputs-
outputs with that of the conventional process, should consider
that RdF alternative conversion by waste-to-energy technology
will produce greenhouse gas emissions, and will eliminate part
of the need of use of fossil fuels to produce the equivalent
amount of energy. The net impact in producing urea from RdF
(with respect to the actual process from natural gas) should
thus consider the amount of methane necessary to produce
urea in the conventional process minus the amount of meth-
ane needed to produce the same amount of electrical energy
obtained in RdF waste-to-energy process. To estimate the
impact on CO, emissions, the differences in CO, emissions for
waste-to-urea versus the conventional process should be in-
cluded. In this way, may be estimated that the production of
urea from RdF will save about 0,.13 tons CH, per ton urea pro-
duced and about 0.78 tons CO, per ton urea (Figure 7). In
the conventional urea process from natural gas, about 0.382
tons CH, per ton urea produced are required, and thus there is
an increase in energy efficiency (in terms of natural gas saving)
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Figure 7. Comparison of methane input and CO, emissions between the
conventional urea process and the waste-to-urea technology. For the latter,
the net impact is considered, for example, the methane input and CO, emis-
sions associated to produce the same amount of electrical energy obtained
in RdF waste-to-energy process.

of about 30%, with an analogous saving in greenhouse gas
emissions.

For the waste-to-methanol process, CO, emissions should be
compared to the actual routes for bio-methanol production
which range from 0.56 kg CO, equivalents per kg methanol
from forest residues to 0.64 kg CO, equivalents per kg metha-
nol for short rotation coppice,™ with respect to methanol
from natural gas (0.84 kg CO, equivalents per kg methanol).
The reduction in greenhouse gas emission ranges around
30%. For a new waste-to-methanol plant, it should be consid-
ered the balance between carbon (as CO, equivalents per kg)
entering as RdF and the CO, emitted, by considering also in
this case the alternative of waste-to-energy. In this way, the es-
timated CO, emissions are about 0.44 kg CO, equivalents per
kg methanol, with thus a reduction of about 45-509%."

Even with a conservative approach, we may thus indicate
that also for waste-to-methanol case, the environmental bene-
fit is a reduction of over 30% in greenhouse gas emissions.
The energy efficiency, calculated from the LHV of methanol
with respect to the LHV of inlet RdF, is close to 70%, although
slightly reduces when the energy input necessary for produc-
ing the O, required for high-temperature converter is consid-
ered. However, it is an energy efficiency typically higher than
the average for waste-to-energy plants.

In general terms, all the different waste-to-chemical solu-
tions show an environmental benefit in terms of greenhouse
gas emissions higher than 20% with respect to the current
processes using fossil raw materials and the alternative use of
MSW for energy generation. Together with the improved eco-
nomics (Table 3) it is possible to conclude that waste-to-chemi-
cal is a valuable solution for a more sustainable use of MsW.

Conclusion

Waste-to-chemical technology, based on the valorization of the
C-component of the municipal solid waste, represents an un-
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tapped opportunity to promote a distributed and low-carbon
production of chemicals, which will significantly contribute to
the reduction of the dependence from fossil resources. We
have shown in this concept paper that this technology, which
can be flexibly adapted to produce different type of chemicals,
is techno-economic feasible, and allows a reduction of over
20-30% in energy intensity and greenhouse gas emissions.

Although some aspects in terms of process intensification
and reduction of process steps could bring further benefits,
and catalysts tuned for the specific cases and syngas composi-
tion should be developed, the main knowledge and technolo-
gies to exploit this solution exist. A short-term exploitation is
thus possible, and we hope that this concept paper will stimu-
late this possibility, which is an important element to promote
a circular economy.

The crucial element of the technology is to produce a
syngas (CO,-rich) with purity characteristics suitable for down-
stream catalytic transformation to the aimed products. This
poses constraints in terms of the gasification units, which have
been shortly discussed. We indicated high-temperature gasifi-
cation using O, as oxidant as a solution, but the development
of improved purification technologies together with more
poison-resistant catalysts for downstream processing could
allow milder operations. There is also the need to optimize the
downstream processing for efficient operations also on rela-
tively small-scale processes. New process and reactor intensifi-
cation solutions are thus needed. An optimization of the single
components and of the integrated process is thus necessary,
but this paper remarks how both techno-economic and envi-
ronmental motivations to develop this technology to a com-
mercial level exist already.

From an educational perspective, we hope that this paper
has demonstrated that it is feasible to consider alternative C-
sources to fossil fuels and that exist largely available waste
such as MSW that could play a relevant role in moving out
from the predominant role of fossil-derived chemicals. MSW
represents a C-resource already available in a distributed
manner, which could offer the starting element on a short-
term to move out from fossil fuel dependence. In medium-
longer terms, other solutions could be possible, but it is neces-
sary to have already some solution available in the shorter-
term to catalyze the transition.

Acknowledgements

This work was supported by Kinetics Technology s.p.a. and the
Maire Tecnimont Group, which are gratefully thanked for their
financial support to this activity. The authors like to thank the
Colari srl group for providing data about the composition
values of RdF and the RdF thermogasification plant located in
Malagrotta (ltaly).

Conflict of interest

The authors declare no conflict of interest.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemeurj.org

.@2 ChemPubSoc
x Europe

Keywords: circular economy - methanol - municipal solid
waste - recycling - urea

[1

9

[10]

Chem. Eur. J. 2018, 24, 11831 - 11839

a) B. Meyer, F. Keller, C. Wolfersdorf, R. P. Lee, Chem. Ing. Technol. 2018,
90, 241; b)S. Dahiya, A.N. Kumar, J. Shanthi Sravan, S. Chatterjee, O.
Sarkar, S. V. Mohan, Bioresour. Technol. 2018, 248, 2.

R. Ulber, D. Sell, T. Hirth, Renewable Raw Materials: New Feedstocks for
the Chemical Industry, Wiley-VCH, Weinheim 2011.

a) L. T. Mika, E. Csefalvay, A. Nemeth, Chem. Rev. 2018, 118, 505; b) Q.
Tan, J. Li, Nature 2017, 547, 162.

A. Sayigh, Transition Towards 100% Renewable Energy, Springer 2018.
a)R. Campuzano, S. Gonzdlez-Martinez, Waste Manage. 2016, 54, 3;
b) OECD  Statistics:  https://stats.oecd.org/Index.aspx?DataSetCode =
MUNW. Accessed on June 13™ 2018.

a) J. Malinauskaite, H. Jouhara, D. Czajczynska, P. Stanchey, E. Katsou, P.
Rostkowski, R. J. Thorne, J. Colén, S. Ponsa, F. Al-Mansour, L. Anguilano,
R. Krzyzynska, C. Lopez, A. Vlasopoulos, N. Spencer, Energy 2017, 141,
2013; b) D. Moya, C. Aldas, G. Lopez, P. Kaparaju, Energy Procedia 2017,
134, 286; c) K. Shahzad, M. Narodoslawsky, M. Sagir, N. Ali, S. Ali, M. 1.
Rashid, I. M. 1. Ismail, M. Koller, Waste Manage. 2017, 67, 73; d)A.S.
Nizami, M. Rehan, M. Waqas, M. Naqvi, O. K. M. Ouda, K. Shahzad, R. Mi-
andad, M. Z. Khan, M. Syamsiro, I. M. 1. Ismail, Bioresour. Technol. 2017,
241, 1101.

A. M. Bazzanella, F. Ausfelder, Low carbon energy and feedstock for the
European chemical industry, Dechema (Germany) 2017.

a) Ellen MacArthur Foundation, Growth within: a Circular Economy Vision
for a Competitive Europe 2015; b) O. Hollins, P. Lee, E. Sims, O. Bertham,
H. Symington, N. Bell, L. Pfaltzgraff, P. Sjogren, Towards a circular econo-
my-Waste management in the EU, STOA-EU, Sept. 2017 (ISBN 978-92-
846-1548-3). c)J. Korhonen, A. Honkasalo, J. Seppdld, Ecological Eco-
nomics 2018, 143, 37-46; d) J. H. Clark, T. J. Farmer, L. Herrero-Davila, J.
Sherwood, Green Chem. 2016, 18, 3914-3934; e) W. R. Stahel, Nature
2016, 531, 435-438.

a) A. S. Sanchez, Y. L. Silva, R. A. Kalid, E. Cohim, E. A. Torres, Renewable
Sustainable Energy Rev. 2017, 73, 1265; b) M. T. Mata, A. A. Martins, N.S.
Caetano. Bioresource Technol. 2018, 247, 1077.

F. Bonk, T. Chaturvedi, A.l. Torres, J. E. Schmidt, M. H. Thomsen, G. Ste-
phanopoulos, Computer-Aided Chem. Eng. 2015, 37, 2123-2128.

[l

[12]

[13]

[14]

[22]

[23]
[24]

CHEMISTRY

A European Journal

Concept

a) U. Arena, Waste Manage. 2012, 32, 625; b)H. Ma, Y. Cao, X. Lu, Z.
Ding, W. Zhou, Energy Procedia 2016, 88, 589; c) A. N. Tugov, Therm.
Eng. 2015, 62, 853; d) A. Kumar, S.R. Samadder, Waste Manage. 2017,
69, 407.

L. Matsakas, Q. Gao, S. Jansson, U. Rova, P. Christakopoulos, Electronic J.
Biotechn. 2017, 26, 69.

a) Enerkem web site, 2017. Turning trash into clean fuels and chemicals.
http://enerkem.com/about-us. Accessed on May 31th, 2018; b) Fulcrum
Bioenergy web site. http://fulcrum-bioenergy.com/technology/our-pro-
cess. Accessed on June 13thm 2018.

a) E. Antonetti, G. laquaniello, A. Salladini, L. Spadaccini, S. Perathoner,
G. Centi, ChemSusChem 2016, 9, 912; b) G. laquaniello, G. Centi, A. Salla-
dini, E. Palo, S. Perathoner, L. Spadaccini, Bioresour. Technol. 2017, 243,
611.

A. Molino, M. Migliori, A. Blasi, M. Davoli, T.; Marino, S.; Chianese, E. Cat-
izzone, G. Giordano, Fuel 2017, 206, 155; Marino, S.; Chianese, E. Cati-
zzone, G. Giordano, Fuel 2017, 206, 155.

W. Wan, Int. J. Hydrogen Energy 2016, 41, 22698.

A. Tanimu, S. Jaenicke, K. Alhooshani, Chem. Eng. J. 2017, 327, 792.

G. Akay, ACS Sustainable Chem. Eng. 2017, 5, 11588.

S. Chen, S. Perathoner, C. Ampelli, C. Mebrahtu, D. Su, G. Centi, Angew.
Chem. 2017, 129, 2743.

Z. Kirova-Yordanova, Energy 2017, 140, 158.

G. laquaniello, G. Centi, A. Salladini, E. Palo, in: Methanol: Science and
Engineering, A. Basile, F. Dalena (Eds.), Elsevier Pub.: 2018, Ch. 4, 95
and Ch. 22, 595.

a) F. M. Liew, M.E. Martin, R.C. Tappel, B.D. Heijstra, C. Mihalcea, M.
Kopke, Frontiers in Microbiology 2016, 7, 694; b) D. Kennes, H. N. Abu-
backar, M. Diaz, M. C. Veiga, C. Kennes, J. Chem. Technol. Biotechnol.
2016, 91, 304.

P. Lanzafame, G. Centi, S. Perathoner, Chem. Soc. Rev. 2014, 43, 7562.

F. Xue, C. Miao, Y. Yue, W. Hua, Z. Gao, Green Chem. 2017, 19, 5582.

Manuscript received: June 6, 2018
Revised manuscript received: June 24, 2018

Accepted manuscript online: June 25, 2018

Version of record online: July 25, 2018

www.chemeurj.org

11839

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


https://doi.org/10.1002/cite.201700088
https://doi.org/10.1002/cite.201700088
https://doi.org/10.1016/j.biortech.2017.07.176
https://doi.org/10.1021/acs.chemrev.7b00395
https://doi.org/10.1038/547162c
https://doi.org/10.1016/j.wasman.2016.05.016
https://doi.org/10.1016/j.energy.2017.11.128
https://doi.org/10.1016/j.energy.2017.11.128
https://doi.org/10.1016/j.egypro.2017.09.618
https://doi.org/10.1016/j.egypro.2017.09.618
https://doi.org/10.1016/j.wasman.2017.05.047
https://doi.org/10.1016/j.biortech.2017.05.097
https://doi.org/10.1016/j.biortech.2017.05.097
https://doi.org/10.1016/j.ecolecon.2017.06.041
https://doi.org/10.1016/j.ecolecon.2017.06.041
https://doi.org/10.1016/j.ecolecon.2017.06.041
https://doi.org/10.1016/j.ecolecon.2017.06.041
https://doi.org/10.1039/C6GC00501B
https://doi.org/10.1039/C6GC00501B
https://doi.org/10.1039/C6GC00501B
https://doi.org/10.1038/531435a
https://doi.org/10.1038/531435a
https://doi.org/10.1038/531435a
https://doi.org/10.1038/531435a
https://doi.org/10.1016/j.rser.2017.02.007
https://doi.org/10.1016/j.rser.2017.02.007
https://doi.org/10.1016/B978-0-444-63576-1.50048-0
https://doi.org/10.1016/B978-0-444-63576-1.50048-0
https://doi.org/10.1016/B978-0-444-63576-1.50048-0
https://doi.org/10.1016/j.wasman.2011.09.025
https://doi.org/10.1016/j.egypro.2016.06.083
https://doi.org/10.1134/S0040601515120125
https://doi.org/10.1134/S0040601515120125
https://doi.org/10.1016/j.wasman.2017.08.046
https://doi.org/10.1016/j.wasman.2017.08.046
https://doi.org/10.1016/j.ejbt.2017.01.004
https://doi.org/10.1016/j.ejbt.2017.01.004
https://doi.org/10.1016/j.biortech.2017.06.172
https://doi.org/10.1016/j.biortech.2017.06.172
https://doi.org/10.1016/j.fuel.2017.05.091
https://doi.org/10.1016/j.ijhydene.2016.09.146
https://doi.org/10.1016/j.cej.2017.06.161
https://doi.org/10.1021/acssuschemeng.7b02962
https://doi.org/10.1002/ange.201609533
https://doi.org/10.1002/ange.201609533
https://doi.org/10.1016/j.energy.2017.08.086
https://doi.org/10.1002/jctb.4842
https://doi.org/10.1002/jctb.4842
https://doi.org/10.1039/C3CS60396B
https://doi.org/10.1039/C7GC02400B
http://www.chemeurj.org

