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Abstract:

Some byproducts of the Kraft pulp mills, such as the black liquor (1.4 t/t ADpulp, 15%
solids), still contain more than half of the exergy content of the total wood fed to
the digester. This residue represents a key supply of renewable energy to the pulp and
paper plant, accounting for a power generation potential of about 670 TWh/y. In the
customary practice, black liquor is concentrated in a multiple effect evaporator and
burnt in waste heat recovery boilers in order to satisfy the combined power and steam
demands. Moreover, as half of the steam generated is only used for evaporating the
black liquor moisture, the efficiency of the electricity generation is relatively low.
Additionally, the conventional process of concentration and combustion of the black
liquor is responsible for a large amount of atmospheric emissions. Consequently, there
is an interesting opportunity to improve the performance of the overall energy
conversion process in the pulp and paper industry. Among the various upgrade routes
for this byproduct, thermochemical conversion processes, such as improved drying
approaches along with a pressurized gasification system, can be readily integrated to
produce syngas from the concentrated black liquor. The produced syngas can be used
for producing value-added products such as ammonia and CO2, thus improving the
environmental and exergy performance of the cogeneration plant and the entire mill, at
the expense of a small capital investment. Accordingly, in this work, the conventional
scenario of the black liquor use is compared with other enhanced energy conversion
routes in terms of the economics, exergy efficiency and environmental impact. The
combined energy integration and exergy analysis is used to identify the potential
improvements that may remain hidden to the energy analysis alone, namely the
mitigation of the process irreversibility.
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1. Introduction

Globally, the pulp and paper production is an experienced biomass-based industry and one of the
most important economic activities, accounting for 5.6% of the total energy consumed by the
industrial sector [1, 2]. This industry is also responsible for about 252 million tons of annual CO>
emissions, equivalent to 2% of the total amount emitted by the industrial sectors worldwide [3].
Accordingly, various efforts are envisaged towards the mitigation of its atmospheric emissions, the
improvement of the waste heat recovery and the enhanced utilization of its byproducts [4].
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Moreover, due to its critical forest biomass dependency, the pulp and paper industry has sought for
alternatives to its traditional processes, in order to identify and evaluate the opportunities that may
arise with the maturation of the existing biorefinery concept.

The Kraft production process is the most traditional chemical pulping process, in which the organic
matter extracted from the digested wood is largely found in the form of black liquor (BL), a product
generated in the delignification process of the wood for the extraction of the cellulose fiber.
Globally, it is estimated that about 170 Mt of black liquor (dry solids basis) is currently processed
per year [5]. In this context, BL can be a key supply for renewable energy production systems, since
it generates on average 1.3-1.90 tons of BL per ton of pulp [6], with an overall generation potential
of 670 TWhly [7]. Furthermore, BL has the advantage of already being partially processed as exists
in a pumpable liquid form, thus simplifying the logistics of its handling and utilization in
comparison with other potential biomass sources used for chemicals production in polygeneration
systems [8].

On the other hand, in traditional Kraft pulping systems, BL is concentrated by using multi-effect
evaporators until the solids concentration reaches 75-85 wt.%. Then, it is burned in the recovery
boiler so that the power and steam requirements of the entire mill can be supplied by the
cogeneration system [9,10]. However, the efficiency of the electricity generation by using
conventional recovery boilers is low, since almost 50% of the steam used in the mill is consumed
for evaporation of the water content of the black liquor [9,11], whereas the efficiency of the power
generation based on the recovery boiler ranges between 9-14% [13,14]. Actually, the conventional
concentration system and the subsequent combustion of the BL is reported to be the largest
responsible for the overall CO2 emissions [3].

Consequently, several opportunities to improve the exergy, environmental and economic
performance of the conversion processes in the pulp industry are identified. Among these new
prospects, the thermochemical routes, used to convert biomass into valuable products, have gained
recent interest, particularly the pressurized entrained-flow, high temperature black liquor
gasification (PEHT-BLG) technology. According to some authors, the PEHT-BLG is a promising
technology expected to significantly improve the efficiency of energy and chemical recovery in the
pulping industry [15,17]. Nowadays, there are more than 200 recovery boilers operating in pulp
mills all over the world that have been in operation for more than 20 years and need to be replaced
[16]. In contrast, gasification plants have a higher electricity efficiency, present fewer CO:
emissions and endorse the same level of risk, compared with traditional recovery boilers [16].

The syngas produced from the gasification process of BL can be used either to generate electricity
or produce chemicals and biofuels, expanding the product portfolio using the biorefinery concept
[15,19]. Among the various alternatives, ammonia is one of the most demanded bulk chemicals in
the world, mainly in the agriculture sector as fertilizer [16]. The global supply of nitrogen fertilizers
faces an increasing trend estimated in 176.5 million of tons in 2018 [18]. However, in the same
year, their reported atmospheric emissions were estimated in ca. 353 million tco.. In order to
palliate the environmental impacts that nitrogen fertilizers production is responsible for, several
efforts have been addressed to incentivize the decarbonization of the ammonia supply chain.
Alternative pathways of hydrogen production, such as solar or wind energy, used for electrolyzing
the water and for separating the nitrogen from air (cryogenic distillation, selective membranes, etc.),
have been widely proposed [19]. However, the most promising alternative energy resources for
hydrogen production remain to be the thermochemical conversion routes especially to capitalize on
the underexploited biomass potential in tropical countries with a well-established biomass
conversion expertise such as Brazil.

The main drawbacks of the biomass-based ammonia synthesis continue to be related to the high
investment risk, the biomass availability and the scale-up of the gasification concept, as it may not
fully compete with current fossil-based commercial production capacities, well above
1000 tnHa/day. In spite of this limitation, larger pressurized biomass gasifiers are expected to aid
increasing the performance of biomass conversion process [20]. Fortunately, the technology is



revisited when the access to fossil resources such as natural gas and coal is limited, mainly due to
scarcity or unstable international prices [21]. More stringent environmental regulations along with
increasing concerns about the marked dependence on imported fertilizers have also led researchers
to look for the use of the readily available biomass residues to produce commodities traditionally
based on fossil resources. In this context, BL gasification may be considered more efficient and
environmentally friendly alternative compared to current black liquor combustion, aside from
promoting the diversification of the energy inputs requiring only a minimum additional investment
cost.

Accordingly, in this work, the use of black liquor gasification in the integrated syngas and ammonia
production plant is compared with the performance of the conventional conversion route
(standalone Kraft pulp mill). Notwithstanding, by undertaking novel approaches, additional or
radically different demands can be created. Consequently, the optimal integration approach between
the chemical plants and the new utility systems must be updated, so that the power and steam
requirements remain satisfied. To this end, a systematic framework that allows selecting the most
suitable utility systems in the light of the exergy analysis (refrigeration, waste heat recovery and
cogeneration), that satisfy the minimum energy requirements with the lower operating cost, is
adopted.

2. Integrated Kraft pulp mill and ammonia plant description

Kraft process is the dominant chemical pulping process, in which the lignin present in the wood
chips is solubilized by a strong alkaline solution (white liquor) at moderate temperature in order to
extract the cellulose fibers. The process starts in the wood yard where logs are debarked, cut into
wood chips and classified (Fig. 1, Kraft pulp mill section). It is estimated that about 90% of the
wood mass (logs with bark) are sent to the pulping process, and the remaining 10% represents
losses in the log debarking, chipping and chips classification [22]. Subsequently, the wood chips are
impregnated with cooking liquor, and next fed to steam heated reactors called digesters [23]. This
cooking operation is conducted under strongly alkaline conditions and in the presence of a sulphide
solution (white liquor, approx. 60% NaOH, 25% Na.S and 15% Na>COs), at a temperature ranging
from 145 to 180°C, depending on the size of the digester and the desired pulp production, on a
residence time of several hours (usually between 1-5 h), in a batch or continuous process [24]. The
pulp yield varies between 45-55% of the initial wood mass [25], depending of the pulping
conditions and wood quality [24].

The pulp produced in the digester is washed in order to recover the cooking liquor (black liquor)
and reduce the carryover of organic component to the oxygen delignification unit [23]. Black liquor
contains approximately half of the organic material that was originally in the digested wood and
almost all of the inorganic chemicals that were used for delignification [23]. The reported amount of
dry solids in the black liquor per unit of pulp produced ranges from 0.86 up to 1.7 tsi/tappulp
[23,26], whereas the higher the pulp yield the lower the amount of black liquor produced [27].The
pulp is then bleached with chlorine dioxide and hydrogen peroxide in a sequence of acidic and
alkaline stages, with washing between them [28]. The bleached pulp is dried to about 90% solids,
being cut in sheets and baled to be shipped to customers.

Traditionally, the available technology for recovering process chemicals and generate steam and
power has been the chemical recovery boiler (Tomlinson boiler) integrated to a backpressure steam
turbine [29]. This process is known as recovery cycle, which is reportedly responsible for making
the pulping mill economically and environmentally possible [23]. After its separating from the
cellulose fibers, the spent liquor (or weak black liquor) from the digestion step is concentrated in
evaporators and burned in recovery boilers in order to recover the active cooking agents. In the
combustion process, a smelt of sodium sulfide and sodium carbonate is produced (green liquor),
regenerating over 90% of the pulping chemicals while producing steam and electricity for the mill
[30]. Next, those chemicals are recausticized with lime and recycled back to the digester as an
aqueous solution, the white liquor [31].
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Figure 1. Flowsheet of the integrated Kraft pulp and Ammonia production plant.

Due to the potential improvement in energy efficiency, CO2 emissions reduction and additional
value added products commercialization, an alternative to the traditional chemical recovery process
is proposed. This approach is based on the integration of a mechanical vapor recompression (MVR)
system for black liquor concentration and subsequent gasification, along with a CO> capture system
and ammonia production unit, as shown in Figure 1. Traditional evaporation is energy intensive and
offers a great scope for reduction of costs by reducing the steam requirements [32], as proposed by
[9]. MVR substitutes the large steam requirement by a demand of electrical energy, resulting in a
very low operating cost compared to a multiple effect operation and higher efficiency when
reducing the high moisture content of BL to about 15% wt. The drying process is composed of three
consecutive stages, namely BL preheating, evaporation and steam superheating [9]. In the first
stage, BL is preheated by using the compressed vapor before it enters in the steam tube rotary
evaporator, wherein the weak BL evaporates in countercurrent heat exchange with the compressed
steam. The heavy BL (85% wt. solids) leaves the evaporator and the extracted moisture is divided
into a recycled stream and a purged steam. The first is recirculated back to the evaporator in order
to improve the heat transfer performance, whereas the exhausted steam flows to the superheating
stage. The saturated purge is superheated first in a heat exchanger that guarantees the vapor state
and then recompressed in order to supply the energy required for evaporation [9,10] (see Fig. 1).
The solid content of the dried BL has a great influence in the viscosity for concentrations above
60%, leading to pumping issues, formation of large liquor droplets, cracking and corrosion [33]. To
overcome the high viscosity related drawbacks, some authors proposed a liquor heat treatment
(LHT) [42], a thermal method consisting of the depolymerization of polysaccharides and lignin by
raising the temperature of BL to 180-190°C, allowing the obtainment of a 90% dry solids BL in a
pumpable form [34,35]



On the other hand, the pressurized entrained flow, black liquor gasification PEHT-BLG available in
the market as Chemrec® gasifier [27] has the potential to double the power output comparatively to
the conventional Tomlinson boiler when integrated with a combined cycle [36]. Other advantages,
include tar-free and uniform temperature gasification at turbulent conditions which results in a high
conversion efficiency and high reaction rate [16]. In the gasification step, the carbonaceous
materials in the BL are converted into syngas rich in CO, Hz, H20O and CO2, while a smelt
containing mainly NaxCOz and Na.S is formed in the bottom when a quench cooler separates the
regenerated salts that will form the green liquor [9]. The gasifier pressure and temperature usually
varies between 25-32 bar and 900-1100°C, whereas the oxygen-to-fuel ratio ranges between 0.40-
0.55, with oxygen as agent [37]. After the syngas produced leaves the gasifier, it is cooled down
and scrubbed with water, in order to remove the impurities that may affect the downstream
equipment. As long as the syngas still contains methane and carbon monoxide, an autothermal
reforming and a water gas shift reaction processes help increasing the hydrogen content,
simultaneously producing more CO> .A portion of the reformed mixture is burnt with air in order to
provide the energy to the reforming reactions as well as to attain a Hz/N; ratio 3:1, suitable for
ammonia production [38]. Henceforth, the hydrogen-rich syngas goes through a purification system
composed of a physical absorption unit (DEPG) and a methanation system, is used to remove the
carbon oxide components present in the syngas produced [39]. The purified syngas is compressed
up to 200 bar and fed to a synthesis loop, where the Ho/N2 mixture is partially converted into
ammonia through a series of catalytic beds indirectly cooled [40].

Finally, the Fig. 1 also summarizes the various alternatives of utility systems available for
supplying the power and heat demands of the chemical plant including bark, chips, oil and black
liquor fired furnaces, a cooling tower, a vapor-compression refrigeration system, as well as the
resources consumed (e.g. wood, chips, black liquor, water, electricity) and the marketable products
(pulp, ammonia, CO2 and power). The waste heat available throughout the chemical processes is
recovered by using an integrated steam network, so that more power can be generated by optimally
profiting the thermodynamic potential of the waste heat exergy via backpressure and condensation
steam turbines.

3. Methodology

In this section, the process modeling including the thermophysical properties and correlations used
to evaluate the exergy performance, as well as the optimization methodology proposed for the
minimum energy requirements and maximum economic revenues of the plant are described.

3.1. Process modeling

The thermodynamic properties of the flows as well as the mass, energy and exergy balances of each
unitary operation are evaluated by using Aspen Plus® V8.8 software and the Peng-Robinson EoS
with Boston-Mathias modifications [41]. The Perturbed-Chain Statistical Associating Fluid Theory
(PC-SAFT) is used to model the physical absorption of CO, with dimethyl ethers of polyethylene
glycol (DEPG) as in [42]. The Kraft pulp modeling is based on the assumption of a pulp yield of
46.51% with respect to the total amount of digested biomass [22] and a production of 1.44 tgi/tpuip,
as well as by considering the power and steam demands adapted from [24,29] to produce about 880
ADt/day pulp. The evaporation temperature (T, in °C) is estimated by using (1), which considers the
concept of equilibrium moisture content, MCeq, under the superheated steam condition [9,10].

MC,,(wt% wet basis) = 54.678e 00467 (1)

The simulation of the gasification process presents certain complexity as a reactive and separation
system and, as such, it is simulated as consisting of several interrelated stages that occur
simultaneously, namely drying, pyrolysis, gasification and combustion steps. The gasification
pressure and the temperature are set as 30 bar and 1000 °C, respectively. In the quench zone of the



gasifier the smelt is separated, diluted with water and recycled back to the causticization plant in the
form of green liquor to be regenerated and used again in the Kraft process. The oxygen-rich
combustion of a fraction of the char produced in the black liquor pyrolysis step supplies the energy
required by the endothermic drying, pyrolysis and reduction reactions. The ultimate and proximate
composition (mass basis) for BL and other complex substances of interest are obtained from
literature (see Table 1). Meanwhile, the lower heating value is estimated based on the correlations
reported by Channiwala et al. [43] and the ratio of specific chemical exergy to the lower heating
value, at standard conditions (298 K and 1 bar), is calculated by means of the correlations proposed
by Szargut et al [44].

Table 1. Ultimate and proximate analyses, lower heating value (LHV) and specific exergy (o) for
selected material and fuel streams. FC: Fixed Carbon, V: Volatiles, M: Moisture.

?ggfztrée%ccee] ¢ H O NS ch ASH FC Vv M E_l\;'a\;kg dry) E\CAHJ/kg dry)
Wood [45-48] 4990 614 4285 027 000 - 083 - - 40 1885 21.23
Bark [49,50] 4858 552 4119 036 003 009 423 - - 50 179 2013
Black Liquor [51]  29.86 327 2905 010 409 090 3273 1021 57.06 85 10.28 12,08
0il [52] 8510 1090 - - 400 - - - - 2 4056 43.38
Pulp [53] 4444 617 4939 - - - - - - 10 1632 19.80

3.2. Exergy analysis indicators

Some performance indicators for each ammonia plant configuration are proposed to allow for
systematic comparisons between the different designed setups, namely the conventional recovery
boiler and two proposed based on the black liquor gasification process for simultaneous ammonia
production with and without electricity import from the grid. Table 2 compares the rational exergy
efficiency (2), with the relative exergy efficiency definition (3). It must be noticed that, the former
efficiency is higher than the relative one as it accounts for the outlet exergy of other byproducts
(COy, purge gas).

Table 2. Plantwide exergy efficiency definitions of the integrated plants.

Definition Formula Equation
Buseful out B B
. ,output
Ratlonal MRational = B =1- BDESt =1- B B DEStB W (2)
input input oil + wood + chips + net
. _ Bconsumed, ideal Bammonia + Bpulp
Relative nReIative - B - B B B W (3)
consumed , actual oil + wood + chips + net

B = exergy rate or flow rate (kW), Dest = destroyed.

Physical and chemical exergy calculations, as well as exergy efficiencies are assessed using VBA®
scripts as user defined functions [54].

3.3. Optimization framework and problem definition

In moderns chemical and industrial plants, processes streams and unit operations are interrelated
through recycle loops and an extensive waste heat recovery network. Moreover, as long as
electricity can be imported from the grid, a trade-off between additional fuel consumption for
cogeneration and the extent of electricity purchase is expected. Since both resources can be used to
supply the energy demand of the whole plant, the choice will be strongly influenced by the
performance of the cogeneration and waste heat recovery systems, as well as by the cost of the
electricity and the fuel consumed [55]. Thus, when competing energy resources are considered, the
conventional process flowsheet may be drastically modified and additional or very different
demands may be created. This circumstance requires a complete redesign of the energy integration



approach between the chemical units and the utility systems, so that the power and steam
requirements remain satisfied.

In this way, depending on the availability and cost of the energy resources as well as on the desire
of producing various value added products, cheaper energy resources, such as wood chips may be
favored over more expensive energy inputs such as electricity [56]. On the other hand, by importing
electricity in lieu of generating it in the own utility systems, the energy, economic and
environmental impacts are transferred to the outside of the battery limits. Thus, depending on the
electricity mix, it may bring more energy and environmental benefits than using wood chips as fuel
in the cogeneration system. All these new features render the determination of the optimality a
cumbersome task. Fortunately, the selection of the most suitable alternatives for the utility systems
from a resourceful set of energy technologies allows reshaping the integrated curves of the chemical
process aiming to minimize the exergy destruction by reducing the inherent driving forces through
the optimization of the waste heat recovery and power generation. This procedure relies on an
efficient mathematical programming approach in which all the potential energy technologies,
resources and production routes are included (see Fig. 1). Additionally, by separating the chemical
process simulation from the energy integration problem, the calculation of the mass and energy
balances and the simulation of the complex energy conversion systems can be handled by using the
Aspen® Plus modeler [57]. Meanwhile, the determination of the minimum energy requirements
(MER) and the solution of the energy integration problem is handled by the OSMOSE Lua
platform, developed by the IPESE group at the Ecole Polytechnique Fédérale de Lausanne - EPFL,
Switzerland [58].

This framework also allows to determine the most suitable utility systems (e.g. furnaces,
refrigeration, steam network and cogeneration system) and their operating conditions that lead to
the lowest resources consumption and optimal operating cost [59]. The computational framework
manages the data transfer with the ASPEN Plus® software and builds the mixed integer linear
programming (MILP) problem described in (4-8) that minimizes the operating cost of the chemical
plant. In other words, the optimization problem consists of finding the integer variables, yw,
associated to the existence or absence of a given utility unit, o, and its corresponding continuous
load factor, fw, that minimizes the objective function given by (4):

resource resource resource resource Net import
fChips (B'C)cmps *+ Tioo (B'C)wOod + fon (B'C)on + f (W 'C)

frn i n resource o rrESOU rce o resource v (4)
o — fomm (B-C)pyy — T (B 'C)NH3 = feo, (m'c)co2
Subject to:
N, N
Heat balance at the temperature interval r > f0,,+Y.Q,+R.,—R =0 Vr=1.N (5)
w=1 i=1
N(z)
Balance of produced/consumed power z fW + Z Woe + Wiy =W, =0 (6)
=1 chemical
units
Existence and size of the utility unit w frinoYo < f,<fuuYs Vo=1.N, (7

Feasibility of the solution (MER) R =0 Ry.,=0 R 20 and W, 20, W,, >0 (8)

where N is the number of temperature intervals defined by considering the supply and the target
temperatures of the entire set of streams; Q is the heat rate exchanged between the process streams
(Qir> 0 hot stream, Qi< 0 cold stream) and R is the heat rate cascaded from higher (r+1) to lower
(r) temperature intervals (kW); Nw is the number of units in the set of utility systems; B is the
exergy flow rate (kW) of the resources going in and out of the plant; ¢ stands for the purchasing
cost (euro per kWh, m® or kg/h) of the feedstock and electricity consumed, or the selling price of the
marketable pulp, ammonia and CO> produced; q is the heating/cooling rates supplied by the utility
systems (kW); W is the power produced by either the utility systems, the same chemical process or
imported from/exported to the grid (kW). It is important to emphasize that the process modeling and



simulation of the chemical plant alone, including its mass and energy balances, is performed by
using Aspen® Plus software. Meanwhile, the utility units are modeled via equation-oriented
subroutines written in the Lua programming language. Therefore, the additional equations required
for the mass and energy balances of those units rely on the concept of layer (water, natural gas,
biomass, syngas, ammonia, power, carbon dioxide, heat, etc.) as shown in Fig. 2. To this end,
representative market cost for wood (0.013 euro/kWh), chips (0.016 euro/kWh), oil (0.018
euro/kWh) and electricity (0.06 euro/kWh) consumed, as well as the selling prices of pulp (0.144
euro/kWh), ammonia (0.098 euro/kWh) and CO> (0.0084 euro/kg) produced are taken from sorted
literature [24,60,61].
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Figure 2. Concept of layer used in the optimization of the utility systems. W: power.

4. Results and discussion

Table 3 summarizes the results of the optimal process variables for the three scenarios considered.
Two proposed scenarios, namely, the mixed mode (based on both chips fuel and electricity import)
and the autonomous configuration (only chips import and cogeneration system enabled) are
compared to the conventional configuration (recovery boiler application, no ammonia production).
As it can be seen, the overall exergy consumption in the conventional case achieves 42.20 GJ/tpulp,
whereas those figures for the two integrated ammonia plant cases have a marked increment between
10-36%. This is expected, due to the larger amount of biomass and electricity required to drive the
compressors and other ancillary equipment of the ammonia production line. On the other hand, it is
also evidenced that the integrated pulp and ammonia production configurations have higher
operating revenues, due to the complementary value added CO. and NHs, which are not produced
in the conventional route. Moreover, even if the higher yearly investment cost of the integrated pulp
and ammonia plants is considered, the net revenues only differ less than 5% compared to the
conventional case.

According to some authors, the conventional scenario based on outdated recovery boilers (60 bar)
may be improved by implementing various energy integration approaches. They consist of (i) the
utilization of vapor cycles operating at higher pressures (100 bar), (ii) the substitution of the older
technologies, such recovery boilers, by gasification systems handling black liquor with higher
solids contents [23] and (iii) the diversification of the energy inputs and products such as the
utilization of biorefinery residues and electricity generated from a more efficient Brazilian
electricity mix.

Additionally, Table 3 also shows the Extended Exergy Plant Consumption that takes into account
the exergy efficiency of the electricity generation (55.68%), as well as of the oil (95.20%) and



biomass (86.13%) supply chains [62,63]. Certainly, by adding the upstream inefficiencies in the
feedstock supply chains to the conventional Kraft pulp mill analysis, the panorama the exergy
destroyed in the feedstock acquisition further impairs the extended performance of the pulp and
ammonia production process. Actually, the increase of the overall exergy consumption is
remarkable, varying from 15.9-20.5% in the case of the simultaneous pulp and ammonia production
routes. Although these figures may not be immediately interesting for pulp and ammonia producers
when evaluating the performance of the plant itself, those figures are certainly useful to public
policy and decision-makers in environmental and benchmarking frameworks, as they permit an
holistic comparison of the impact of the fertilizers sector with other industrial sectors.

Furthermore, the indirect emissions related to the supply chains of the electricity, oil and biomass
(e.g. production, distribution) shown in Table 3 have been also accounted for in the calculation of
the fossil CO, emissions. Undoubtedly, such indirect contribution is not negligible and reveals
environmental issues that otherwise may remain hidden if electricity imported or biomass are
considered as emissions free inputs. For instance, the indirect emissions of the wood and chips
supply are the largest share of indirect emissions (74-99% out of 0.25 tcox/teuip), €ven higher than
those directly produced by consuming fuel oil in the lime kiln furnace. It can be explained by the
large amount of wood and chips required, which not only takes a toll to the efficiency of the overall
plant, as it will be shown latter, but also proportionally increases the indirect emissions produced.

Table 3. Optimal process variables of the pulp and ammonia production facilities.

Process parameter Conventional Mixed Autonomous
Utility system fuel input - Electricity/Chips Chips
Feedstock wood consumption (GJ/tpuip) 41.15 41.15 41.15
Utility chips consumption (GJ/tpuip) 0.00 0.88 15.31
Utility electricity consumption (GJ/tpuip) 0.00 3.43 0.00
Oil consumption (GJ/teuip) 1.05 1.05 1.05
Overall plant consumption (GJ/tpulp) 42.20 46.51 57.51
Extended plant consumption (GJ/tpuip) * 48.87 56.06 66.65
Rankine cycle power generation (GJ/tpyip)? 4.26 2.05 5.67
Chemical process power demand (GJ/teup)

- KraftPulp Mill 2.84 2.84 2.84
- Black Liquor Treatment and Gasification 1.20 1.20 1.20
- Syngas Conditioning and Ammonia Synthesis 0 0.58 0.58
Ancillary power demand (GJ/tpyip)® 0.14 0.22 0.41
Min. Cooling requirement (GJ/tpuip)* 1.36 2.68 2.68
Min. Heating requirement (GJ/tpuip)* 8.22 2.33 2.33
Fossil CO, emissions avoided (tcoz/teuip)® 0.00 0.00 0.00
Fossil CO emitted —direct (tcoz/truip) 0.08 0.08 0.08
Fossil CO, emitted — indirect (tcoz/teuip)® 0.18 0.24 0.25
- CO2 emitted indirect — EE grid (%) 0.00 24.38 0.00
- CO2 emitted indirect — Biomass (%) 98.31 74.37 98.76
- CO2 emitted indirect — Qil (%) 1.69 1.25 1.24
Total fossil CO2 emitted (tcoz/trulp) 0.26 0.32 0.33
Biogenic CO, emissions avoided (tcoz/truip)® 0.00 1.38 1.38
Biogenic CO2 emitted — direct (tco2/truip) 1.71 0.37 1.61
Total atmospheric emissions (tco2/truip) 1.97 0.69 1.94
Overall CO2 emissions balance’(tcoz/teulp) 1.97 -0.69 0.56
Net CO; emissions balance’ (tcoz/tpuip) 0.26 -1.06 -1.05
Biomass consumption (twood/tNH3+pulp) 3.23 2.64 3.54
Syngas production (GJ/teuip) 0.00 9.36 9.36
Ammonia production (t/day) 0.00 218.93 218.93

Pulp production (t/day) 877.83 877.83 877.83




Process parameter Conventional Mixed Autonomous

Marketable CO> production (kg/h) 0 50,518 50,518
Electricity export (kW) 878 0 0
Operating Incomes (euro/ teup) 714.61 859.72 859.72
Operating Costs (euro/tpuip) -153.49 -214.64 -221.55
Operating Revenues (euro/tpyip)® 561.12 645.07 638.17
Yearly Investment cost (euro/tpyip)° -262.17 -355.90 -353.97
Net Plant Revenues (euro/tpyip) 1° 298.95 289.17 284.20
Revenues difference (Conventional case as 0.0% -3.3% -4.9%
reference)

1. The overall exergy consumption increases if the extended efficiency of the electricity generation (55.68%), as well as
of the oil (95.20%) and biomass (86.13%) supply chains are considered as [62,63]; 2.Steam pressure levels 100, 12, 4
and 0.10 bar, steam superheating 200°C; 3. Cooling tower and vapor compression refrigeration systems; 4.Heating
requirements of the chemical processes (energy basis) determined from the composite curves; 5.CO, emissions captured
through a physical absorption system; 6. It considers the indirect emissions due to the upstream supply chains of
electricity (62.09 gco2/kWh), wood (0.0043 gcoz/kJwood) and oil (0.0029 geoa/kJoil) [62,63]; 7. The overall CO, balance
considers overall CO, emitted (either fossil or biogenic) minus CO; captured, whereas the net value subtracts the
amount of CO, embodied by the crops, assumed as circular emissions; 8. Operating revenues (only) calculated as the
difference between the gross operating incomes minus the operating cost; 9. Ammonia plant and Pulp mill investment
costs scaled according to [60] and [64]; 10. Net revenues estimated as the operating revenues minus the yearly
investment cost.

The avoided CO emissions are related to the carbon capture system in the syngas purification
section. Since direct biomass-derived emissions are considered as neutral (circular) emissions, the
difference between the biogenic CO> captured and the overall CO, emitted is considered as the net
balance of CO> emissions (see Table 3). The negative values indicate an overall positive impact
towards the depletion of the CO> present in the atmosphere, meaning that for each ton of ammonia
produced, around one ton of CO- is withdrawn from the environment when the alternative routes
are used. As a result, the indirect emissions from the biomass utilization are not only offset by the
captured biogenic emissions, but also the import of ‘greener’ Brazilian electricity leads to an
attractive overall exergy consumption along with a radical mitigation of CO> emissions. In fact, in
the integrated production facilities (mixed and autonomous cases), almost half of the power
generated or imported is consumed in the Kraft pulp mill (see Fig. 3). However, the autonomous
case presents the highest total power generation (5.67 GJ/trup), or 33% higher than in the
conventional case. On the other hand, in the mixed mode configuration, there is a reduction in the
power generation due to the diversification of the resources consumed, namely, a large proportion
of the power demand comes from the electricity imported from the grid.

Meanwhile, the MVR drying system accounts for about 22% of the overall power consumed.
Unlike the MVR systems, in the traditional drying systems, a large amount of steam must be
consumed instead of power in order to increase the concentration of solid in the black liquor,
leading to increased consumption of wood chips to balance the combined heat and power demands
of the chemical plants. The MVR system not only allows reducing the excess steam consumption
but also reduces the large driving forces arisen from the comprehensive heat exchange of steam
generation. This maximizes the recovery of the thermodynamic potential by transforming low-grade
waste heat into power via a heat recovery network. It is also important to notice that the air
separation unit consumes about 12% of the total power generation in the utility system. Despite of
this fact, this power intensive process avoids the dilution of the gasification syngas with nitrogen,
which otherwise would require the integration of a downstream nitrogen separation system in order
to control the suitable ratio of Hz to N2 required for the ammonia synthesis.
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Figure 3. Power consumption breakdown (in kW): (a) Conventional configuration, (b) Mixed mode
configuration, (c) Autonomous mode configuration.

Regarding the energy integration analysis, it can be observed a radical modification of the
integrated curves due to the integration of an associated ammonia plant (Figs. 4b and c) when
compared with conventional (standalone) Kraft pulp mill curve (Fig. 4a). Actually, a large amount
of waste heat (pockets) is produced throughout the proposed chemical plants, which in turn can be
recovered to preheat the process streams or raise high pressure steam, thus reducing the amount of
external fuel (wood chips) imported. Moreover, a common characteristic of the tree scenario shown
in Figs. 4 is the effect of the substitution of the traditional drying process based on a multiple effect
evaporator by a mechanical vapor recompression system. This device allows reducing the amount
of steam consumed in the concentration of the black liquor by using the waste heat available at
lower temperatures to preheat the boiling feed water of a Rankine cycle that supply the compression
system of the alternative drying technology.

= Black Liquar Drying
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Figure 4. Integrated composite curves: (a) Conventional configuration, (b) Mixed mode configuration, (c) Autonomous mode configuration. MVR:
Mechanical vapor recompression, H: Enthalpy flow rate, T: Temperature.



In contrast, in the conventional case, the heat requirements are totally supplied by the combustion of
the residual bark and the strong black liquor in the recovery boiler, rendering the overall pulp
production system self-sufficient in terms of both steam and power demands, and even allowing for
a small amount of surplus electricity export. Unfortunately, this fact also leads to an increased
amount of exergy destruction per unit of product. This is also the case of the autonomous
configuration (Fig.4c), which produces both pulp and ammonia, as long as additional chips must be
burned in the wood boiler to balance the energy requirements of the Kraft pulp and ammonia plants.
Finally, in the case of the mixed mode (simultaneous chips and electricity import, Fig 4b), the
amount of chips is dramatically reduced by maximizing the waste heat recovery an also importing
the major part of the power consumed in the plant. This solution is responsible for the reduction of
the irreversibility linked to the extensive heat transfer rates inherent to the other two scenarios (i.e.
the standalone Kraft pulp mill and the autonomous case), as it can be evidenced by the longer span
of the integrated curves along the horizontal axis H. Clearly, the most suitably solution might not be
only related to the reduction of the irreversibility and chips consumption rates, since there may be a
tradeoff that potentially favors the electricity import only if this condition is both economical and
environmentally friendly, considering the highly renewable Brazilian electricity and the energy
intensive biomass and oil supply chains.

Actually, according to Table 4, there is a significant reduction of the exergy efficiency for all the
studied scenarios ranging from 14 up to 21% when the rational and extended relative efficiencies
are considering. This is a consequence of the inclusion of additional sources of irreversibility such
as the raw material obtainment into the originally standalone plant analyses. As concerns the exergy
destruction, the mixed mode seems to outperform the other scenarios. However, by looking to the
extended exergy destruction indicator, an apparently more efficient process can be deteriorated by
the intensive consumption of raw materials with an important carbon footprint associated to its
production, which finally results in a slightly better performance of the conventional case. As a
result, better plant configurations may be offset by the performance of the extended production
process.

These results can be compared with similar studies reported in the literature. Akbari and coworkers
[65] studied the ammonia production from BL gasification at 27 bar and 1050°C, obtaining an
energy yield of 31.07%, defined as the ratio between the HHV of ammonia and BL. For the sake of
comparison, the integrated setups evaluated on the present study achieved 31.94% for this indicator.
However, neither the Kraft pulp mill responsible for the production of such BL nor the utility
systems that must satisfy the overall energy requirements of both pulp and ammonia production are
explicitly modeled. In this way, this energy yield indicator is only based on the amount of black
liquor consumed. This circumstance renders difficult the comparison with the proposed systems
studied in this paper, since the interrelation between the waste heat recover, the cogeneration system
and the chemical plants is not evident in the previous work. In other words, the irreversibility
associated with the conversion of the energy resources required for supplying the steam and power
of the integrated systems is missing, once the proposed energy yield should account for them in
order to highlight the actual specific energy consumption.

Andersson and Lundgren [66] performed a techno-economic evaluation of the simultaneous pulp
and ammonia production in a Kraft pulp mill via integrated biomass gasification (bark, 30 bar and
1200°C). The authors compare a stand-alone ammonia production plant operating separately from
the Kraft pulp mill, both plants consuming external wood as fuel. In a second scenario, the authors
consider the energy integration of both facilities, so that the bark from the Kraft pulp mill can be
used as the gasification feedstock by replacing the original bark boiler. Meanwhile, the black liquor
produced is still consumed in a typical recovery boiler. The results showed that the overall
efficiency calculated in terms of what the authors defined as ‘electricity equivalents’ (analogous to
the exergy concept, but strongly reliant on arbitrary power conversion factors) for the stand-alone
ammonia production plant achieves 44%, whereas for the integrated system an efficiency of 54% is
obtained. According to the authors, this increment in the electricity equivalents-based efficiency is a



consequence of the enhanced utilization of bark in the gasification system and the integration of
both plants. Other works [67] dealt with the evaluation of the marginal energy efficiency of
methanol and dimethyl ether production by considering an additional biomass consumption, where
this biomass energy is added to the pulp mill and is converted to automotive fuels via gasification of
the black liquor. The overall energy efficiency of the conversion into fuels of the additional biomass
added to the mill is reportedly between 65-70%, depending on the efficiency of the bark boiler. In
other words, the energy efficiency is calculated for the increase of the energy flows of both biomass
and motor fuels.

Table 4. Exergy destruction and exergy efficiencies for the studied configurations.

Process parameter Conventional Mixed Autonomous
Rational exergy efficiency (%) 42.46% 51.63% 41.75%
Extended rational exergy efficiency (%)* 36.66% 42.83% 36.03%
Relative exergy efficiency (%) 42.25% 48.99% 39.62%
Extended relative exergy efficiency (%)* 36.48% 40.64% 34.19%
Exergy destruction (GJ/trup) 24.28 22.50 33.50
Extended exergy destruction (GJ/tpuip)* 30.96 32.05 42.64

1.0Overall exergy consumption increases if the cumulative efficiency of the electricity generation (55.68%), as well as of
the oil (95.20%) and biomass (86.13%) supply chains are considered as reported by [62, 63].

5. Conclusions

In this work, the use of black liquor gasification in the integrated syngas and ammonia production
plant is compared with the performance of the conventional conversion route (standalone Kraft pulp
mill), aiming to reduce the amount of non-renewable exergy consumed and net CO, emissions,
whereas maintaining attractive the integrated plant revenues. The combined energy integration and
exergy analyses performed allowed spotting the best alternatives of utility systems that ensure
competitive revenues, while maximizing the recovery of the available waste heat exergy. As a
result, the exergy efficiencies of the conventional and integrated cases average 40% and 42%,
respectively, whereas the overall emission balance varies from 1.97 to -0.69 tco/teuip, respectively.
The negative values point towards the environmental benefits brought about by the production of
chemicals through the use of alternative energy sources such as biomass. As it is evidenced,
renewed efforts on research and development of more efficient conversion technologies of
renewable energy sources must look towards the introduction of alternative ammonia production
routes at larger scales in the fertilizer industry, in spite of the current high investment risk and less
mature energy conversion technologies of biomass. Moreover, the electricity import, whether
available, may help reducing the extent of the irreversibility and chips consumption rates in the
integrated systems, as well as reducing the overall CO, emissions. Despite the increased investment
cost, due to the complementary value added CO> and NH3 produced, the operating revenues of the
alternative configurations are not considerably impacted in comparison with the conventional route.
Finally, it must be noticed that by defining extended plant consumption and efficiency concepts, the
whole effect of the production process, including the inefficiencies of upstream feedstock supply
chain can be evaluated. The results show to be strongly dependent on the indirect emissions, the
energy resources used (chips, electricity or black liquor) and the market costs adopted for the
resources and products.
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