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abstract

The techno-economic feasibility of three biogas utilization processes was assessed through computer
simulations on commercial process simulator Aspen HYSYS: HPC (biogas to methanol), BioCH4 (biogas to
biomethane) and CHP (biogas to heat & electricity). The last two processes are already used commercially
with the aid of subsidy policies. The economic analysis indicates that, without these policies, none of
these attain economic self-sustainability due to high overall manufacturing costs. The estimated mini-
mum support cost (MSCs) were 108, 62 and 109 V/MWh for the HPC, BioCHs and CHP processes,
respectively. The model could explain currently practised government subsidies in Italy and Germany. It
was seen that the newly proposed HPC process is economically comparable to the traditional CHP
process. Therefore, the HPC process is a possible alternative to biogas usage. A support policy was
proposed: 50, 66, 158 and 148 V/MWh for available heat, methane, electricity and methanol (respec-
tively); the proposed energy policy results in a 10% OpEx rate of return for any of the processes, thus
avoiding a disparity in the production of different products.

1. Introduction

In the last decades, world energy demand is constantly
increasing as a consequence of population growth and economic
development. According to the International Energy Agency (IEA),
total primary energy supply is increasing [1]. On the one hand, the
contribution of fossil fuels is still high thanks to recent de-

velopments of extraction technologies for new reserves and on the
other, renewables gain more and more importance over the years
but they still contribute for a small share on the total supply [2]. The
intense use of fossil fuels for heating purposes, power generation
and chemicals production is cause of the increasing COz concen-
tration in atmosphere [3]. The higher penetration of renewable
sources in the energy mix becomes, in this sense, fundamental.
Among these, photovoltaics, wind and biogas have shown the
biggest increase in the latest years [4], mostly due to tax incentives.

In 2015, the European Union produced 181 TWh of biogas
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energy, mainly in Germany (92 TWh), United Kingdom (27 TWh)
and Italy (22 TWh). Biogas potential is high and the production can
rise up to 472 TWh by 2030, equivalent to 10% of the European
Union’s current natural gas consumption [5]. The growth rate is
stable; from 2009 to 2015 the number of biogas plants triplicated,
reaching 17376 CHP plants (Combined Heat and Power, i.e. heat and
electricity production) and 459 biomethane injection plants [6].

From the numbers shown, it is clear that biogas is mainly used in
Europe for electricity and heat production in CHP plants while its
injection into the natural gas grid (and use as a transportation fuel,
consequently) is less common. The reasons behind this disparity,
among others, must be due to (i) the stricter purification treat-
ments required for the latter case (as it will be shown ahead); (ii)
the smaller probability of being in a zone that is served by a gas grid
with respect to a zone that is served by the electricity G.e., it is
easier to construct the latter network); (iii) gas prices are lower
than electricity [7,8], (iv) above all, the value of the economic in-
centives offered in each case.

Biogas is produced by anaerobic digestion of organic materials
and it is mainly constituted by methane (CH4) and carbon dioxide
(CO2), among other minor components (HsS, H:0, siloxanes, NHs,
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Nomenclature

Acronym Meaning

YCA Yearly capital amortization

Symbol Description Units

CHP Combined Heat and Power A Equipment capacity parameter Depend on
CS Chemical Scrubbing equipment type
EY Energy yield c Equipment base cost V
GT Gas turbine Di Methanol recovery at the distillation section
HHV Higher Heating Value il Yearly interest rate
HPC Heat, Power and Chemicals Ko, Ki, K2 equipment type
LHV Lower Heating Value MSC; Minimum support cost of product i V=MWh
MF Membrane Filtration I, I Number of construction/operating years
MSC Minimum support cost Oi (Energetic) output of product i MWh=y
MY Mass yield P Parameter related to the operation of the PWS
OpEx Operative Expenses section
PCI Present Cost of Investment Ri; Re Parameters related to biogas inlet composition at the
PSA Pressure Swing Adsorption reforming section
PWS Pressurized Water Scrubbing S1; Se Parameters related to syngas inlet composition at the
RoR Rate of return synthesis section
ST Steam turbine DH Enthalpy of Reaction kJ=mol
TEA Techno-Economic Assessment min max Subscripts related to correlation validity values
VOCs Volatile Organic Compounds Vai] Square parenthesis indicate the hourly molar flow of
VS Volatile Solid component i kmol=h
WGS Water Gas Shift d;D Variation on initial/final molar flow value kmol=h
etc.) that are not of direct interest of the present paper [9]. Its
composition varies according to the adopted feedstock, seasonality Table 2

and operating conditions of fermenters and plants; average values
are presented in Table 1:

The adopted feedstock influences not only biogas composition
but also the quantity of biogas that can be produced. According to
the amount of volatile solids (VS, the biodegradable fraction of the
feedstock, usually 70e80% of the total mass) it is possible estimate
the obtainable quantity of biogas, as shown on Table 2:

In current biogas production concepts, the organic feedstock is
fed to a fermenter where specific microorganisms convert the
feedstock to biogas in an anaerobic environment. Biogas is then
processed according to two routes: biomethane production
(henceforth denominated ‘BioCH4' process) or CHP process. In the
simpler CHP concept, biogas is burned to generate heat and elec-
tricity in a combined cycle; the electricity produced can be sold to
the grid while the heat can be sold as district heating. For the
BioCH4 process, biogas is purified, enhancing its methane content
by removing the other components; most importantly is the
removal of CO2 from biogas, the most abundant impurity; after
purification, biomethane is pressurized and sold at the gas grid.
Table 3 presents the main standards for gas injection in the Italian
gas network.

Table 1
Biogas composition ranges; molar fraction values (in %) by Ryckebosch et al. [10].

Component Min Max Mean
CH,4 40 70 60
CO2 15 60 40
H20 0 10 2
HaS 0.005 2 0.7
Siloxanes 0 0.02 0.01
VOCs 0 0.6 0.3
NH; 0 1 0.3
O2 0 1 0.4
CO 0 0.6 0.3
Na 0 2 0.5

Biogas yield by feedstock [11].

Feedstock Biogas [Nm?¥t VS]
Manure 200e500
Cultivation residues 350e400
Agro-industrial residues 450e800
Butchery organic waste 550e1000
Depuration sludge 250e350

Organic fraction of municipal waste 400e600

Energy crops 550e750

Among the main commercial processes used for the purification
of biogas to biomethane are pressure swing adsorption (PSA),
pressurized water scrubbing (PWS), chemical scrubbing (CS) and
membrane filtration (MF) [13]. PSA is a batch process based on the
different affinity that impurities have with the adsorbents (e.g.
zeolites, alumina or activated carbon). It is an interesting process
since it allows removing not only COz, but also other chemicals like
HsS, H20, Oz and Na. PWS is based on the difference of COz and CH4
solubility in water and is one of the most diffused technologies for
biogas purification; previous work has been done on the attempt to
decrease operating pressures, which is clearly an impacting factor

Table 3
Main Italian standards for supplied gas quality [12]; braces indicate molar fractions;
the asterisk indicates properties measured at 1 atm and 15 °C.

Parameter Unit Min Max
HHV* MdJ/m? 35 45
Density* kg/m3 0.68 0.98
Water dew point °C e -5
Hydrocarbons dew point oC e 0
Temperature oC 3 50
fOzg % e 0.6
fCO29 % e 3.0
fHog % e 0.5
fCOg % e 0.1



in process cost [14]. CS involves chemical absorption, usually with
amines like MDEA. The process can be done at small pressures but
high temperatures are required to regenerate the amine solvent.
MF is a physical process; biogas is compressed and put in contact
with a membrane permeable to COsz, thus separating it from CHa.
The comparison of the different upgrading technologies is reported
in Table 4.

A scheme for the current BioCH4 concept of biogas utilization is
presented in Fig. 1 together with the accumulated carbon balance
relative to the initial quantity of biogas. As a simplification, biogas is
considered as a binary mixture containing only carbon dioxide and
methane; its CO2 molar fraction is 40%. After the purification step
the biomethane intermediate contains only 60% of the initial car-
bon, if one assumes the complete separation of carbon dioxide (and
its discharge into the atmosphere). At the end of the process, after
grid injection, biomethane is burned by the final user; this brings
the overall carbon balance to zero since all of the carbon initially
present in biogas has been released into the atmosphere. A similar
scheme could be drawn for the CHP plant, where the biogas is not
purified to biomethane but instead it is directly burned (in situ) to
produce heat and electricity.

Since all of the carbon initially present on biogas was at one
point absorbed from the atmosphere as COg, its reemission means
that current biogas exploitation models are zero-impact processes
(in terms of carbon emissions). Therefore, even if its economic
sustainability depends on incentives [2], biogas contributes
significantly to the achievement of European standards on renew-
able energies.

11. The HPC concept

In the HPC concept, biogas is converted into liquid, high-value
chemicals. Inserted after the traditional operations in existing
biogas plants, the HPC concept is characterized by () a reforming
section; (ii) a synthesis section; and (iii) a purification section to
upgrade the final product to the market specifications.

The reforming section consists of a catalytic reformer that al-
lows transforming the biogas in syngas (a mixture of CO and Ha).
This section requires medium pressures and temperatures around
900 °C. Biogas reforming is an endothermic operation and requires
relevant heat to proceed; energy integration of the whole plant is
essential for the successful realization of the concept, as it will be
shown.

Main chemicals that can be obtained in the HPC concept are
partially oxidized organic molecules such as methanol, dimethyl
ether and acetic acid; indeed, it is possible to synthesize every type
of organic molecule starting from syngas through well-known
procedures, including aldehydes, superior alcohols, ethers, acids,
long-chain hydrocarbon (through Fischer-Tropsch synthesis) and
other chemicals [16]. This new concept could involve many in-
dustrial sectors due to the potential of syngas.

Downstream the synthesis section is the purification section
(unnecessary only if chemicals can be produced at market

Table 4
Comparison of different biogas-to-biomethane upgrading technologies [15].

3

specifications). Whenever purification is performed, the separated
byproducts are either recycled back upstream to the reforming
section or burned for energy generation, thus promoting effective
process integration.

A scheme for such concept is presented in Fig. 2 together with
the accumulated carbon balance relative to the initial quantity of
biogas. Negative carbon balance is observed for the process since
carbon is retained in the chemical structure of the produced liquid
chemicals. Methanol, the main product investigated in this work, is
an important component in the production of polymers and textile
fibers, i.e., a process which provides a mid to long-term seques-
tration of COs. The number reported on Fig. 2 (41%) is the result
found in this work if the corresponding biogas is used (i.e., CO2
molar fraction equals 40%).

The HPC concept is not entirely new: much research has been
conducted on a spectrum of processes that range from being almost
the same process to those that have only small similarities. Over 20
years ago, Choudhary et al. [17] worked with the steam and dry
reforming of methane using Ni/Ca catalysts (reactions (1) and (2),
as it will be seen ahead); the use of atmospheric pressure allowed
these researchers to benefit from the reforming activity of CaO,
which becomes inactive if found in its carbonated or hydrated
forms (CaCOs and Ca(OH)s, respectively), which are the prevailing
forms at the standard operating pressures of industrial reformers
(between 5 and 25 bar) [18]. These authors already knew that such
a reaction system could be used to produce syngas suitable for the
production of methanol or Fischer-Tropsch fuels. More recently,
other authors have extended the reaction system by investigating
the effects of adding pure oxygen to the reforming mixture (the so
called tri-reforming of methane) while also using more sophisti-
cated catalysts; Izquierdo et al. [19] researched atmospheric pres-
sure tri-reforming for producing syngas from biogas using Ni/
RheNi catalysts with either magnesia or modified alumina sup-
ports; Vita et al. [20] studied the same reaction system with Ni
catalysts supported on ceria oxide.

Contrarily to the established industrial practice, it seems that
there is a tendency to do experimental research at atmospheric
pressures. This is somewhat problematic, mostly because the
methane conversion is favored in this condition, which leads to
overestimation of this value. In the second place, low pressures
foresee high gas volumes, which require bigger equipment (espe-
cially the reformer and the heat exchangers), thus affecting in-
vestment costs. For what concerns catalyst and reaction system
complexity, while the optimum trade-off between cost and activ-
ity/stability has not yet been solved, it is clear enough that adding
pure oxygen to the reaction system brings additional logistic/cap-
ital costs to a specific plant.

Given the above scenario, it is reasonable to think that a near
term solution for biogas reforming should lay somewhat close to
the traditional methane reforming, with high pressures, the
cheapest stable catalyst and no added oxygen. In this work, a TEA of
such a process is performed using computer simulation, as many
other authors have also produced TEAs of HPC processes.

Cleaning Process PSA PWS CS MF
Pre desulphurization necessary Yes No Yes Yes
Methane loss (wt %) <3 le2 <0.1 0.6e3
Operative pressure (bar) 4e7 5e10 oe5 5el6
Electricity consumption (kWh/LHV MWh of raw gas) 32e44 34e42 <15 34e51
Required temperature (°C) e e 110e160 e
Process uses chemicals No No Yes No
Number of plants in Germany 38 55 55 11
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Fig. 2. Schematic representation of the HPC concept. On the bottom is the percentage of the carbon initially present in biogas that remains in the methanol product.

Unfortunately, most of these works are incomplete (or even wrong)
and the TEAs they present is insufficient.

Abdelaziz et al. [21] simulated the production of methanol by
reducing COz with hydrogen; while the first reactant was obtained
from a power plant flue gas stream, the second came from a chlor-
alkali plant. The economic analysis was somewhat dubious: no cost
was attributed to hydrogen, the proposed concept was not con-
fronted with an alternative (competing) process and equipment
and process cost estimation is unrealistic (payback times were
around 1 year, with 70% net profit of the present-value investment).
In this work, the newly proposed HPC concept (methanol from
biogas) is confronted with the already established BioCHs and CHP
processes. We shall demonstrate that, while none of the three
processes is economically sustainable, the new process (HPC)
possesses a cost that is between that of the CHP (higher) and that of
the BioCHa process (smaller).

Gopaul & Dutta [22] worked on three different biogas dry

reforming concepts with varying degrees of complexity and energy
self-sufficiency. For the more complex designs, energy was pro-
vided either by adding pure oxygen or by separating hydrogen from
biogas and burning it (with pure oxygen). Through a sensitivity
analysis, an optimal set of operating conditions was defined for
each process. The unresolved issue is that, with no economic
evaluation whatsoever (or any other means of comparing process
performance), it is impossible to rank the different processes.

Gangadharan et al. [23] compared two processes for producing
syngas from natural gas: (1) steam reforming and (2) a combination
of steam and dry reforming. The economic analysis is chaotic; even
though capital costs are estimated, the economic analysis does not
consider final manufacturing costs (i.e. the unitary cost of syngas),
and a final comparison between process performances is left for the
reader as an exercise. It must be emphasized, however, that the
reformers were priced as packed distillation towers.

For this work, methanol was the considered chemical for the



HPC concept. Methanol is one of the most important building
blocks of the chemical industry with an annual production of 90
million tons [24]. It is used for the synthesis of several chemicals
(MTBE, DME, acetic acid) and end-use products like plastic resins,
gasoline additives, olefins, solvents and fuels. Methanol is mainly
produced from fossil fuels using process like steam reforming, non-
catalytic POX and coal gasification [25].

Santos et al. [26] simulated and optimized the methanol pro-
duction from syngas obtained through dry reforming of different
biogas sources; oddly enough, no attention was given to the energy
(heat and electricity) requirements of the optimal process. For the
production scheme proposed in this work, biogas reforming and
methanol synthesis consume approximately 40% of the initial LHV
energy input (which is transformed in heat); discounting available
heat, the process energy yield is approximately 60%, which means
that these two operations are responsible for practically all of the
energy loss in the process.

Hernandez & Martin worked on the simulation and optimiza-
tion of biogas conversion to methanol [27] and Fischer-Tropsch
fuels [28]. These are one of the most sophisticated TEAs of a such
HPC process. Nevertheless, the authors still committed gross mis-
takes: (1) the economic optimization is uncoupled from the final
economic assessment, which leads to suboptimal solutions; (2)
electricity generation is not considered; the surplus heat dissipated
with cooling utilities becomes a cost (3) the reformers are priced as
fired heaters, synthesis reactors are not priced at all; among others.
The production of renewable energy brings to light new issues
such as that of energy storage. With fossil fuels, the production
fluctuation is mostly associated to the demand fluctuations of the
market. With renewables, the energy supply also fluctuates, with
periods that can be on the range of a few hours (such as with solar
energy), days (wind) or even months (biomass). Koytsoumpa et al.
studied water-electrolysis concepts as a means to compensate the
production and demand fluctuations from renewable energy
sources [29]. In such concepts, the excess grid load can be used to
produce methanol from flue-gas CO2. The idea is interesting but the
authors fail to realize the mistake of associating the new technol-
ogy with an old-style, fossil fuel power plant. While there are
obvious economic gains of scale involved in this association, this
synergy ultimately promotes the use of fossil fuels, not their sub-
stitution. With three different end-products (heat, electricity and
liquid fuels), the HPC concept promotes the same flexibility ad-
vantages without association to fossil energy.

In this work, the HPC concept is compared to the already
existing biogas utilization models; the general process scheme is
reported in Fig. 3; in the traditional CHP plant, biogas is sent to a
power generation section where it is burned in a combined cycle
(gas turbine p steam turbine) for heat and electricity production. In
the henceforth denominated ‘BioCH.4’ process, biogas is purified (in
this work with PWS), to obtain biomethane. In the proposed HPC
process, the PWS section is slightly modified in order to produce
two streams; the first stream is rich in methane while the second is
rich in COq. In the reforming section, part of the methane stream
reacts with a fraction of the CO2 stream to produce syngas while the
remainder of the methane stream is burned to provide process
heat. In the synthesis section, syngas reaction produces a raw
methanol stream (methanol, water and dissolved gases) and a
stream of purge gases (unreacted syngas plus inerts); the raw
methanol stream is processed in a distillation column to produce a
high-purity, liquid-methanol stream and a gaseous, methanol-rich
stream (‘Off gas’ on Fig. 3). Lastly, heat and electricity are produced
by burning a fuel stream that combines purge gases from the
synthesis section with off gases from the distillation in a power
generation section, just like in the CHP process.

2. Methodology

The processes were studied through computer simulations on
commercial process simulator Aspen HYSYS. Biogas was considered
as binary mixture, i.e., containing only carbon dioxide and
methane; COz molar fraction was 40%. Biogas input was equal to
1 MW (in terms of LHV), which equals 204 kg/h if 365 work days
per year are considered. The simulation flowsheet is reported in
Fig. 4 with the pertinent sections that were previously introduced
together with Fig. 3. The first lane on the top of Fig. 4 refers to the
CHP process; the second lane, on the middle, pertains to the BioCH4
process (a post compression section is seen after the PWS section);
the bottom lane belongs to the assessment realized for the HPC
process. In the next sections, some information is given on the
design and modeling strategies of the main subsections (PWS,
reforming, synthesis, etc), while a complete description is given on
the Supplementary Material. For the sake of brevity, the description
of some sections are left for the Supplementary Material.

21 Methane reforming

Methane reforming is a process that produces syngas (a mixture
of Hz and CO) by reacting methane with water and/or carbon di-
oxide in the presence of a metallic catalyst (usually nickel sup-
ported on aluminum or magnesium oxide). Since it is an
endothermic process, heat must be provided to the system, usually
by burning part of the methane available at the process; it is usually
performed at elevated temperatures (750€950 °C) and pressures
(5€25 bar) [18]. In a steam reforming furnace, the reacting mixture
flows through tubes that contain the catalyst; on the outside of the
tubes (inside the furnace) methane is burned with air, thus heating
the tubes and enabling the reforming reactions to proceed. The
main reactions involved in the process are reported on Table 5
below. It is interesting to notice that only two of these reactions
are independent.

The simultaneous occurrence of reactions (1) and (2) helps
overcoming the difficulties of single-reaction systems; the presence
of water steam avoids the deactivation by coke formation while the
presence of COz incorporates carbon to the process. By using square
parenthesis to indicate molar flows, two important parameters
were used to characterize the composition of the reforming inlet
stream:

VaH20 R %V2C02

R V4
YU vecH) 2T VaCHA

It will be seen that these parameters determine outlet syngas
yield and composition. For reaction (1) the Ho/CO ratio of the
products equals 3; for reaction (2) it equals 1; this suggests that, by
using appropriate values of R1 and Rz, the Ho/CO ratio in the
reformed gas could somehow be adjusted to meet the re-
quirements of the downstream application.

22. Methanol synthesis

Methanol synthesis from syngas is a heterogeneous phase re-
action typically catalyzed by copper/zinc oxides on alumina sup-
ports [31]. Again, typical reaction conditions include high
temperatures (200300 °C) and pressures (50e100 bar). This sec-
tion was simulated using the kinetic model proposed by Graaf et al.
[32], one of the most widespread and authoritative in the literature.
The model, which is based on a commercial catalyst, considers
three reactions and uses the SRK equation of state to calculate gas
fugacities. The reactions involved in the process are reported on
Table 6 below. Again, only two of these reactions are
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Table 5

Reforming section reactions, as seen in Fugiang et al. [30]. *: kJ/(mol €Oz ) in the last reaction.

Reaction Stoichiometry

DHazos x 8kdJ =mol CH;P Reaction number

CH4 p H2043H: b CO
CHa p CO242H:2 b 2CO
CO2 b H24CO b H20

Steam reforming
Dry reforming
Water-gas shift

(thermodynamically) independent. By using square parenthesis to
indicate molar flows, two important parameters were used to
characterize the composition of the inlet syngas stream:

VoH> YoHs]- ¥2C0s]
S, Va Sy Va
Z00)] ¥2C01b V2C0:]

It will be seen that these parameters determine outlet methanol
yield. These parameters can be associated to reactions (4) and (5)
(respectively) and are related to systems without and with CO:
(respectively). From the stoichiometry of reaction (4) it is intuitive
to think that the optimal value of S1 should be near 2 for a system
without CO:2. The reasoning behind the identification of the second
parameter is that, if all of the CO2 of the system were converted to

206 (6)]
247 (2)
41 3

€O through reaction (6), the amount of Hz (and the amount of C0)
would have decreased (increased) by the initial amount of CO:
(thus producing a system which is essentially He and CO as re-
actants); therefore, one could think that the optimal value of S2
should be near 2 for a system with COq; this is verified for the
simulations performed in this work. On the other hand, other fac-
tors were seen to affect the operation yield. These features are
discussed in this work, in the pertinent ‘Results’ section.

2.3, Economic assessment

In this work, the innovative HPC process is compared to the
traditional biogas plants, represented by the BioCH4 process and
the CHP plant. The operational expenses (OpEx, ie., the



Table 6
Methanol synthesis reactions.

Reaction Stoichiometry DH29s k 8kdJ =mol COb Reaction number
CO to MeOH COb 2 H4CH3;0H -91 @
CO2 to MeOH CO2 b 3 H2 4CH30H b H20 - 49 (6))
Water-gas shift CO:z p H24CO b H20 41 ©)

manufacturing costs) are evaluated according to the methodology
presented in the book by Turton et al. [33] and are summarized in
Table 7. Further information will be given ahead with respect to the
quantities defined as YCA (yearly capital amortization) and PCI
(present cost of investment).

Cost with raw materials cost comprise biogas production cost
(for all processes) and catalysts (for the HPC process). Only the
BioCH4 process consumes utilities (electricity) since it does not
possess a power generation section. For the CHP plant, revenues are
composed by electricity and waste heat sales. For the BioCH4 pro-
cess, revenues come from biomethane production. For the HPC
concept, there are revenues with methanol, electricity and waste
heat. For the sales of waste heat, only 7 (cold) months of the year
are considered. Summing all of the entries in Table 7 and solving for
the OpEx produces the following expressions:

OpExVaAp Bb 222% Cp23%

PCIp19% OpEx

OpEx V4 123%DA b Bbp 273% Ch 29% PCI

The YCA (yearly capital amortization) is obtained from the
conversion of the total PCI (present cost of investment) to an
equivalent series of yearly installments. The equation below, a
known result from power series, allows calculating the YCA for a
given PCI, considering Im years of construction, 1 years of operation
and 1 yearly interest rate:

YCA Va b$PCI

B ]1(1 + ﬂ')r_l+m
T+ -1

For this work, (m,m,i) = (1 vear, 20 vears, 2%); using
these parameters yields b ¥ 6%, which is the value seen on Table 7.
The estimation of the PCI was performed using the methods
described in the work of Turton et al. [33]. First, the base cost of
each single equipment ('C*) is calculated through correlations based
on the equipment ‘size’ or its capacity parameter ‘A’ (volume for
reactors, area for heat exchangers, power for pumps and com-
pressors, etc):

B

Table 7
Summary of OpEx evaluation methodology.
Tag Name Value
A Raw materials Calculated
B Utilities Calculated
C Operating labor Calculated
D Supervisory & clerical labor 18% C
E Maintenance & repairs 6% PCI
F Supplies 15% E
G Laboratory 15% C
H Patents 3% OpEx
I Taxes & insurance 3:2% PCI
J Overhead 60% dC b D b EP
K Administration 15% dC b D b EP
L Distribution & selling 11% OpEx
M Research & development 5% OpEx
N YCA 6% PCl

CV4 Ko b K1log A b K2dlog AP?

A <A< AL

min
in which the K are constants that depend on the equipment type
and the subscripts min and max denote the minimum and
maximum capacity values for which the cost correlation is val-
id.The base cost is converted to installed cost through a multiplying
factor that depends on equipment type, operating pressure and
construction material. The heat exchanger network PCI was
considered to be worth 15% of the total PCI. This cost was distrib-
uted through each of the sections with a multiplying factor.

If the capacity parameter value is below the lower limit value of
the correlation, the base cost is calculated by scaling the minimum
value with a 0.6 exponent:

0:6
1 .
C A Cinin A

min
A< Amin

C VK pK logA DbK dlogd b2
min 0 1 min 2 min

The 0.6 exponent is a typical value used for in scaling equipment
cost if no information is known a priori about the behaviour of the
cost function [33]. The usefulness of such approach is that the
extrapolated values (the equipment cost whenever the scale
parameter is out of the correlation range) have a qualitative
behaviour that is coherent with the expected behaviour for such
cost functions. Additionally, this procedure avoids obtaining
negative numbers for the equipment cost, which may be produced
for specific values of the scale parameter with the original
correlations.

The minimum support cost (MSC) accounts for the capital that
must be provided for the process to run without profits/expenses; it
is a measure of the process economic self-sufficiency. It is calcu-
lated as

t OpE:
MSCVsV = MWh]Va - "0 UPEX

net energy output

with the net OpEx being calculated in terms of expenses minus
revenues; the net energy output corresponds to the energy associ-
ated to products minus that consumed with electricity; the minus
sign in front of the expression accounts for the (usually) negative
net OpEx value.

The MSC cannot be used as a definitive index to rank the pro-
cesses, since different products are being produced in each case,
each product serving a different (energy) need. The MSC by product
can be found bgéolving the following equation:

MSC O

1 1

—net OpEx Ya

in which MSC; is the MSC of product i (in V=MWh) and 0; is the
output of product i (in MWh). The calculation of these quantities is
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insightful in defining energy policy guidelines regarding an
incentive system. For this work, the ratio between market prices
and MSC of the products was preserved.

The typical rate of return on the PCI value is not so represen-
tative in this analysis; the conversion of the PCI into YCA is equiv-
alent to considering that the initial investment is completely
financed (through, e.g., a bank loan). The rate of return on the OpEx
(henceforth RoR OpEx) is considered since it allows for a more fair
comparison between the processes:

net OpEx

Va —
RoR OpEx 74 OpEx

3. Results and discussion

In this section the technical assessment is presented first, fol-
lowed by the economic one. The results obtained were compared to
those of other authors, especially concerning the modelling of the
PWS section, the modelling of the methanol synthesis section and
the economic evaluation. All the mass/energy flow values have
been normalized to a yearly basis, after multiplication by the plant
availability value of 95%.

A sensitivity analysis was performed with key variables that
were introduced in previous sections: Ri, Rz and Di. In order to
make the presentation of the results more straightforward, two sets
of operating conditions are defined:

o base dR1; Rz; D1b V4 8175%; 30%; 85%b
o optimal OR:; Re; Dib V4 8175%; 30%; 92%b

Base conditions have been used for most of the performed
sensitivity analysis while the optimal conditions are those that
present highest calculated net OpEx for the HPC process, as it will
be shown further ahead. It is worth remembering that the net OpEx
is calculated in terms of revenues minus expenses.

31 Reforming section

A sensitivity analysis was performed on the composition of the
inlet reforming stream, i.e., parameters R: and Rz. The results are
shown on the graphs of Fig. 5, where the contour lines of functions
of such parameters are plotted. Fig. 5(A) shows the amount of
methane that is sent for reforming; it can be seen that as the
amount of reactants increase (by an increase in Ri or Ry), the
amount of methane diverted to the reformer lowers progressively,
due to the bigger amount of heat that needs to be provided for the
exothermic reactions (by burning part of the methane). Fig. 5(B)
shows that, by increasing reactants concentrations, the conversion
of methane increases (as expected). The effect related to Fig. 5(A)
contributes to decrease the MY of the reforming section while that
of Fig. 5(B) contributes to increase the MY. At the current ranges of
Ri and R: it is clear from Fig. 5(C) that the first effect is stronger
while the MY can only increase with an increase in reactant con-
centration. The EY of the reforming step is seen of Fig. 5(D), with the
value of the index increasing (slightly) with bigger values of Re.
Again, this behavior does not suggest the position of the maximum
process net OpEx, which is obtained for dR1;R:P V4 830% ;175%b, as it
will be shown further ahead.

Parameters S1 and Sq are plotted in Fig. 5(E) and (F); they are
related to syngas composition. As stated previously, an increase in
R1 promotes reaction (1) in the direct sense and reaction (3) in the
reverse sense, both of which contribute to increase Si; a similar
reasoning applies to an increase in Rs, which promotes reactions (2)

and (3), both on the direct sense, which contribute to a decrease in
Si.

The S2 parameter has a completely different type of dependence
on R1 and Rs: while it is almost insensitive to the value of Ri, it has a
negative linear dependence on Rz. This behavior is connected to the
underlying thermodynamics: equilibrium constants of reactions (1)
and (3) are on the order of 10% and 1, respectively. This means re-
action (3) governs syngas component distribution when input
composition is changed while the influence of reaction (1) is
minimal. By using the definition of S: the above statement on the
dependency on R1 and R2 can be supported. First, define the
following quantity:

( ) VaHsl- ¥5C05]
SO V4 S, RO; RO 14 L2222
2 742285 2 7y colb 14000

Let a variation of d on the initial value of R; generate D1 amount
of reaction (3) on the final values of the involved mole flow values
(i.e., by increasing the initial amount of water, the final equilibrium
is displaced of a certain amount); considering the stoichiometry of
such reaction and plugging in values on the above equation yields
the following relationship for Sz at Ri ¥4 R} b d:

( 0 0) dVHalb Dib- 8%C051b Dib
Se R.pd;
2RPE R ol Dibp ovicodp Dib

YaH3]- Y2C0; 1 0
14COlp V5C05] 2

thus, confirming that Sz is independent of the value of R1 under
the previously assumed hypothesis. The same can be done for Re,
with the difference that the d term appears on the correspondent
expression, since the ¥2C0:] term is present on the relationship for
Sy

Va

0oHs]- Dab- 8%C0s]p d - Dob
0%2C0lp D2bp 8%2C0:]p d - Dob

( )
S2 R;R) bd

YaHo)- V2C0s] d
¥2C0lp %2C0:]b d = %5C0lp Y2C0:]p d

Va

YaHs]- Y2C0; d

15C0lp 5C05]  V5COlp Y5C04]

0 d
1 - _
% S, ¥5C0]p V2C0s)

thus proving the negative linear dependence of Sz with Ra.
Again, this supports the previously assumed hypothesis on the
‘dominance’ of reaction (3).

A sensitivity analysis was performed with the inlet syngas
concentration in terms of the previously introduced parameters S1
and Se. The results are shown on the graphs of Fig. 6, where the
contour lines of functions of such parameters are plotted. The
051; Sob pairs used to plot these functions are those obtained from
the sensitivity analysis from the previous section for specific
ORy; R:P pairs and, therefore, they do not cover completely the
square shown in each graph; nevertheless, this fact does not affect
the analyses here presented. On Fig. 6(A) and (B) are presented
values of R: and Re, respectively. This approach is useful for it al-
lows the determination of the ®Ri;R:P pair that produces the
desired 8Si;S:b pair. Fig. 6(C) and (D) display the MY of the
reforming section and the synthesis section (respectively).

A number of works (Refs. [27,31], among others) cannot prop-
erly shed light in the matter of defining the optimal operative
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Fig. 5. Contour lines of functions of the previously introduced parameters R1 and Rs: (A) fraction of inlet CHs that goes into the reformer; (B) CHs conversion in the reformer; (C)

and (D): Reforming step MY and EY; (E) and (F): S; and Sz of syngas.

values of S1; SqP for the synthesis step other than informing a broad
range of values in which the process should be carried out. Other
works (Refs. [34,35], among others) inform a single value with
which to work (usually with Sz 2), which is then vaguely identi-
fied as the ‘ideal’ value. The term ‘ideal’ probably originated as a
reference to the hypothetical situation of all of the CO2 being
converted to CO through reaction (6) with (subsequent) complete
conversion of all of the CO to methanol through reaction (4); the

problem is that these works (Refs. [34,35]) identify this value
(erroneously) as an optimal operating point for the synthesis step.
If the MY is used as a criteria to assess the efficiency of the
processing steps, it is important to understand that a number of
factors give rise to the shape of the response surface in Fig. 6(D) -
from the amount of inerts to the kinetic properties of the catalyst,
the working pressure, temperature, recycle ratio and other system
parameters. Accordingly, the location of the synthesis step MY
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Fig. 6. Contour lines of functions of parameters S1 and Sa: (A) Ri; (B) Ry

maximum should be a function of all of these factors. Even though
the maximum seen in Fig. 6(D) is indeed located close to Sz V4 2
(more precisely at Sz 4 2.15), there is no guarantee of verifying this
behavior should this step be performed in different conditions. In
the second place, it is clear that the MY is also function of S; and
that the value of Sz alone is not enough to enforce optimality.

More important than these considerations is to acknowledge
the coupling between reforming and synthesis steps. It is seen on
Fig. 6(C) and (D) that the operating optima for MY of the reforming
and synthesis steps do not coincide; this is indicative that the
optimal process operating point (associated to the optimal ®Ri; R:b
or 0S1; S2b pair) is the best trade-off between the efficiencies of the
single stages.

32. Economic assessment

Fig. 7 presents the results of the sensitivity analysis on the net
OpEx of the HPC process; non-changing parameters assume values
from the base conditions. By examination of Fig. 7 it becomes clear
that the maximum net OpEx is obtained for dRi; Re; D1P V4 0175%;
30%; 92%b, a.k.a., the optimal conditions. The inflexion point on
Fig. 7(B) is created due to the trade-off between methanol yield and
electricity production with parameter Di. As D: increases, more
methanol is recovered, at the expense of a higher boiler duty.
Therefore, not only less gases are burned on the gas turbine, but
also less heat is available for the steam turbine, thus reducing the

(C) & (D) MY of the reforming and synthesis section (respectively).

electricity output. The optimal conditions are used for the HPC
process in all of the following analyses.

The BioCH4 process is the most economically competitive; in
terms of PCI it presents a value that is around one third of the value
seen for the HPC or the CHP process (both have similar PCIs).
Economic sustainability is not attained for any of the processes due
to the overall high manufacturing costs. Further details on the PCI
and OpEx calculations are given in the Supplementary Material.
Table 8 shows the MSC for each process, together with corre-
sponding values from different literature sources. Again, the Bio-
CH4 process (for this work) is clearly the most interesting, yielding
the least expensive MSC. All of the MSC presented by other authors
are less conservative than the ones found in this work. The reason
for such disparity lies in the use of different parameters than the
ones from this work. The data extracted from these works is pre-
sented in the Supplementary material, together with comparisons
on the values of the main parameters used by these authors and
those used in this work. All of these works present problematic
hypothesis and, in general, manufacturing costs are too low. Among
other problems, Tricase et al. [36] considers unreasonably high
electricity selling prices (90 V/MWh Vs 38 V/MWh in this work)
while Hernandez and Martin [27] consider a production scale
which is one order of magnitude bigger than the one considered
here (differently from the current trend in biogas plants), with 50%
of the specific costs of electricity and biogas used in this work.
Rotunno et al. [37] considered a 40% smaller scale and,
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Fig. 7. Sensitivity analysis of the net electricity production; non-changing parameters assume values from the base conditions.

Table 8
MSC for each process and comparison with data from other authors.
Process HPC BioCH4 CHP
Reference This work Hernandez & Martin [27] This work Rotunno et al. [29] This work Tricase et al. [41]
Net OpEx (kV/y) -699 -1838 -510 -207 -758 -16
Net energy output (MWh/y) 6464 40694 8229 5400 6903 438
MSC (V/MWh) 108 45 62 40 110 36

nevertheless, found a much more optimistic MSC. Dire conse-
quences may arise due to the underestimation of the cost of pro-
duction of bioenergy. Should the values of government subsidy
drop considerably, it may be that the operation of installed biogas
plants becomes economically unfeasible. Considering that support
policies have been significantly reduced in the last years [38], this
may actually happen in the near future. It is important to realize
that the MSC estimated in this work for biomethanol production
(both for the whole process and for the single product, as it is
shown further ahead) are also in great divergence to the policy
values assumed in the work of Koytsoumpa et al. [29] (of around 40
V/MWHh). It is not clear why the authors present this value, nor the
reference from which it was taken. In general, a great deal of
confusion arises when products such as methanol are considered as
a renewable energy source. This is mostly due to these chemicals
being precursors in important processes (e.g. methanol is an in-
termediate product in the production of different polymers).
Clearly, the substitution of petro-for biochemicals is also a desirable
effect, but their share on oil consumption is of mere 10% (approx-
imately) [39]. This means that the positive environmental impact of
such substitution is only marginal when compared to the potential
of the energy use (i.e., when methanol is used as a liquid fuel).
Lastly, this means that the two different uses (liquid fuel/interme-
diate chemical) should not be supported in the same manner.

The values predicted within the model constructed in this work
are dependent on many parameters, the values of which may not
correspond to the actual values not only due to poor modeling but
due to their change in time for several reasons (e.g. the market price
of electricity may oscillate due to variations on its availability/de-
mand). The influence of some economic parameters on the MSC is
illustrated on Fig. 8, in which a ‘star diagram’ is presented for each
of the processes. The MSC value is shown on the vertical axis while
the horizontal axis shows the variation of the original parameter
value; among the analyzed parameters are the PCI, along with the
cost (selling prices) of consumables (products) and the energy

input. As expected, the MSI is a strong function of the PCI, the
biogas cost, and the selling price of the main product of each pro-
cess. The BioCHy is the least sensitive of the processes, which is
indicative of a high economic resilience in case of market fluctua-
tions. It is interesting to notice that the HPC process, having electric
self-sufficiency, is not influenced by the cost of this commodity.
Among all of the analyzed variables, the energy input is the only
one that can be suitably manipulated by the engineer (at the design
phase). For such a variable, the obtained MSC values can be
extrapolated through an exponential fitting of the data to obtain
the limiting MSC value at high biogas inputs. The following func-
tional form is used in such a procedure:

MSC V4 A - B expOLHV biogas inputb

For each case the values of A were located between 30 and 50
V/MWHh. This reveals that, all other parameters being held constant,
none of these processes can ever be attain economic self-
sustainability under a variation of the energy input.

A unifying support policy can be proposed, so that no process is
economically superior to each other. This avoids having a disparity
in the production of different products. It is interesting to notice
that this uniformization does not prevent the more economically
competitive processes to prevail over the others. This happens
naturally, since the some products will still be, in any case, cheaper
than the others (e.g. methane is cheaper than methanol or elec-
tricity). It is then natural that customers prefer such product and, in
this sense, the production becomes demand-driven. Of course it is
also possible that each product/process be subsidized in different
manners, if other economic/social factors are considered. Those
were presently not considered will be further investigated in future
works.

The MSC by product is presented on Table 9; it is seen that the
same products, when produced in different processes, have
different MSCs. The fifth column presents a set of proposed support
values, all of which are superior to the individual MSC in any case;
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Fig. 8. Sensitivity analysis of the MSC for the different processes; analyzed parameters: PCIL cost/selling price of consumables/products and the process energy input.

the values for this support policy were estimated by simple trial
and error in such a way that all of the processes have equal RoR
OpEx (this is seen on the bottom part of Table 9, with the net OpEx
values already including revenues from the support policy). In
columns 6 and 7 the current governmental subsidy policies offered
from Italy and Germany can be seen. The subsidy offered by both
countries in terms of electricity are close to the MSC values calcu-
lated in this work. For biomethane, the Italian subsidy presents
good agreement with the value estimated in this work; the German
subsidy is considerably above, which explains the leading position
of this country in European biogas energy usage. The agreement
between calculated MSC and observed subsidy values is indicative
of a good accuracy of the model. It is thus worth to observe that, at
the current energy policy scenario, the HPC process is comparable
to the CHP process (in terms of MSC). This finding supports the HPC
process as a possible alternative to biogas usage.

4. Conclusion

In this work the techno-economic feasibility of three biogas
utilization processes was assessed, two of which already used
commercially (BioCH4 and CHP). The processes were studied
through computer simulations on commercial process simulator
Aspen HYSYS. Biogas was considered as binary mixture, i.e., con-
taining only carbon dioxide and methane; COz molar fraction was
40%; biogas input was equal to 1 MW (in terms of LHV). A set of
optimal conditions was determined for the innovative HPC process
through a sensitivity analysis of the variables Ri, Rz and Di.

For the HPC process, the coupling between the reforming and
synthesis section was examined, with the correct relationship be-
ing established between the reforming parameters, syngas output
and methanol yield, as well as illustrating a method to analyze and

Table 9

choose optimal operating parameters. Process energetic efficiency
is highly dependent of the transformations at the reaction sections.
The use of new technology (such as catalytic membrane reactors)
could improve the energy yield significantly by effectively inte-
grating the process. A long-standing point concerning the optimal
operation of the synthesis section was discussed; such an optimum
must be function of multiple parameters and cannot be defined
singularly by the parameter Se.

The economic analysis of all of the three processes indicates that
none of these attain self-sustainability due to high overall
manufacturing costs. It was discovered that the BioCH4 process has
the least expensive MSC (62 V/MWh); the MSCs of the CHP and
HPC processes are almost twice the value. The model could explain
currently practised government subsidies in Italy and Germany. It
was seen that the newly proposed HPC process is economically
comparable to the traditional CHP process. Therefore, the HPC
process is a possible alternative to biogas usage. A support policy
was proposed; the proposed energy policy results in a 10% OpEx
RoR for any of the processes. This avoids a disparity in the pro-
duction of different products.

The economic assessment in this work is certainly insightful in
revealing the importance of the support policies on the short- and
medium-term survival of such processes. Other than the obvious
environmental aspect, these processes are fundamentally associ-
ated to the valorization of biomass. Process economics could be
enhanced if part of the biomass were elaborated into acetic acid or
any other high-valued chemical. This could be the missing elements
with which to make such processes economically self-sufficient.
These measures could effectively enable the establishment of a
new productive model, reducing dependence on fossil imports
while promoting social and economic development.

MSC by product for each process; values on the top portion of the table are in V/MWh. The net OpEx values on the bottom part of the table already include revenues from the

support policy.

Product HPC BioCH4 CHP This work (proposed) Italy (current) Germany (current)
Available heat 24 41 44 50 e e

Biomethane e 59 e 66 75 [30] 105 [41]

Electricity 77 e 141 158 160 [40] 130 [42]

Methanol 137 e e 148 e e

OpEx (kV/y) -1046 -658 -962

Net OpEx (kV/y) 107 65 91

RoR OpEx (%) 10 10 10
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