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The requirement for sustainable development has prompted the researchers to explore solutions for bet-
ter utilization of renewable energy resources in the future. Biomass is a promising resource and it can be
converted to multiple products and services including fuels, chemicals, heat and electricity via different
conversion routes. Hence, replacement of fossil-based services with biomass-based services is critical to
mitigate fossil CO, emissions, and innovative design of new and efficient energy conversion systems is
necessary. Different industries need heat for their operations at different temperature levels. Today, these
demands are satisfied using conventional natural gas boilers by imposing a CO, tax to account for their
emissions. In this study, we discuss the potential of replacing conventional boilers with a combined heat
and fuel (CHF) plant design which utilizes lignocellulosic biomass in thermochemical conversion to gen-
erate heat for different industrial sectors together with biofuels cogeneration. Heat is generated due to
the exothermic nature of the thermochemical conversion processes that operate at high temperatures.
Gasification process produces syngas which is converted into fuels such as synthetic natural gas,
Fischer-Tropsch crude, methanol and dimethyl ether and electricity. Different scenarios are evaluated
considering the CO, produced via this system is either released, sequestrated, or stored and used in a
co-electrolysis unit in which surplus renewable electricity available during summer is converted into
additional syngas. A parametric analysis has been performed considering type and size of plants, CO,
tax, and purchase and transportation costs of wood to compare the price of heat for the industrial sectors.
Natural gas and wood boilers are used as the basis to calculate the breakeven CO, tax values for the same
heat prices for the proposed CHF systems. The results of this study present a state-of-the-art renewable
energy system as an alternative to conventional boilers.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

demand for power, heat, transportation fuels and raw products
together with the need for sustainable economic growth. Measures

Today’s research community is focusing on a future world with-
out fossil resources due to the undesired rates of emissions, dimin-
ishing fossil reserves, uncertainties in energy supplies, rising

* Corresponding author.
E-mail address: ayse.celebi@epfl.ch (A.D. Celebi).

https://doi.org/10.1016/j.ces.2019.04.018
0009-2509/© 2019 Elsevier Ltd. All rights reserved.

such as energy and resource efficiency and rapid development and
market introduction of renewable energies especially in industrial
sector are possible solutions to achieve a sustainable future. Bio-
mass as a renewable carbon source has a big role to play in this
context. It can be used in the manufacturing process of all
carbon-based products, including liquid hydrocarbon fuels to


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ces.2019.04.018&domain=pdf
https://doi.org/10.1016/j.ces.2019.04.018
mailto:ayse.celebi@epfl.ch
https://doi.org/10.1016/j.ces.2019.04.018
http://www.sciencedirect.com/science/journal/00092509
http://www.elsevier.com/locate/ces

60 A.D. Celebi et al./Chemical Engineering Science 204 (2019) 59-75

replace fossil-based products and services (Henrich et al., 2015).
Combined production of heat, electricity, and transportation fuels
from biomass creates promising opportunity to satisfy part of their
corresponding markets (Fahlén and Ahlgren, 2009).

Industrial heat demand constitutes two-thirds of industrial
energy demand and one-fifth of global energy consumption, and
is directly related to the most of the industrial CO, emissions as
the majority of industrial heat is provided via fossil-fuel combus-
tion (Conti et al., 2016). Within the global industrial heat demand
growth, the corresponding CO, emissions is estimated to account
for a quarter of global emissions by 2040 (Bellevrat and West,
2018). In Europe, industries consume 25% of input energy for heat
production, for which they use electricity and natural gas are their
primary energy suppliers. Combined heat and power (CHP) plants
are quite common to provide heat (Werner, 2006).

Since many industrial processes require high temperature heat,
many renewable heat technologies are limited by temperature bar-
rier. Solar collectors or geothermal sources can provide low tem-
perature heat and are limited by geological location. Electricity
can also be converted into heat via different technologies such as
heat pumps that can provide low temperature heat for residential
heating (Naegler et al., 2015). As a renewable energy source, bio-
mass combustion systems are capable of providing high tempera-
ture process heat but they are responsible for a significant portion
of the exergy losses in the overall system (Woudstra and van der
Stelt, 2003).

Biomass conversion via gasification may be the key to satisfy
the heat demand at different temperature levels while enhancing
the efficient use of limited biomass resources. The gasification pro-
cess generates excess heat when producer gas is cooled down after
the gasification stage. It is also possible to recover more surplus
heat via extensive heat integration methods (Egeskog et al.,
2009; Gassner, 2010). Excess heat from gasification can be used
in many different ways; for electricity production via gas or steam
turbine, for process integration with biochemical production pro-
cess, for biomass drying, and for integration with an energy-
intensive industrial site (Holmgren, 2015). Different configurations
provide different amounts of heat and exhibit different CO,
emissions.

Damartzis and Zabaniotou (2011) have reviewed the studies on
the integrated design of biomass gasification processes to produce
different biofuels by considering their energetic performance and
CO, emissions. Caliandro et al. (2014) and Sharma et al. (2017)
analyzed the potential of producing electricity using woody bio-
mass in an integrated gasification and solid oxide fuel cell - gas
turbine (SOFC-GT) hybrid system. Pihl et al. (2010) showed a
hybrid structure where existing combined cycle gas turbine (CCGT)
and fluidized bed (FB) gasifier are combined with a steam cycle
integration. Gassner (2010) proposed an integrated system in
which woody biomass is converted to SNG (synthetic natural
gas) and the excess heat is used to produce electricity considering
different options for carbon capture and sequestration (CCS). Their
work showed that in the presence of surplus electricity during
summer, integration of electrolysis unit results in higher profit
for the conversion of wood into SNG.

Many studies considered the heat integration between a gasifi-
cation plant within a pulp and paper mill (Consonni et al., 2009;
Isaksson et al.,, 2012; Wetterlund et al., 2011; Andersson and
Harvey, 2007). Some other studies focused on integrated biomass
gasification systems with district heating system (Hannula and
Kurkela, 2011; Huisman et al., 2011). Holmgren et al. (2016) inves-
tigated the gasification systems connected to the district heating
systems of industrial clusters, producing biofuels and considering
CCS. Werner (2006) performed an analysis to identify the potential
of using cogeneration of biofuels and heat (CBH) in district heating
in Europe.

A few studies considered the integration between gasification
systems and the industrial clusters. Hackl and Harvey (2010)
replaced a natural gas boiler of a chemical cluster site in Sweden
with biomass gasification system. The concept showed that the
cost and CO, emissions are improved when compared to stand-
alone plants. Arvidsson et al. (2012) integrated SNG production
via different gasification systems into an industrial cluster. The
benefit of excess heat integration into the clusters’ heat demand
was explained, but economics and emissions were not investi-
gated. Johansson et al. (2013) studied the integration of FT fuel
via gasification pathway into an existing mineral oil refinery, and
evaluated the performance in terms of economic and greenhouse
gas emissions indicators.

CHP plants will no longer be attractive with the rapid energy
transitions across Europe and the globe. Intermittent renewable
power from wind and solar energy will shape future energy supply
with their high shares. Therefore, surplus production of power will
occur more often with increasing shares of variable renewable
energy sources, that will increase energy storage requirements.
Fuel storage systems and existing gas distribution networks are
large and convenient facilities with proven and available technolo-
gies and it enables a seasonal storage of renewable energy (Sinn,
2017).

Biomass is a source of carbon for seasonal storage of surplus
renewable electricity and has a potential to mitigate fossil CO,
from industry. Literature review showed that overall system inte-
gration between biomass gasification, carbon capture and seques-
tration (CCS) and power to gas (P2G) concepts is not widely
investigated aiming to supply industrial heat. The goal of this
paper is to assess the possible replacement of conventional (oil,
natural gas, and wood) boilers with a combined heat and fuel
(CHF) plant in which biomass gasification technologies are used
to cogenerate industrial heat and variety of fuels (synthetic natural
gas (SNG), Fischer-Tropsch (FT) crude, methanol (MEOH) and
dimethyl ether (DME)) and CO,, as a side product. Different scenar-
ios are evaluated considering the CO, produced via this system is
either released to atmosphere, sequestrated, or stored and used
in a co-electrolysis unit in which surplus renewable power is con-
verted into more biofuel. Industrial heat prices are calculated
assuming CO, reduction subsidies. A parametric sensitivity analy-
sis is performed to investigate robustness of different scenarios to
plant size, CO, tax and price of wood based on economics and
potential CO, reduction. The heat market is dependent on multiple
aspects such as primary energy supply, heat demands, heat carri-
ers, prices of resources, plant investment and CO, tax. The current
price of heat delivered from the conventional boilers is accounted
as a basis for the calculation of breakeven CO, tax that should be
imposed on conventional boiler heat.

2. Design methodology

The design methodology in this work is based upon building a
process flow superstructure of different biomass-to-fuels thermo-
chemical conversion pathways. This allows to assess different can-
didate technologies defined in the literature that includes the
corresponding flowsheet models. For each possible technology,
separate energy-flow, energy-integration, economic and LCA (life
cycle assessment) models are developed, as outlined in (Gassner
and Maréchal, 2009a). The energy-flow model provides the infor-
mation about the chemical and physical conversions from feed-
stock to product, and their energy (heat and power)
requirements are derived from mass and energy balances. The cor-
responding hot and cold streams are then used to build energy-
integration model to compute the heat recovery potential in the
system by wusing pinch analysis approach (Maréchal and
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Kalitventzeff, 1998). Considering heat cascade constraints and
material flows defined in the process, the minimum energy
requirement and optimal utility system integration scheme is cal-
culated with regard to minimum operating cost (Gassner and
Maréchal, 2009a). The economic model includes operating and
investment cost which is calculated for the preliminary sized pro-
cess equipments considering the correlations in the literature
(Turton, 2009; Ulrich and Vasudevan, 2003). In LCA model, each
material and energy flows are associated to a LCI (life cycle impact)
Ecoinvent unit process (Ecoinvent, 2018). The thermo-environomic
model consists of all these models and provides necessary informa-
tion for impact assessment and energy demand profile to solve the
energy integration optimization problem. The overall problem is
formulated as a Mixed-Integer Linear Programming (MILP) model
that is implemented in LuaOSMOSE computational framework
(Yoo et al.,, 2015).

3. Process description
3.1. Industrial heat demands by sector and quality

Different industrial sectors have different heat demands
depending on their activities. The chemicals, food, minerals, pulp
and paper and raw metals industries are the most heat demanding
sectors (Kantor et al., 2018). Process heat can take up to 95% of
total energy demand in some industrial sectors. Temperature qual-
ity for industrial heat demands is classified as high temperature
(=400 °C), medium temperature (100-400 °C) and low tempera-
ture (<100 °C). Process operations such as melting, distillation,
cracking, evaporation, and drying require heat at high and/or med-
ium temperature, while low temperature heat is used for space
heating and domestic hot water production. Food industry such
as dairies and breweries, mainly requires low and medium temper-
ature heat (pasteurization process around 80 °C, drying process
around 260 °C) while pulp and paper industry requires medium
temperature heat above 100 °C for washing processes. Production
of plastic materials have a temperature level of 180-290 °C. High
temperature heat demands mostly appear in chemicals, metals,
and minerals production, reaching over 600 °C for chemical indus-
try while steel production has furnaces operating above 800 °C and
cement kilns operates around 1500 °C (Naegler et al., 2015; Kantor
et al., 2018). High temperature heat demands in Europe has a share
of 43%, while medium and low temperature demands accounts for
27% and 30%, respectively (Werner, 2006). Fig. 1 shows the final
energy demand for process heating in industry by temperature
level for Switzerland (Fleiter et al., 2017).
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The usability of the heat can be expressed by the temperature at
which the heat is available. There is opportunity to integrate bio-
mass gasification process with heat-demanding industrial pro-
cesses at high and medium temperature levels. Low temperature
heat demand is not considered in this study where heat pumps
exhibit better performance.

3.2. Typical boilers in industry

Boilers use variety of fuels including natural gas, oil, coal and
other resources such as biomass (Garcia et al., 2012). Heat transfer
occurs via heat carriers such as flue gases, air and water. Steam is
widely used in industry to convey heat energy for process opera-
tions due to its excellent heat transfer properties, price and safety.
Without it, industrial sectors could not perform as they do today
since they have a high use of steam boiler. Based on the flow of
the medium, boilers can be categorized into different types, such
as fire-tube or water-tube steam boilers. Fire-tube boilers are ide-
ally used to provide large and constant amount of steam. Water-
tube steam boilers are widely used where steam demand and pres-
sure requirements are high. They can provide very high steam tem-
perature up to 650°C. Fire-tube boilers have an economic
advantage over water-tube boilers due to their relatively low cost
(Fleiter et al., 2016). In Europe, natural gas has the highest share
(70%) to fuel the steam boilers and is followed by oil (15%), electric-
ity (10%) and biomass (5%). In spite of the low use of biomass fired
boilers in Europe, some countries such as Denmark favors the use
of biomass boilers and according to one report (Fleiter et al., 2016),
biomass-fired boilers are becoming more competitive.

To define the problem scale, boilers used in the industry can be
grouped according to their sizes: very small to small 1-5 MW,
small to medium, 5-25 MW, and medium to large 25-50 MW,
(Fleiter et al., 2016). According to the report from U.S. Office of
Energy Efficiency and Renewable Energy, the average size of indus-
trial boiler is around 10.5 MWy, (Energy and Environmental
Analysis Inc., 2005). The chosen boiler sizes for this study are pre-
sented in Table 1. Steam boilers fired by natural gas combining dif-
ferent sizes are chosen as a representative proxy for the European
boiler population (Fleiter et al., 2016). Fire-tube and packaged type
of natural gas boilers operating at 15 bar are assumed to be the
basis for this study, and the corresponding process model of the
boiler is developed in the simulation environment. Other conven-
tional boiler types such as wood and oil boilers are also studied
in this study (Table 1). For the wood boiler model, air preheating
is included where air inlet temperature to the wood boiler is
assumed to be 25 °C lower than the temperature level at which
heat is provided. The corresponding investment costs are calcu-
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Fig. 1. Final energy demand for process heating in industry by temperature level for Switzerland in 2012 (adapted from Fleiter et al., 2017).
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Table 1
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Selected characteristics of common natural-gas, oil and wood boilers, adapted from (Fleiter et al., 2016).

Capacity [MW,] Scale Thermal Efficiency [%] Investment [x10~>, CHF]*
Natural Gas 0il Wood Natural Gas 0il Wood
2.5 Very Small 91 92 85 2.23 1.90 8.94
7 Small 91 92 85 6.24 532 25.0
20 Medium 91 92 85 17.8 15.2 71.5
35 Large 91 92 85 31.2 26.6 125.2

2 Authors’ own calculation.

lated by using the equipment cost correlations for industrial steam
boilers (Ulrich and Vasudevan, 2003) considering the boiler type,
fuel, pressure and heat duty.

3.2.1. CO;, tax on heating and process fuels

Switzerland has introduced CO, tax on the use of fossil fuels in
heating and industrial process to promote more efficient use of fos-
sil fuels and renewable energy sources. According to the working
paper of Betz et al. (2015), the initial CO, tax was 12 CHF/ton of
CO, in 2008, 60 CHF/ton of CO, in 2016. It has increased over time
reaching 96 CHF/ton of CO, in 2018 with the current legislation.
Maximum rate is put to 120 CHF/ton with the current legislation.
This CO, levy corresponds to 0.215 CHF per kg of natural gas
(0.0164 CHF/kWh) additional to the bare price of natural gas.

3.2.2. Surplus electricity availability during summer

Aiming long term reduction in CO, emissions, Swiss energy sys-
tem is gradually transitioning into a system where the nuclear
energy is ceased, and the dependency on fossil resources is cut
down. The future energy scenario defined by the Swiss government
in its Energy Strategy 2050 forecasts surplus electricity production
during summer due to high penetration of renewable energy
sources (RES) in the system. Around 4.9 TWh electricity has to be
stored which corresponds to 7.7% of the annual production
(Energyscope, 2018). For Germany, energy surpluses up to
154 TWh per year are predicted until 2050. This corresponds to
about 20% of the German gross electricity production in 2012
(Thema et al., 2016). For the supply security, energy has to be bal-
anced between periods with high renewable generation and low
power demand and periods with low renewable generation and
high demand (Sterner, 2009). Negative electricity prices have been
allowed in the countries covered by the European Power Exchange
(EPEX), i.e., France, Germany, Austria and Switzerland, in the coun-
tries covered by Nord Pool, i.e., Denmark, Estonia, Finland, Latvia,
Lithuania, Norway, and Sweden, as well as in Belgium and the
Netherlands (Steurer et al., 2017). Candra et al. (2018) claims that
the higher the share of stochastic RES, the more often the price will
be 0 EUR/MWh. The electricity market should be adapted to cope
with large share of renewables and put subsidies for the price of
electricity when there is an excess production (Pollitt and Anaya,
2016). Due to the high share of fluctuating generation capacities
(RES), electricity prices will become more volatile. Moreover,
extremely high and extremely low prices will occur. Extreme
prices are electricity prices equal to/below 0 EUR/MWh and those
above 100 EUR/MWh. The anticipated ratio between the two
extremes will create new opportunities for market newcomers
and new technologies, e.g. storage systems. Severe extreme prices
can be anticipated in Europe from 2026 onwards (Perez-
Linkenheil, 2019).

3.3. Process superstructure of biomass gasification pathways
The process modeling and simulations are performed using

flowsheeting software Belsim VALI (Belsim, 2018). The lignocellu-
losic biomass resource used in the case study is the mixture of

hardwood (57%) and softwood (43%) chips collected in Switzerland
(Steubing et al., 2014). Characteristics of the woody biomass are
shown in Table 2.

Fig. 2 shows the superstructure for the different configurations
of combined heat and fuel plants. The main process conversion
blocks are biomass pretreatment, gasification, syngas cleaning
and processing, fuel synthesis and fuel upgrading. Depending on
the synthesis reaction and the corresponding reactor technology,
fuel upgrading consists of the production of different fuels such
as SNG, FT fuels, MEOH and DME. Different technological options
for each step are shown in Fig. 2, and more details about the pro-
cess operating conditions are provided in Table 3.

Biomass pretreatment step has air drying and optional pyrolysis
unit which can operate in order to reduce the heat for gasification.
Torrefaction, a different type of pyrolysis, mainly couples with
entrained flow type gasifier to reduce the electricity consumption
for grinding of biomass to fine particles. Different gasification tech-
nologies such as atmospheric or pressurized circulated fluidized
bed (CFB) and entrained flow (EF) with indirectly heated, steam-
blown and directly-heated, steam-O, blown options are considered
for the production of producer gas (syngas). Depending on the gasi-
fication technology, producer gas has different H,/CO ratios which
will be further processed to synthesize biofuels. Air drying, pyrol-
ysis/torrefaction and gasification are endothermic processes
requiring heat supply. Before the fuel synthesis, impurities such
as tar, metals and sulfur in the producer gas are removed by cold
gas cleaning, filter, and sand beds. Then, to meet the requirement
for optimal reactant stoichiometry for the fuel synthesis reactions,
the gas composition is altered by optional water-gas shift reaction
(WGS), and CO, removal/capture units. The technologies consid-
ered for CO, capture are chemical absorption with monoethanola-
mine (MEA) and pressure swing adsorption (PSA). The off-gases
and the solid carbon along the processing steps, including, if neces-
sary, some fraction of producer gas are burnt to satisfy the heat
demand of the thermochemical conversion pathway. In the super-
structure, power recovery expansion turbines are also included for
all gas streams with a pressure of 25 bar. These can contribute to a
reduction of the electricity consumption in the thermochemical
conversion pathways. Steam network is optimized for each CHF
plant configuration using header, draw-off and condensation pres-
sures as decision variables.

3.4. Approach for scenario development

In order to assess the performance of different scenarios of the
integrated biomass gasification systems with multiple products,

Table 2
Characteristics of woody biomass.

Proximate Analysis Ultimate Analysis

LHV wood 18.6 MJ/kgqry C 51.1 wt%

Humidity 50 wt% H 5.8 wt%

Ash content 0.6 wt% 0] 42.9 wt%
N 0.2 wt%
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Fig. 2. Superstructure of biofuels production plants (dashed lines show investigated alternatives for different process steps).

system boundaries should be defined. The biomass gasification
system has three inputs:

1. biomass,

2. investment cost of the proposed plant design,

3. electricity which can have three difference sources: (a) electric-
ity purchased from the grid, (b) renewable electricity produced
in the system as a co-product, and (c) renewable electricity
from the grid which is produced in excess amount during sum-
mer season (price of electricity =0 CHF/kWh).

The system outputs are:

1. the heat cogenerated at a certain temperature level (assumed to
be at 200 °C),

2. the cogenerated biofuel: stored and distributed renewable
energy,

3. the renewable electricity produced in the system as the co-
product,

4. CO, in one of the following forms: (a) CO, released to atmo-
sphere, (b) CO, captured and sequestrated, (c) CO, captured
and stored in a pressurized tank to use in a co-electrolysis unit
to produce more biofuel.

The process performance is measured by the cost of heat pro-
duced through the designed CHF system. The amount of heat is
defined by the overall energy conversion efficiency and the quality
of the process integration based on the selected energy conversion
technologies. Four different CHF plant operation schemes are
shown in Fig. 3.

To determine the thermodynamic performances of the pro-
posed designs, chemical and overall energy efficiency terms are
defined as shown in Eqgs. (1) and (2), respectively:

€ o LHVFuel : mFuel
chem LH VWuud . mWaod

(1)

LHVFuel . mFuel + E_ + Q;Ieat
LHVWood : mWood +E*

€ror =

where LHV is the lower heating value per unit mass (M]J/kg), m is the
mass flow rate of the stream (kg/s), Q;,,, is the heat produced from

the system (MW), and E- (and E*) represents electric power con-
sumed (produced) in the system (MW).

3.5. Cost of heat calculation

The calculation for cost of heat has the following elements: (1)
investment cost of the proposed plant, (2) cost of wood, (3) oper-
ating cost, (4) revenues from biofuels and oxygen sell, and (5) costs
related to CO,.

_ Catgase + Cwood.T + Cop — (Cruel + Co,) — Cco,
CHeat = . (3 )
QHeat
CWood,T = (CTranspart + CWood) . QWood -h [CHF/YI'} (4)

Cop=Cr+C+Cy [CHF/yr] (5)

where Cy; pase is the annualized investment cost in CHF/yr, and it rep-
resents the overall investment cost for case I, where only CHF plant
is considered. cy,oqr is the total cost of wood resource in CHF/yr,
which has two elements namely, cost of transportation (Crransport)
and market price of wood (cwo.q). For more details on the calcula-
tion of transportation cost of wood, see Appendix A.1. cop is the
operational cost that includes: (1) cg - cost of resources consumed
during the plant operation, such as electricity purchased, water con-
sumption and FAME consumption (only for SNG production) in
CHF/yr, (2) ¢, - labor costs in CHF/yr, and (3) ¢y - annual operation
and maintenance cost in CHF/yr. The maintenance cost of units is
assumed to be 5% of the total investment cost per year. Cr, is the
revenue generated by selling the biofuels in the market, and co, is
the revenue generated by selling the side product of co-
electrolysis unit (i.e., oxygen) in the market. There are several ele-
ments related to costs of CO,, as shown by following equations.

Cco, = Cco,emissions local — CcOysubstitution + CCO,sequestration = €0, storage

+ CCOZ co—electrolysis (6)
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Table 3
Characteristics of biofuels production plants.
Section Specification SNG FT MEOH DME
Drying Technology Air drying
Air inlet temperature [°C] 200
Wood outlet humidity [%] 20 10 30 25
Torrefaction Temperature [°C] - 250 - -
Pyrolysis Temperature [°C] - - - 260
Gasification Heating mode Indirectly heated Directly heated Indirectly heated Directly heated
Gasification type FICFB EF FICFB CFB
Temperature [°C] 850 1350 850 850
Pressure [bar] 1 30 25 1
Agent Steam Steam-0, Steam Steam-0,
Steam preheat T [°C] 300 400 450 400
Steam to biomass ratio 0.5 0.6 0.38 0.6
Air seperation Technology - Cryogenic distillation - -
Energy consumption [k]/kg O,] - 1080 - -
Tar cracking HTS temperature [°C] - 1350 1350 950
HTS heating mode - Directly heated Directly heated Directly heated
Water quench Temperature [°C] - 750 - -
Gas cleaning Filter temperature [°C] 150
Filter pressure drop [mbar] 100
Flash temperature [°C] 25
Water gas shift Temperature [°C] 200 300 312.7 4431
CO, removal Technology TSA & PSA MEA?
Amount CO, removed 95%
Synthesis Internally cooled Multi-tubular, Multi-stage Slurry phase
Technology Fluidized bed reactor Fixed bed reactor Fixed bed reactor Reactor
Catalyst Ni/AL04 Co/Zr/SiO, Cu/ZnO/Al,05 ACZ & HZSM-5
Temperature [ °C] 320 220 315 277
Pressure [bar] 5 25 85 50
Upgrading Technology Polysulfone membrane Private data Flash, Flash,
for H, sep., compression distillation (2x) distillation (3x)
Fuel specifications 96 vol% Liquid fuels 99.4 vol.% 99.88 vol%
25 °C, 50 bar 25°C, 1 bar 25°C, 1 bar 25°C, 1 bar
Steam Network Header pressures [bar] 70 1154 56 110, 45
Super-heating AT [°C] 274 200 200 250, 200
Draw-off pressures [bar] 16.69, 6.02, 1.95 15,8,2.3 17,6.5, 2.8 17, 6.3, 1.98
Condensation pressure [bar] 0.03 0.07 0.02 0.07

Adapted source

Gassner and Maréchal (2009b)

Peduzzi (2015)

Tock et al. (2010)

Tock et al. (2010)

¢ For MEA absorption, reboiler heat demand is fixed at 3.3 MJ/kg CO, separated at 150 °C, 20% of the heat duty is recoverable between 90 °C to 40 °C. Electricity

consumption is fixed at 25 kJ/kg CO, (Heyne and Harvey, 2014).

CCO;sequesrratiun = CCOZinU‘sequesrran‘un + C(‘Ozop.sequestmtian

- CC02avaidance.sequesrration

all system. The consumed electricity is assumed to be free as excess
(7) amount is produced during summer.

Ccozstoruge = CCOZiny‘storage + CCOZOp.storage (8)

CCO2 co—electrolysis = CC02 inv,co—electrolysis (9)

where (1) Cco,emissionsjocal TEPTesents local CO, emissions tax due to
the plant operation, (2) Cco,substitution 15 tax benefit due to CO, avoided
via substitution of fossil fuels by biofuels (local CO, tax is imposed
on the fuels from fossil resources, both on fossil fuel production and
use phase). For the substitution of biofuels with fossil fuels, it is
assumed that 1 unit of SNG substitutes 1 unit of NG, 1 unit of FT
fuels substitutes 1 unit of diesel fuel, and 1 unit of MEOH replaces
same amount of fossil derived MEOH. The equivalent CO, emissions
for the production and use phase of fossil substitutes are shown in
see Table 5, (3) Cco,sequestration 1S @ premium for avoiding CO, emis-
sions due to CO, sequestration, investment cost for compressing
CO, to transport in the pipeline, related operating cost, (4)
Ccoystorage 1S COSt related to CO, storage with investment cost for a
pressurized tank and operating cost of storing CO,, and (5)
Ccoycoelectrolysis 1S the investment cost of co-electrolysis unit. Further,
operating cost of electrolysis unit includes cost of steam consump-
tion which is included in the other operational cost (cop) of the over-

The economic performance indicators such as annual capital
investment and the production costs are evaluated with the eco-
nomic data depicted in Table 4. The environmental impact of the
each process design is assessed in terms of equivalent CO, emis-
sions using the GWP100a impact category, which is Global Warm-
ing Potential impact assessment method for time-horizon of
100 years (Stocker et al., 2013). Related emission factors are gath-
ered from the Ecoinvent Life Cycle Inventory database version 3.4
(Ecoinvent, 2018) and presented in Table 5.

4. Process performance

Several scenarios have been proposed in order to assess the per-
formance of the renewable CHF systems with regard to the conven-
tional design. The functional unit in all these scenarios is the
amount of heat provided. The study is parametrized by considering
the type and size of plants, CO, tax and cost of wood for different
biofuels production scenarios. For this, a comparative analysis is
done by calculating the cost of heat and breakeven CO, tax values
that would make the new system more profitable when compared
to the conventional natural gas boiler and wood boiler. The
approach of CHF systems is illustrated by different cases, and anal-
ysis results are presented in the following paragraphs.
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Fig. 3. Conceptual CHF plant operation schemes: plot (a) - Case I (CHF), plot (b) - Case II (CHF+CCS), plot (c) - Case IIl (CHF+P2G), plot (d) — Case IV (CHF+P2G+CO, storage).

Table 4

Assumptions for the economic performance evaluation.
Parameter Value Source
CEPCI index (2017) 567.5 CEPCI, 2017
Biofuel plant yearly operation, h [h/year] 7884
Electrolysis plant yearly operation [h/year] 2628
Expected lifetime [years] 20
Interest rate [%] 6
Operators® 4 per shift” Gassner and Maréchal (2009b)
Salary [CHF/yr] 91070 Gassner and Maréchal (2009b)
Market price of wood [CHF/kg] 0.146 la forét (2017)
Market price of electricity [CHF/kWh] 0.0749 Quarterly report on european electricity markets (2017)
Market price of natural gas [CHF/kWh] 0.024 Swissgas, 2018
Market price of heating oil [CHF/kWh] 0.086 Migrol (2018)
Market price of SNG [CHF/kWh] 0.056 Haro et al. (2016)
Market price of FT fuels [CHF/kWh] 0.089 Landailv et al. (2017)
Market price of MEOH [CHF/kWh] 0.083 Methanex (2018)
Market price of DME [CHF/kWh] 0.105 Mafik et al. (2017)

2 Full time operation requires three shifts per day. One operator corresponds to 4.56 employees with a working time of 5 days per week and 48 weeks per year.
b Data is available for a plant size of 20 MW,,q4. For different plant capacity, an exponent of 0.7 with respect to plant capacity is used.

Table 5

Emission factors from Ecoinvent v3.4 (Ecoinvent, 2018).
Parameter Value
Wood chips production [kg CO, ¢q/Kg ary] 0.037142
Electricity mix, CH [kg CO, .,/kWh] 0.1176
Water [kg CO, ,4/kg] 0.0002
NG production and combustion, CH [kg CO, .,/MWh] 241.7
Heating oil production and combustion, CH [kg CO, .,/MWh] 311
Wood production and combustion®, CH [kg CO, .,/MWHh] 11.8
Diesel production and combustion, CH [kg CO, .,/MWh] 315
Methanol production and combustion, CH [kg CO, ,q/MWAh] 3189

2 Ecoinvent (Ecoinvent, 2018) has non-zero emissions in IPCC 2017 GWP
indicator for the combustion of wood (3.67 kgCO,,eq./MWh).

4.1. Case 0: conventional natural gas and wood boilers for heat
production

Conventional natural gas and wood boilers proposed in Table 1
are taken as basis for the calculations. Oil boiler is considered only
for CO, reduction comparison. It is not considered in the breakeven
CO, tax calculations due to highest heat price (Fig. 4) and CO,
emissions (Table 5).

4.2. Case I: CHF plants

This cogeneration scenario is the base case, where heat and bio-
fuels are coproduced and electricity is purchased from the current
electricity grid. Different plant sizes of 2.5, 7, 20 and 35 MW heat
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(as proposed in Table 1) with one of the SNG, FT, MEOH and DME
cogeneration options are chosen, and CO, is released to atmo-
sphere assuming the corresponding emissions are carbon neutral
(Fig. 3). Fig. 5 shows breakeven CO, tax for equal heat prices by
natural gas and wood boilers, and CHF plant (heat and SNG; heat

67

As seen in Fig. 5, for 20 MW heat and SNG plant, one needs to
pay 62 CHF/MWh breakeven CO, tax for the conventional natural
gas boiler to provide heat at 44 CHF/MWh. On the other hand, for
a conventional wood boiler, the heat price would be 79 CHF/
MWh. If we replace a conventional natural gas and wood boilers

and FT; heat and MEOH; heat and DME). with the proposed CHF plant, it cogenerates 20 MW heat and

Table 6

Performance of different fuel (CHF SNG, FT, MEOH and DME) production scenarios in Case I with plant size of 2.5 MW heat production for the breakeven CO- tax values comparing
to natural gas boiler.

Heat-SNG Heat-FT Heat-MEOH Heat-DME
Wood [MW] 18.00 31.70 54.30 18.90
Biofuel [MW] 11.80 13.85 28.85 8.93
Net electricity [MW] 0.70 1.71 5.97 2.17
Echem %] 63.10 43.68 53.12 47.24
€ror [%] 73.71 48.92 52.01 5423
CO,, produced [ton/h] 2.29 1.45 6.64 2.13
Breakeven CO, tax [CHF/ton CO;] 123 99 168 349
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93 MW SNG (see Table A.2). With today’s CO, tax of 96 CHF/MWh
in Switzerland, the price of heat from CHF SNG plant with heat
capacities of 7, 20 and 35 MW will be lower than traditional wood
and natural gas boilers. With increase in plant size, heat is becom-
ing cheaper for the same CO, tax. The reason is that the plant
investment cost per unit production decreases with increase in
the plant size. For large size of CHF SNG plants (20 and 35 MW),
the heat prices are negative due to large production and sell of
green fuel and corresponding benefits of CO, substitution for fossil
CO, at higher CO, tax values. For different CHF plants, it can be
observed that CHF FT configuration is the best choice and it is fol-
lowed by CHF SNG, CHF MEOH and CHF DME plants. Table 6 high-
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lights the overall process efficiency for all types of CHF plants. Due
to different fuel synthesis processes and different gasification tech-
nology in the CHF systems, biomass input varies to provide same
amount of heat. Therefore, amount of fuel cogenerated changes
thus effecting the price of heat.

To determine the effect of variabilities in the market wood
price, a sensitivity analysis is performed for some scenarios of
20 MW CHF plants with SNG, FT and MEOH production. The inter-
section points in Fig. 5 where the heat prices of CHF plants are
equal to the heat price from natural gas boiler are selected as basis.
The market prices of wood are changed +20 % from the base mar-
ket price of 0.146 CHF/kg. Fig. 6 shows the corresponding CO, tax
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values which should be imposed on fossil CO, emissions of natural
gas boiler to provide the heat at same price. When the wood price
is higher, increased CO, tax will make equal heat prices from nat-
ural gas boiler and CHF plant. When the market price of wood
drops, the heat price of the CHF plant will be same as heat price
of natural gas boiler at lower CO, tax. It is determined from the
Fig. 6 that 20 MW CHF FT with lower wood price can provide heat
for free with the same price of natural gas. The heat price from
20 MW CHF FT plant with the current wood price is 35 CHF/
MWh (see Fig. 5).

Fig. 7(a) shows the integrated composite curve for CHF SNG
plant of 2.5 MW heat and one can see that the proposed design
is well heat integrated with a total efficiency of 73.71%. Case II is
taking into account the long-term storage of captured biogenic
CO, in the enhanced oil recovery sites. For transporting CO, to
the storage sites, pipeline network is assumed to be in place for
compressed CO, (200 bar, 25°C (Li et al., 2011; Lazic et al,
2014)). Hence, captured CO, is compressed to 200 bar to meet
the specifications of CO, transport pipeline. Before the injection,
the compressed CO, is cooled down to 25 °C and heat is recovered
in the system (Li et al., 2011). As Fig. 7(b) depicted, recovered heat
can be used in a Rankine steam cycle to generate mechanical
power. One can see the integrated composite curve of SNG, heat

and electricity production configuration in Fig. 7(c). For this speci-
fic system, overall efficiency reaches 75.48%. Furthermore, energy
expenses are reduced due to the co-production of renewable elec-
tricity and use in the system. This will reduce the price of heat with
a significant rate as well as environmental impact.

4.3. Case II: CHF plants with CO, Capture and Sequestration (CCS)

As mentioned above, CHF plant have CO, sequestration option
in case II. Due to CO, tax on fossil carbon in Switzerland, the pro-
posed scenario is assumed to have a premium for CO, sequestra-
tion. Fig. 8 compares the case I and case II for CHF SNG plants of
all sizes. As expected, the CHF systems with sequestration are per-
forming better then CHF systems only. For 20 MW plant size,
breakeven CO, tax for the conventional natural gas boiler is
47 CHF/MWh to provide heat at 40 CHF/MWh. While the CHF
plants in Case I would produce more expensive heat than the nat-
ural gas boiler for the same CO, tax.

Fig. 9 presents variations in heat price and breakeven CO, tax
values for 2.5 MW next generation CHF plants (with SNG, FT,
MEOH or DME biofuel production), natural gas boiler and tradi-
tional wood boiler. Table 7 shows the performance of CHF plants
at breakeven CO, tax values. Comparing the CHF plants in Case I,

Table 7

Performance of different processes (CHF SNG, FT, MEOH and DME) in Case II for plant size of 2.5 MW heat production.
Process parameters Heat-SNG Heat-FT Heat-MEOH Heat-DME
Wood [MW] 18.00 31.70 54.30 18.90
Biofuel [MW] 11.80 13.85 28.85 8.93
Electricity consumed [MW] 1.42 1.80 6.32 2.33
Electricity produced [MW] 091 0.17 2.13 1.49
Net electricity [MW] 0.51 1.63 4.19 0.84
€chem %] 63.10 43.68 50.65 45.13
€ror [%] 75.48 49.03 51.30 57.96
CO, sequestrated [ton/h] 2.29 1.45 6.33 2.04
Breakeven CO, tax [CHF/ton CO,] 82 77 85 116
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Fig. 10. Heat cost build-up for CHF SNG, FT, MEOH and DME plants of 2.5 MW size in Case II. (Positive sign represents the expenses, negative sign represents the incomes.)
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the price of heat is reduced dramatically when CO, sequestration is
considered. With a CO, tax of 96 CHF/ton CO, (Switzerland,2018),
very small size (2.5 MW) CHF SNG, FT and MEOH plants provide
heat at prices lower than natural gas boilers. After CO, tax of
90 CHF/ton CO,, CHF MEOH plant starts to perform better than
CHF FT and SNG configurations. This is due to the large amount
of wood used in the system thus producing more biofuel and
replacing more fossil fuel. At the end, reduction in the heat price
is proportional to the benefits from CO, sequestration and fossil
carbon substitution. For bigger sizes, the heat would be free from
the CHF plants with carbon capture and sequestration systems
integrated. The cost build-up of different CHF scenarios, where
heat price lines for biofuels production route intersects heat price
line for natural gas boiler, is presented in the Fig. 10.

Fig. 11 shows the integrated composite curves for CHF SNG, FT,
MEOH and DME plants for case II. Recovering heat from the cooling
operation before transporting compressed CO, into the pipeline
allows to produce renewable electricity through Rankine cycle.
The produced electricity is used in the system, and the deficit in
the electricity is covered by the grid electricity. Integration of
steam cycle allow us to reduce the exergy losses from the system.

A.D. Celebi et al./Chemical Engineering Science 204 (2019) 59-75

4.4. Case Il and Case 1V: CHF plants with Power-to-Gas (P2G) and CO»
storage

As discussed earlier in Section 3.2.2, new energy policy scenario
(NEP) for the future Swiss energy system in 2050 forecasts surplus
(or waste) electricity production during summer due to high pene-
tration of solar photovoltaics (PV), wind and geothermal energy.
Power-to-Gas systems can be used as a strong way to seasonally
store electricity. Therefore, co-electrolysis unit is integrated to
obtain maximum production of biofuels using excess electricity
during 4 months of summer in both cases III and IV. Co-
electrolysis unit uses CO, and steam inputs to produce a syngas
with 75 vol% of hydrogen (Wang et al., 2018). Produced syngas is
then injected into the fuel synthesis reaction. Lifetime of a co-
electrolyser is assumed to be 15 years with only 4 months opera-
tion in summer (Caliandro et al., 2014). In Case III, CO, captured
during 4 months of summer operation of CHF plant is sent to the
co-electrolyser. In Case IV, CO, is captured and stored in a pressur-
ized tank in liquid form at 25 °C and 50 bar during the winter oper-
ation (8 months) of CHF plant, and the stored CO, is fed into the co-
electrolyser together with the CO, captured during summer opera-
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Fig. 11. Integrated composite curves of CHF SNG, FT, MEOH and DME plants in Case II for 2.5 MW plant size.
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Fig. 12. Case [, II, III, IV comparison for 2.5 MW CHF SNG plant.

Table 8

Performance of CHF SNG plant in Cases I, II, IIl and IV for plant size of 2.5 MW heat production.

Process parameters Case | Case Il Case IlI-Summer Case IV-Summer
Wood [MW] 18.0 18.0 18.0 18.0
Biofuel [MW] 11.8 11.8 23.54 44.61
Electricity consumed [MW] 0.70 1.42 15.78 43.20
Electricity produced [MW] - 0.91 - -
Net electricity [MW] 0.70 0.51 15.78 43.20
€chem [%] 63.10 63.10 130.8 247.81
€ror [%] 73.71 75.48 79.54 80.31
CO, produced [ton/h] 2.29 - - -
CO, sequestrated [ton/h] - 2.29 - -
CO,, to co-electrolysis [ton/h] - 2.29 2.29 6.39

tion. The overall amount of electricity required for the integrated
cogeneration system is available from the PV panels for zero cost
with no resource emissions according to the scenario 2050 for Swiss
Energy Transition (Codina Gironés et al., 2018; Kannan, 2015). In
Fig. 12, it can be seen that for a very small size of CHF SNG plant,
integration of co-electrolysis unit lead to a great reduction in heat
prices for both cases III and IV, having negative values for higher
CO, tax. Table 8 shows the performance of CHF SNG plants in all
cases considered at breakeven CO, tax values. Fig. 13 compares
the heat cost build-up for 2.5 MW CHF SNG plants in all cases where
heat price lines intersects heat price line for natural gas boiler.

5. Conclusions

The ultimate goal for a sustainable development is the replace-
ment of fossil based services with biomass based services. For the
energy transition, CO, emissions have to be decreased, energy con-
version efficiency has to be increased, and fossil resources have to
be gradually replaced by renewable resources. Hence, the heat
demand for industrial plants needs to be satisfied by renewable
energy sources instead of using conventional natural gas boilers.
This study proposes a new system approach for the design of
cogeneration plants, which utilizes woody biomass as energy
resource in the thermo-chemical conversion processes to produce
heat at required temperatures for different industrial sectors while
cogenerating biofuels. A by-product of the proposed CHF plant is
biogenic CO, that is separated during the production. The CO,

can be sold as a product, sequestrated or used in power to fuel pro-
cess for the long term storage of renewable intermittent electricity.
In the future, electricity demand is expected to increase due to the
addition of end-use devices such as heat pumps and electric mobil-
ity and with the increase in population. The future electricity sys-
tem should be ensured for cost-effectiveness, security of supply
and climatic impact. To achieve this, some measures including
more renewable installations, efficiency improvements and addi-
tional electricity storage should be considered. With the penetra-
tion of renewable electricity, surplus electricity during summer
period is forecasted in most studies. Seasonal storage of this
renewable surplus electricity is possible with the conversion of
electricity into fuel via the proposed CHF system in this study.
The produced biofuel can be stored in tanks so that it can be used
in combined cycle power plants to produce electricity at any time
during the year.

Based on life cycle inventory of the fossil product, it is possible
to calculate the fossil carbon (CO, emissions) substituted by each
unit of carbon in the bio-products or fuels. This value is indeed
the amount of fossil CO, not emitted and replaced by CO, captured
by the photosynthesis as biogenic carbon. As the biomass harvests
carbon from the atmosphere, the performance of the proposed CHF
systems can be studied on the basis of the amount of fossil CO,
emission avoided per unit of atmospheric CO, converted by the
photosynthesis. The oil boiler is taken as basis which has the high-
est fossil CO, emissions. First, it is considered that natural gas and
wood boiler substitutes an oil boiler. Referring to Fig. 14, 1 unit of
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carbon in the natural gas and wood avoids 0.31 and 0.32 units of
fossil carbon emissions, respectively. To produce heat from wood
boiler at the same price of natural gas boiler, one should put very
high CO, tax on natural gas boiler (213 CHF/ton CO,).

Summing-up the substituted fossil carbon for CHF SNG plant in
Case I, 1 unit of biogenic carbon entering the CHF system avoids
0.48 units of fossil carbon emissions. For 1 unit of CO, captured
by the photosynthesis, the CHF SNG plant avoids therefore 50%
more CO, than the wood combustion. In addition, if one considers
the CO, sequestration for CHF SNG plant (Case II), one unit of bio-
genic carbon entering the proposed CHF system would avoide 0.84
units of fossil carbon emissions. In this case, the wood used in the
CHF plant is avoiding 2.63 times more fossil CO, emissions than
the wood used in a boiler. Varying CHF SNG plant size between
2.5,7,20 and 35 MW heat duty, it is clear that bigger plant would
provide heat at lower price. Similar to 2.5 MW CHF SNG plant, CHF
FT, MEOH and DME plants have large CO, savings when compared
to the conventional boilers. For Case III, the co-electrolysis is used
in addition to CHF SNG plant for the CO, captured during summer.
In this case, 1 unit of biogenic carbon avoids 0.64 units of fossil car-
bon emissions. If co-electrolysis unit is also used for the CO, cap-
tured and stored during winter and CO, captured during
summer, then the carbon saving ratio would be 0.9 while the heat
price is negative.

The results demonstrate that integrated approaches such as
heat and fuel cogeneration using wood, have a higher potential
for CO, mitigation and therefore have to be prioritized with respect
to combustion for heat supply. Imposing a carbon tax greatly
penalizes conventional natural gas boilers without CO, capture
and favors biomass based processes.

CHP plants will no longer be attractive with the rapid energy
transitions across Europe and the globe. Intermittent renewable
power from wind and solar energy will shape future energy sup-
ply with their high shares. The current research is searching
solutions for long-term storage of electricity, and promising
solutions are batteries, pump hydro storage, compressed air
energy storage and power-to-X concepts. Hydrogen storage can
be seen as an option for long-term storage however it has high
costs, security issues and fuel cells have short lifetimes. Storage
of biofuels is cheaper option and the environmental impact is
also relatively small. Fuel storage systems are large and conve-
nient facilities with proven and available technologies. Biomass
cogeneration systems which cogenerates heat and fuel together,
and uses co-electrolysers to boost biofuels production when
electricity is surplus, provide a good solution for long-term elec-
tricity storage. In the way towards a sustainable future, provid-
ing heat for industrial processes via next generation
cogeneration using biomass resource, appears to be a competi-
tive transitional solution for mitigating climate change. Since
the results are highly dependent on the market, uncertainties
should be accounted for a more reliable analysis and more
detailed technical study should be performed to establish this
technology on a real large scale plant.

Declaration of interests

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to
influence the work reported in this paper.

Acknowledgements

This research project is financially supported by the Swiss Inno-
vation Agency Innosuisse and is part of the Swiss Competence Cen-
ter for Energy Research SCCER BIOSWEET.

Appendix A
A.1. Transportation cost of wood resource

Logistics cost of wood increases as the size of heat supply
increases and the transport distance is another criteria which
depends on the location of the plant and availability of biomass
supply. Steubing et al. (2014), performed a study to analyze aver-
age biomass supply distances in Switzerland considering plant
size, location and biomass availability scenarios. The plant location
is chosen to be Bellinzona, Switzerland with longest transport dis-
tance. The function to calculate the average driving distance used
in this study is taken from Peduzzi et al. (2013).

dAverage =t Q‘tj/ood [km} (Al)

Here, dayerage is the average distance in km, Owooq is the thermal
plant capacity, calculated based on dry wood input in kW, and
t1,t; are the parameters calibrated for the case 'baseline scenario
for Bellinzona, Switzerland’ as shown in Table A.1. The cost of trans-
portation is estimated by calculating the number of lorries required
to transport the biomass satisfying the nominal plant capacity.

Niomy - €
CTransport = W [CHF/](WhWood} (AZ)
Wood *
Niomy = ;”1?"‘: (A3)
o QWood -h
Mwood = LHV 00 - 1000 ton/yr] (A4)
Clomy = dAuemge - €Lorry * Chiesel [CHF/lorry] (A5)

LHV piesei - Piesel

The transportation cost for each lorry (my,y = 10 ton) is related
to the total fuel consumption (e ), diesel market price (Cpieser) and
average distance covered (dagerqge ). The total fuel consumption of a
lorry (egory) is calculated for the case where the fully-loaded lorry
transports the biomass to the plant, unloads and returns to the bio-
mass collection site empty to make another trip. All the parameters
used in the wood transport cost model are presented in Table A.1.

Table A1

Parameters used in wood transport cost model.
Symbol Parameter Value Unit Source
ty in the calculation of djyerqge 18.455 km/kW¢, Peduzzi et al. (2013)
t in the calculation of dayerqge 0.1776 Peduzzi et al. (2013)
eFull Fuel consumption (loaded lorry) 10.67 M]/km Peduzzi et al. (2013)
CEmpty Fuel consumption (empty lorry) 8.37 M]/km Peduzzi et al. (2013)
eLomy Total fuel consumption (egmpey*epyir) 18.99 M]/km Peduzzi et al. (2013)
LHV piesei Lower heating value of diesel 42.791 M]/kg Peduzzi et al. (2013)
Pbiesel Density of diesel 0.832 kg/l Peduzzi et al. (2013)
Chiesel Diesel market price 1.71 CHF/1 Switzerland diesel prices (2018)
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A.2. Summary for different scenarios

Tables A.2 and A.3.

Table A.2
Performance of different fuel (SNG, FT, MEOH and DME) production scenarios in Case I heat production for the breakeven CO, tax values comparing to natural gas boiler.
SNG FT
Plant Size (Heat Output [MW]) 25 7 20 35 25 7 20 35
Wood [MW] 18.00 49.80 142.10 249.00 31.70 88.8 2525 441.8
Biofuel [MW] 11.80 3247 92.63 162.36 13.85 38.78 110.28 192.96
Net electricity [MW] 0.70 1.93 5.54 9.65 1.71 4.80 13.65 23.88
Breakeven CO, tax [CHF/ton CO,] 123 89 62 52 99 59 29 17
MEOH DME

Plant Size (Heat Output [MW]) 2.5 7 20 35 2.5 7 20 35
Wood [MW] 54.3 152.00 433.00 760.00 18.90 53.00 150.50 264.00
Biofuel [MW] 28.85 80.75 229.97 403.73 8.93 25.04 71.09 124.72
Net electricity [MW] 5.97 16.72 47.64 83.64 2.17 6.10 17.31 30.37
Breakeven CO, tax [CHF/ton CO,] 168 119 85 70 349 237 149 111

Table A.3

performance of SNG CHF plant in Case II for different sizes of heat production.
Plant Size (Heat Output [MW]) 2.5 7 20 35
Wood [MW] 18.00 49.80 142.10 249.00
Biofuel [MW] 11.80 3247 92.63 162.36
Net electricity [MW] 0.51 1.36 3.88 6.81
Breakeven CO, tax [CHF/ton CO,] 82 62 47 40
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