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Abstract: Second-generation biomass is an underexploited resource, which can lead to valuable
products in a circular economy. Available locally as food waste, gardening and pruning waste or
agricultural waste, second-generation biomass can be processed into high-valued products through a
flexi-feed small-scale biorefinery. The flexi-feed and the use of local biomass ensure the continuous
availability of feedstock at low logistic costs. However, the viability and sustainability of the biorefin-
ery must be ensured by the design and optimal operation. While the design depends on the available
feedstock and the desired products, the optimisation requires the availability of a mathematical
model of the biorefinery. This paper details the design and modelling of a small-scale biorefinery in
view of its optimisation at a later stage. The proposed biorefinery comprises the following processes:
steam refining, anaerobic digestion, ammonia stripping and composting. The models’ integration
and the overall biorefinery operation are emphasised. The simulation results assess the potential of
the real biowaste collected in a commune in Flanders (Belgium) to produce oligosaccharides, lignin,
fibres, biogas, fertiliser and compost. This represents a baseline scenario, which can be subsequently
employed in the evaluation of optimised solutions. The outlined approach leads to better feedstocks
utilisation and product diversification, raising awareness on the impact and importance of small-scale
biorefineries at a commune level.

Keywords: biomass; biorefinery design; process integration; scheduling; simulation

1. Introduction

Lignocellulosic biomass represents an abundant and sustainable carbon-rich feedstock
that can be employed to produce, e.g., (bio-)chemicals, biofuels, fibres and nutrients. As the
urge to employ sustainable processing methods and feedstocks is becoming ever greater
with regard to climate change, interest in how to optimally process this feedstock has
steadily increased over the past decade. To obtain valuable and useful products, the dense
crystalline structure of lignocellulosic biomass needs to be broken down. The three main
building-blocks of lignocellulosic biomass are: (i) lignin, (ii) cellulose and (iii) hemicellulose
(see Figure 1). While cellulose is an extremely dense structure, mainly consisting of β(1→
4)-D-Glucose units, structured in a helical strand, hemicellulose and lignin are more
diverse, containing a multitude of different compounds, the most important of which are
represented in Figure 1.

The breakdown and conversion of lignocellulosic biomass in useful and value-added
products occurs in a biorefinery. In [1], the authors presented a classification system to cate-
gorise biorefineries based on: (i) which platforms or intermediate products they used, (ii) the
products they produced, (iii) the used feedstocks and (iv) the used processes. So-called
first-generation biorefineries used food products, such as corn and wheat, as feedstock and
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converted these starch-rich and uniform feedstocks into bulk products such as biofuels
and other platform chemicals. In essence, these biorefineries were the biomass-based
counterpart of regular petroleum refineries (where raw fossil oil is refined into value-added
products). However, as they used food as feedstock and they competed with the food
industry for arable land, these enterprises were faced with heavy criticism [1,2].

(i)

(ii)

(iii)

Figure 1. Schematic representation of lignocellulosic biomass and its three main building-blocks:
(i) hemicellulose, (ii) cellulose and (iii) lignin (taken from [3]).

Second-generation biorefineries were developed as a response to this major flaw of
first-generation biorefineries. In a second-generation biorefinery, the feedstock that is
processed is a waste, or a non-food stream [1,2,4]. In particular, the usage of biowaste has
become of great interest lately, as biowaste biorefineries additionally act as waste process-
ing facilities [5], thus playing a central role in the circular economy. When regarding the
application potential of biorefineries on a local level, their ability to revalorise biowaste in
locally desired products is a compelling advantage [6,7]. (Lignocellulosic) Waste streams,
however, have the major disadvantage that their composition, due to their waste nature, is
no longer uniform [8,9]. Moreover, when only considering local biowaste streams, their pe-
riodic yields are also limited. Combined, these two disadvantages make biowaste streams
unsuitable for the production of bulk products such as biofuels. Unlike first-generation
biorefineries, the processes employed in a local and small-scale biorefinery need to be more
robust and flexible, as the feedstock’s composition may be variable. Additionally, the se-
lected processes should render high-value products, as the overall feedstock throughput of
the biorefinery will be limited due to its local nature [10]. In addition, Refs. [4,9] indicated
that the production of fuels by biorefineries is inherently unsustainable. The combination
of both considerations has led to a steady increase in interest regarding the production of
high-value-added products from biowaste streams using biorefinery systems.

Even though the advantages of small-scale biorefineries have been indicated by mul-
tiple research studies, their implementation is lagging behind [6,7]. In particular, with
regards to planning and designing a suitable small-scale and locally adapted biorefinery,
decision-makers and investors are faced with a multitude of challenges and uncertainties.
These uncertainties can often lead to the absence of the required investments to build biore-
finery facilities. This, on its turn, leads again to an increased lack of trust in the considered
systems [11,12]. (Online) Decision support tools (DST) are a convenient alternative for aid-
ing decision-makers in designing the most suitable biorefinery systems for their particular
settings as well as to increase their confidence in the proposed process layout [11,12].
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An important part of developing a small-scale and locally embedded biorefinery
consists of selecting the most suitable processes for converting locally available biowaste
streams into value-added and desirable products [3]. Mathematical models of the con-
sidered processes allow for an easy assessment of the performance of the investigated
processing chain. Moreover, mathematical models can be used to optimise the process
flow-sheet itself as well as the processing conditions. Mathematical models of biorefinery
conversion processes can range from static to dynamic models. Whereas the first type
of models consider a steady-state process, i.e., time has no influence on the states of the
process, a dynamic model allows for a more accurate prediction of the process’s states and
outputs, which are inherently influenced by the time variation of the inputs and distur-
bances acting on the process. Especially when considering batch processes, such as steam
refining and composting, the duration of the process has a major influence on the process
outcome. An additional advantage of dynamic models is that they allow for optimising
the way a biorefinery is operated, i.e., imposing an (on-line) optimal control system on
the biorefinery [13,14]. Static process models would only allow for a yield-based process
optimisation. With regard to optimising the process flow-sheet itself, often, the so-called
superstructure modelling system is employed [15–17]. To increase the extendability and
user-friendliness of these superstructure models (which often consider a vast amount of
different processes and/or process combinations), a simplified and generalised modelling
framework is employed for all the considered processes. In this contribution, a similar
superstructure model is being developed; however, as the scope of the foreseen biorefinery
is limited to local and small-scale processing of biowaste streams, the number of processes
selected using expert knowledge is limited. Moreover, as the eventual goal is to submit
the proposed design to a process and a control optimisation, dynamic models have been
selected for the considered processes. The developed model can be used in the first stage
to assess the potential of locally available biowaste for producing value-added products.
Subsequently, it may be employed to optimise the entire operation of the biorefinery in
view of maximising the production of desired products. The model can be integrated to-
gether with a bioinventory tool, which provides a survey of the available biowaste, and an
optimisation tool, which may take into account also sustainable indicators, into a decision
support tool that allows for the design of small-scale, flexi-feed, sustainable biorefineries in
a local setting.

The remainder of this contribution consists of a thorough discussion on the design of
a local small-scale biorefinery in Section 2, followed by an in-depth discussion in Section 3
on the employed models for each process that was incorporated in the design, the models’
integration and the biorefinery operation. Section 4 focuses on the obtained results from
simulating the biorefinery operation for the biowaste available in a commune in the Flan-
ders region. Finally, conclusions, as well as some remarks with regard to future research,
are drawn in Section 5.

2. Biorefinery Design

A biorefinery can be simply considered to consist of three parts that are linked together:
(i) the input or feedstock part, (ii) the process part and (iii) the output or product part. All
three parts come with their own set of distinct (strategical) design choices that need to be
considered when designing a biorefinery system (see Figure 2) [18]. Moreover, the choices
made in one part of the biorefinery system will inevitably influence the choices that have to
be made with regard to the other parts. To illustrate this, when the biorefinery is designed
with the ethos of producing a certain product, e.g., biofuel, only a small set of suitable
conversion processes and feedstocks will remain eligible for selection.

A local and small-scale biorefinery should tailor for local needs: local feedstocks
should be converted into locally desired products. As the biorefinery system proposed in
this contribution should additionally function as a waste-processing facility, the overall
biorefinery system is designed starting from the feedstock part.
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Figure 2. Simplified outline of a biorefinery with its three parts (feedstock, process and product), and
their respective main strategic decisions (taken from [18]).

When designing a biorefinery from the feedstock side, one of the main aspects to
consider is which feedstock is supposed to be processed by the facility. The most optimal
conversion processes for a dense and highly crystalline feedstock will differ considerably
from those employed when a soft feedstock is being processed. Additionally, the selection
of certain conversion processes over others will have an influence on which volumes the
biorefinery can handle and/or which products the facility will render.

2.1. Designing a Local Small-Scale Biorefinery

The two main lignocellulosic feedstocks that should be considered in a Flemish setting
are kitchen waste and wood waste obtained from garden and landscape maintenance.
Based on expert knowledge, a set of flexible and robust processes which are able to process
either one or both of the considered feedstock streams were selected. The concatenation
of the proposed conversion processes was obtained by employing a reverse-engineering
design approach. More specifically, for each of the proposed feedstocks and for all of the
proposed conversion processes, which products could be obtained was assessed. Based on
the selected (set of) products, the required processes were coupled in such a way that the
net flow of waste streams, i.e., undervalorised outflows of organic material, was minimised.

2.2. Proposed Integrated Small-Scale Biorefinery for a Flemish Setting

Figure 3 displays the eventually obtained flow-sheet of the small-scale biorefinery that
will be presented and modelled in this contribution. Note that this flow-sheet represents
the overarching, or superstructure, of the proposed small-scale and flexi-feed biorefinery in
a Flemish setting. Depending on which products the biorefinery operators are interested in
and/or their local circumstances with regard to equipment, the flow-sheet can be adapted
to fit these local needs.

The main processes have been selected based on the foreseen feedstocks that could be
processed by the biorefinery, i.e., two major lignocellulosic feedstocks that can be found
in the case study region of Flanders: kitchen waste and (postconsumer) wood waste.
Four main processes have been selected based on expert knowledge: (i) steam refining,
(ii) anaerobic digestion, (iii) ammonia stripping and (iv) composting.

The four main processes are concatenated in such a way that the waste/output streams
of each process are, on their turn, maximally utilised. This overarching integrated biorefin-
ery design has been defined using expert knowledge.

Wood waste obtained from garden and landscape maintenance (i.e., pruning waste)
is initially submitted to a pretreatment step consisting of chipping and sieving. Small
enough wood chips are processed using steam refining, whereas bigger pieces (on average,
this residue stream accounts for 5% of the total wood waste) are processed directly via a
composting process.
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Figure 3. Schematic representation of the small-scale biorefinery modelled in this contribution.
(Intermediate) Feedstocks are represented in green, main processes are represented in red, secondary
processes are represented in purple, and (intermediate) products are represented in blue.

A steam refiner is, in essence, a mill consisting of two grinding wheels spinning in
opposite directions between which the wood chips are ground down. To facilitate this
process, steam is injected in the mill to weaken the crystalline structure of the lignocellulosic
chips and to extract small molecules from the wood chips. The two main product categories
of a steam refining process are solid fibres and a liquid extract containing a broad range of
components, e.g., oligosaccharides. The obtained fibres can be further processed into paper,
while the extract stream can be further refined to nutrients, tensides, etc.

Kitchen waste is a fairly soft feedstock and therefore does not require severe conversion
processes like wood waste does. In the region of Flanders, kitchen waste that is collected
via home-to-home collection rounds is of compostable quality. However, when aiming to
maximise the potential of this particular feedstock, other conversion processes can take
place prior to the final composting step. As kitchen waste is a nitrogen-rich feedstock, it
lends itself perfectly to being processed using an anaerobic digestion step, followed by an
ammonia stripping step.

An anaerobic digester is a continuous process during which the input stream is broken
down, in the absence of oxygen, by bacteria into biogas and digestate. Biogas is a mix of
methane (CH4), carbon dioxide (CO2) and hydrogen (H2), whereas digestate is a nitrogen-
rich waste stream. Anaerobic digestion is one of the most commonly applied biorefinery
processes. In particular, countries such as Germany and France are at the forefront with
regard to biomethane facilities, with 232 and 131 biomethane plants, respectively [19].
The quality of the produced biogas is defined by the amount of CH4 in the output stream,
i.e., the more methane, the higher the quality of the biogas. The methane percentage in
biogas can be optimised by either adjusting the process parameters (see also Section 3.2)
or adjusting the composition of the feedstock streams that are entering the biorefinery.
The latter can, for instance, be artificially obtained by mixing two feedstocks together [20].

Even though anaerobic digestion is a flexible process, which has been employed for the
conversion of manure, wastewater sludge and other recalcitrant organic waste streams [21],
it has the disadvantage that the conversion process is coupled with the production of a
steady and nitrogen-rich waste stream: the digestate. As nitrogen is not dissimilated during
the digestion process, it accumulates in the digester’s nongaseous output stream. In the
case study region of Belgium, processing such high volumes of a nitrogen-rich waste stream
cannot be accomplished without removing the bulk of the nitrogen content from the waste
stream. Moreover, the nitrogen still present in the digestate stream can be used to produce
a nitrogen fertiliser. Unbound nitrogen (i.e., in its NH3/NH+

4 state) can be easily removed
from a liquid stream at increased pH using air stripping.
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The remaining digestate stream, now with low nitrogen content, still represents a
constant and relatively high flow of organic material that can still be further processed.
The final step in the proposed biorefinery design consists of a composting step of the
digestate combined with the residual wood waste that could not be processed using
the steam refining process.Whereas the anaerobic digestion and ammonia stripping are
operated in a continuous mode, the composting process is operated as a batch process.
Switching from a continuous production line to a batch-operated production line requires
a decoupling, often obtained by the usage of holding tanks. Holding tanks can store the
continuously produced input of the batch process until the batch reactor is available again.
This topic is detailed in the next section.

3. Materials and Methods
3.1. Steam Refining

The steam refining model used in this biorefinery setup is a kinetic model developed
in [22,23] for the treatment of birch wood at temperatures in the range [180, 240] ◦C , with the
concept of a wood biorefinery in view. This implies the selective separation of the three
main wood components (lignin, cellulose/xylose and hemicellulose/glucan), which may
be further used for the production of high-value components. Consequently, the model
includes the three main processes, i.e., delignification, degradation and conversion of xylan
and degradation and conversion of glucan, which are briefly described below. The efficiency
of the treatment is determined by the experiment temperature and duration. A schematic
representation of the steam refining process is illustrated in Figure 4. 

 

 

Figure 4. Schematic representation of a steam refiner.

The delignification process consists of a solubilisation reaction and a condensation
reaction. In the solubilisation reaction, the lignin in the solid, which is divided into a
hard-to-remove fraction L1 and an easy-to-remove fraction L2, is converted into solubilised
lignin Ls. In the condensation reaction, a part of the solubilised lignin returns to the solid
phase as condensed lignin Lc. Hence, the amount of lignin in the solid phase is determined
by the sum L1 + L2 + Lc, while the amount of lignin in the extract is determined by Ls.
The delignification process is mathematically described by:



Processes 2022, 10, 829 7 of 20

dL1

dt
= −ks1L1

dL2

dt
= −ks2L2 (1)

dLs

dt
= ks1L1 + ks2L2 − kcLs

dLc

dt
= kcLs

where ks1, ks2 and kc respectively represent the temperature-dependent kinetic rates of the
hard degradable lignin fraction, easily degradable lignin fraction and condensed lignin.
The numerical values of the kinetic rates and the initial hard and easily degradable fractions
for the considered temperature range are given in [22] (Table 3).

The degradation and conversion of xylan and glucan follow the same pathway: poly-
mers (xylan and glucan) are converted into their corresponding monomers (xylose and
glucose) via intermediate oligosaccharides. Subsequently, the monomers are degraded to
furfural, 5-hydroxymethylfurfural and other degradation products. Similar to the deligni-
fication process, it is assumed in [23] that both xylan and glucan in the solid consist of a
fast-degrading fraction and a slow-degrading fraction. Considering first-order reactions,
the conversion of xylan is described by

dXN1

dt
= −kx1 · XN1

dXN2

dt
= −kx2 · XN2

dXOS
dt

= kx1 · XN1 + kx2 · XN2 − kx3 · XOS (2)

dX
dt

= kx3 · XOS− (kx4 + kx5) · X

dF
dt

= kx4 · X− kx6 · F

while the conversion of glucan is given by

dGN1

dt
= −

(
kg1 + kg6

)
· GN1

dGN2

dt
= −

(
kg2 + kg7

)
· GN2

dGOS
dt

= kg1 · GN1 + kg2 · GN2 −
(
kg3 + kg8

)
· GOS (3)

dG
dt

= kg3 · GOS−
(
kg4 + kg9

)
· G

dHMF
dt

= kg4 · G− kg5 · HMF

In (2), XN1 and XN2 denote respectively the fast- and slow-degrading xylan fractions,
XOS denotes the xylo-oligosaccharides, X represents xylose and F represents furfural, while
kxi with i = 1 . . . 6 are the temperature-dependent kinetic rates. Initial fractions of xylan in
the solid as well as the parameters of the kinetic rates may be found in [23] (Tables 3 and 4).
In (3), GN1 and GN2 denote respectively the fast- and slow-degrading glucan fractions,
GOS denotes the gluco-oligosaccharides, G represents glucose and HMF represents 5-
hydroxymethylfurfural, while kgj with j = 1 . . . 9 are the temperature-dependent kinetic
rates. Initial fractions of glucan in the solid as well as the parameters of the kinetic rates may
be found in [23] (Tables 5 and 6). Note that the states in (1) are expressed in percentages
with respect to the original amount of lignin in the wood, which represents 22.36% of the
dry wood mass (Table 1 in [22]), while the states in (2) and (3) are expressed in g per kg of
dry wood.
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3.2. Anaerobic Digestion

The anaerobic digestion model employed here is developed in [24]. It is an extension
of the well-known ADM1 model [21], with the amendments made in [25], to accommodate
the food waste digestion experimentally observed.

ADM1 is the most complex model describing the anaerobic digestion process. It
includes the following conversion steps [21,26]: (i) disintegration of the composite material;
(ii) hydrolysis of carbohydrates, proteins and lipids into their corresponding building
blocks; (iii) acidogenesis, in which monosaccharides, amino-acids and long-chain fatty
acids are fermented and short-chain organic acids, hydrogen, carbon dioxide and ammonia
are produced; (iv) acetogenesis, in which various metabolic products of the previous degra-
dation stages are mainly broken down into acetic acid, hydrogen and carbon dioxide, and
(v) methanogenesis, in which mainly acetic acid and hydrogen are converted into methane.
These conversion steps occur simultaneously and involve a variety of microorganisms.
The process takes place in a continuous stirred tank reactor as schematically illustrated
in Figure 5: waste is continuously supplied in the influent with the flow rate q (m3/day),
and an equal flow is withdrawn from the reactor such that the liquid volume Vliq remains
constant; the produced biogas (composed of methane, carbon dioxide and hydrogen) leaves
the reactor with the flow rate qgas.

 

Figure 5. Anaerobic digestion system.

The ADM1 model consists of the mass balance of components in the solid-liquid and
gas phases as summarised by

dSi
dt

=
q

Vliq
(Sin,i − Si) + ∑

j
ρjνij − ρT,j (4)

dXi
dt

=
q

Vliq
(Xin,i − Xi) + ∑

j
ρjνij (5)

dSgas,i

dt
= −

qgas

Vgas
Sgas,i +

Vliq

Vgas
ρT,j (6)

where: Si denotes the concentration of the soluble component i, Xi denotes the concen-
tration of the particulate component i and Sgas,i denotes the concentration in gas of either
methane, carbon dioxide or hydrogen; Sin,i/Xin,i is the concentration in the influent of
soluble/particulate component i; ρj represents the reaction rate of process j, while νij rep-
resents the stoichiometric coefficient of component i on the process j; ρT,j represents the
transfer rate to the gas j and Vgas denotes the headspace volume. Note that the only soluble
components which are transferred to the gas phase are methane, hydrogen and inorganic
carbon. Except for nitrogen and carbon concentrations expressed in kmol/m3, all the other
concentrations are expressed as kgCOD/m3.
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In addition to the soluble matter, particulate matter and gas components, ADM1 in-
cludes balances for anions, cations and ion states, allowing for an accurate calculation of the
process pH. The implementation reported by [25] consists of 35 differential equations and
8 algebraic equations, while the implementation [24] used in this work considers the acetate
oxidation pathway, which is proved to make significant contributions to methane produc-
tion and, in some cases, become more important than the acetoclastic methanogenesis.
Compared to the original ADM1 implementation,

• two new processes are included, namely the acetate degradation by a new biomass
group of acetate oxidisers and the decay of the new biomass group;

• hydrogen ions’ concentration used to compute pH is a state of the model [27];
• some parameters are re-estimated to account for the digestion of waste with high

nitrogen content such as food waste.

The main food waste characteristics and their translation into inlet concentrations of
ADM1 model are also found in [24].

3.3. Ammonia Stripping

The ammonia stripping process [28–30] takes place in a closed vessel, where air is
continuously sparged at its bottom and its content is continuously agitated. Ammonia is
transferred from the liquid to the air bubbles, which leave the vessel. To facilitate the phase
transition, the pH of the system must be increased, which requires the addition of a base.
After the stripping, acid is added to re-establish the pH. The air outflow rich in ammonia is
supplied to ammonia scrubbing process (not considered here), which allows the retrieval of
ammonia as salt that can be used as fertiliser. A schematic representation of the ammonia
stripping process is illustrated in Figure 6.

 

 

Figure 6. Schematic representation of the ammonia stripping process.

The mathematical model [28–30] describing the process relies on the mass balance
for ammonia:

VL
dCL
dt

+ εGVL
dCG
dt

= qL(CL,in − CL) + qG(CG,in − CG) (7)

where qG is the volumetric air flow rate (m3/s), CG,in and CG are the ammonia concentra-
tions in the air entering and leaving the vessel (kmol/m3), VL is the liquid volume (m3),
CL,in and CL are the ammonia concentrations in the liquid phase entering and leaving
the vessel (kmol/m3) and εG is the air holdup or the volume fraction of the air bubbles
entrained in the liquid (dimensionless). Since [29]

• no ammonia is present in the influent air (CG,in = 0);
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• ammonia accumulation in the air bubbles is insignificant;
• the equilibrium equation between air and liquid for any gas is given by Henry’s law;
• and the output stripping gas is probably not close to saturation,

the mass balance (7) reduces to

VL
dCL
dt

= qL(CL,in − CL)− qGKHCL (8)

where KH denotes Henry’s constant (dimensionless).
The efficiency of the ammonia stripping process is calculated as

Removed ammonia(%) =

(
1− CL

CL,in

)
× 100 (9)

3.4. Composting

Composting refers to the aerobic degradation of organic matter into valuable inert
material (compost), which can be used as fertiliser for soil and plants.

The model of composting in biocells proposed in [31] relies on three main biochemical
phenomena: (i) hydrolysis of the insoluble substrate, (ii) aerobic degradation of soluble
substrate and (iii) biomass decay. The model describes the evolution of the main process
variables (concentrations expressed in mol C/m3): soluble substrate S, representing the
material that can be directly degraded; insoluble substrate I, representing the waste which
needs to be hydrolysed before conversion; biomass concentration X; liquid part L; inert
material (compost) M, and oxygen concentration O. As the biocell is a closed system,
oxygen has to be supplied to maintain the biomass growth and the overall conversion.

The mass balance equations read:

dS
dt

= − 1
YS

µ(S, O)X + Kh I (10)

dI
dt

= −Kh I +
1
YI

bX (11)

dX
dt

= µ(S, O)X− bX (12)

dL
dt

=
1

YL
µ(S, O)X (13)

dM
dt

= −
(

1− 1
YS

+
1

YL

)
µ(S, O)X +

(
1− 1

YI

)
bX (14)

dO
dt

= − 1
YO

µ(S, O)X + FOin (15)

where
µ(S, O) = µmax

S
KS + S

O
KO + O

(16)

describes the biomass growth, which is limited by the availability of soluble substrate and
oxygen. The numerical values of the parameters [31] are given in Table 1.

Table 1. Parameters’ values for the composting model [31].

Parameter Value Parameter Value

µmax 0.72 h−1 YS 0.53
KS 0.2573 mol/m3 YI 1.02
KO 2.822 mol/m3 YL 1.34
Kh 18 × 10−4 h−1 YO 1.12
b 0.1368 h−1 Oin 8 mol/m3
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3.5. Models’ Integration and Scheduling

In a biorefinery, several processes are connected in a cascade, where the output of
one process is fed as input to another process. Additionally, some processes may be
operated in continuous mode, while others may be operated in batch or fed-batch mode.
Hence, simulating the biorefinery operation and evaluating its efficiency requires models’
integration and scheduling.

The biorefinery designed in this work consists of two branches, and its operation
is indicated in Figure 7. The first branch comprises only one process, the steam refining
process. Steam refining is a process which is operated in batch mode. Depending on
the availability of wood waste and storage capacity, reactor size and considerations on
energy use, the treatment of wood waste could be accomplished in real life in either
one batch or repetitive batches. On the second branch, anaerobic digestion is a process
operated in continuous mode, composting is a process operated in batch mode while
ammonia stripping could be operated either continuously or in batch mode. For simplicity,
we consider that the ammonia stripping process is operated in continuous mode, at the
same rate as the anaerobic digestion process (q = qL). To buffer the transition between
the continuous and batch operations, the low ammonia digestate exiting the ammonia
stripping process is collected for a period of time4t (days) in a tank, whose content is then
transferred to a composting cell. Composting is a slow process which might not end in4t
days, the next period for filling in the buffer tank. Hence, several composting cells can be
used in parallel, as shown in Figure 7.

Steam

refining
Pretreatment Post-treatment

Batch operation

Ammonia 

stripping

Air 

flow Composting

O2

Continuous operation

Batch operation

Anaerobic 

Digestion

Composting

O2

Figure 7. Biorefinery operation.

Assuming that no biochemical reaction takes place in the tank, its dynamics in terms
of the states of the composting model are given by

dV
dt

= q

dS
dt

=
q
V
· (Sin − S)

dI
dt

=
q
V
· (Iin − I) (17)

dM
dt

=
q
V
· (Min −M)

where V represents the volume of digestate accumulated in the tank, S, I and M are
respectively the concentrations of soluble, insoluble and inert matter in the tank, while Sin,
Iin and Min are respectively the concentrations of soluble, insoluble and inert matter in the
influent digestate.
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Generally, the models employed to simulate a biorefinery are built for each specific
process with the main goal of characterising its dynamics with a certain degree of detail.
Thus, connecting two such models requires a good mapping of the first model’s outputs to
the second model’s inputs. While anaerobic digestion is a complex process with a detailed
characterisation of organic matter, its connection with the ammonia stripping model is
straightforward, as the concentration of ammonia appears both in the effluent of the
anaerobic digestion model and the influent of the ammonia stripping model (SNH3 = CL,in).
Assuming that no reaction takes place during ammonia stripping, the next step is to match
the mix of digestate with wood to the states of the composting process.

In the first stage, the characteristics of digestate and the characteristics of wood are
individually mapped to the states of the composting model. The conversion factors are
respectively shown in Tables 2 and 3. Then, the initial states of the composting model are
calculated as follows:

• Compute the volume of digestate collected from the anaerobic digestion process as
VAD = q · 4t, where4t(days) is the period of digestate collection and q (m3/day) is
the volumetric flow rate the anaerobic digester was operated with in the interval4t.
Note that VAD = V, the volume in the tank at the time instant τ = 4t;

• Compute the volume of wood to be mixed with the digestate as Vw = w/ρ, where w
(kg) is the mass of the wood and ρ (kg/m3) is its density;

• The concentrations of the soluble substrate, insoluble substrate and inert material
entering the composting process are respectively given by

S0 =
x ·VAD + 22.15 · w

VAD + Vw
(18)

I0 =
y ·VAD + 12.75 · w

VAD + Vw
(19)

M0 =
z ·VAD

VAD + Vw
(20)

where x, y and z (mol C/L) are respectively the concentrations of the soluble substrate,
insoluble substrate and inert material in the tank at time instant τ = 4t, i.e., S(τ),
I(τ) and M(τ) given by (17). In (17), Sin(t), Iin(t) and Min(t) are respectively the
concentrations of the soluble substrate, insoluble substrate and inert material in
the low-ammonia digestate entering the tank, which are calculated at each time
instant using the conversion coefficients shown in Table 3. The coefficients in (18)–(20)
(mol C/kg wood) are calculated based on data in Table 2.

Table 2. Conversion factors of wood characteristics into units of the composting model.

Component Chemical Formula Composting g/(kg Wood) [22] mol C/(kg Wood)

Rhamnose C6H12O6 S 1.00 0.0333
Galactose C6H12O6 S 6.70 0.223
Mannose C6H12O6 S 17.60 0.586

Xylose C6H12O6 S 209.30 6.97
Glucose C6H12O6 S 430.50 14.3

Klason lignin C81H92O28 I 177.00 9.47
Acid-soluble lignin C81H92O28 I 46.60 2.49

Acetyl group COOH I 35.40 0.786
Extractives / / 17.20 /

Others / / 58.70 /
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Table 3. Conversion factors from anaerobic digestion to composting.

State Conversion Factor ReferenceADM1 Composting mol C/kgCOD

Ssu S 31.3 [25]
Saa S 27.2 own calculation, [32]
S f a S 21.7 [25]
Sva S 24.0 [25]
Sbu S 25.0 [25]
Spro S 26.8 [25]
Sac S 30.0 [25]
Xch S 31.3 [25]
Xpr S 27.2 own calculation, [32]
Xli S 22.3 own calculation, [32]

Xc I 25.2 own calculation, [32]

Xsu I 27.2 own calculation
(C5H7O2N)

Xaa I 27.2 own calculation
(C5H7O2N)

X f a I 27.2 own calculation
(C5H7O2N)

Xc4 I 27.2 own calculation
(C5H7O2N)

Xpro I 27.2 own calculation
(C5H7O2N)

Xac I 27.2 own calculation
(C5H7O2N)

Xh2 I 27.2 own calculation
(C5H7O2N)

Xac2 I 27.2 own calculation
(C5H7O2N)

XI M 30 [25]

4. Results and Discussion

The simulation results are based on the amounts and types of biowaste collected in
the commune De Pinte in Flanders (Belgium). Via home-to-home collection, food waste
is gathered every two weeks [18], while the wood waste is collected only once a year.
Based on data given in Table 4, which shows the seasonality of the waste, a total amount
of 395.508 tonnes of food waste is collected yearly. The yearly wood waste amount is
98.060 tonnes.

Table 4. Average amount of food waste collected per month in De Pinte [18].

Period Collection Day
Day 1 [kg/month] Day 2 [kg/month]

October–March 9557 18,340
April–September 15,260 22,773

As illustrated in Figures 3 and 7, the wood waste needs pretreatment before entering
the steam refining process, while the reactor content needs posttreatment at the end of
the process to retrieve the products of interest. No dynamic models are employed for
these treatments but static blocks, which correct the amounts based on the experimental
evidence. The pretreatment steps include washing, chipping, sieving and drying. It is
assumed that after sieving, 95% of the wood chips has the proper size for steam refining,
while the remaining 5% represents the wood residue which is processed via composting.
Before entering the steam refining process, the small-sized wood chips need to be dried,
the treatment in which the wood mass reduces by 10%. Consequently, the amount of
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wood processed via steam refining (denoted as the main fraction of wood in Figure 3) is
83,841.3 kg, while the wood residue amount equals 4903 kg.

The steam refining conversion is influenced by the temperature and the length of the
experiment. Figure 8 shows the evolution of the model states for a temperature T = 200 ◦C
and various experiment lengths. For the evaluation included below, an experiment length
of 10 min is selected. This choice is motivated by the fact that no priority is given to any of
the products of interest: lignin (solubilised lignin Ls), fibres (L + XN + GN, where each
component is the sum of the fast- and slow-degradable fractions) and oligosaccharides
(XOS+ GOS). However, for longer experiments, the degradation of the products of interest
occurs: the solubilised lignin degrades to condensed lignin, which is of no practical interest,
while the oligosaccharides are converted into degradation products such as furfural (F)
and 5-hydroxymethylfurfural (HMF).
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Figure 8. Steam refining: (a) Solubilised and solid-state lignin. (b) Xylan and its derivatives. (c) Glu-
can and its derivatives.

Figure 9 shows the conversion of the wood waste and the amounts of the products
obtained, respectively, after steam refining (indicated in blue boxes) and after post-treatment
(indicated in red boxes). These amounts are calculated based on the products’ yields
corresponding to a treatment duration of ten minutes and the amount of dry matter
entering the process. The yields (see Figure 8) are as follows: 43.2% and 55.5% of original
lignin content of wood, respectively, for the lignin remaining in the solid phase (L) and the
solubilised lignin (Ls), 30 g/kg dry matter and 418.7 g/kg dry matter, respectively, for the
xylan (XN) and glucan (GN), 124 g/kg dry matter and 10 g/kg dry matter, respectively, for
xylo-oligosaccharides (XOS) and gluco-oligosaccharides (GOS). It is assumed that during
postprocessing, 3% of fibres and 5% of oligosaccharides are lost. Note that the extract
contains also monosaccharides (xylose and glucose) and can be used as a waste stream to
feed another process or can be processed by anaerobic digestion.
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Figure 9. Products and their amounts obtained from wood steam refining: green boxes indicate
feedstock, blue boxes show the products’ amounts after steam refining treatment, and red boxes show
the products’ amounts after post-treatment.

The entire food waste collected throughout the year is processed by anaerobic di-
gestion. Since this waste is available continuously, the simulation of the anaerobic di-
gestion process is also performed for one year, with a constant supply of waste equal to
1083.6 kg/day. Similar to [24], it is assumed that the waste has the water mass, which
implies that the digestor is operated with a constant flow q = 1.0836 m3/day. Since low
hydraulic retention times (defined as the ratio between the liquid volume and the feed
flow rate) may lead to the reactor wash-out, in this simulation, the reactor liquid vol-
ume is selected as Vliq = 12 m3 and the gas volume is chosen as Vgas = 3 m3. Figure 10
shows the obtained outflow rate of biogas, the outflow rate of methane, the volumetric
production of methane and the composition of biogas for the entire operation span. The ef-
fluent of the digestor is sent to the ammonia stripping process. The same liquid volume
and the same feed flow rate as for the anaerobic digestion is assumed for this process.
Air is continuously supplied such that efficiency of the removal in the range [80, 90]% is
achieved. Figure 11 illustrates the influent and effluent ammonia concentrations and the
corresponding removed amounts.

The digestate with low ammonia content is collected for a period of 100 days in a
storage tank. At the end of the collection period, the content of the storage tank is loaded in
a biocell for composting, which receives a continuous air supply during the operation such
that the oxygen is not limiting the growth of the aerobic microorganisms. Two biocells are
used; the first one is loaded on days 100 and 300, the second biocell is loaded on days 200
and 400. The volume of digestate loaded in the composting cells on days 100, 200 and 300
amounts to 108.36 m3, while the volume loaded on day 400 is 71.46 m3, as it was collected
only for 65 days. Figure 12 shows the evolution of the states of interest of the composting
process taking place in each of the two employed biocells (one column corresponds to
one cell). Note that the model predicts the content of compost expressed in mol C/m3,
while in the evaluation, one is interested in the amount of produced compost. For this, the
conversion factor 1 mol C compost = 25.7 g compost is used, which is determined based
on the chemical formula assumed for compost (C204H325O85N77S). The evaluation of the
second branch of the proposed biorefinery is illustrated in Figure 13.

Overall, it may be concluded that the waste produced during one year in the commune
De Pinte can be bioprocessed into 44,225.11 kg of fibres, 10,678.57 kg of oligosaccharides,
10,097.86 kg of lignin, 113,730 m3 of biogas, among which there is 56,728 m3 of methane,
and 30,887.3 kg of compost. Additionally, nitrogen fertilizer could be produced from the
removed ammonia. Although the obtained amounts are not obtained from an optimised
operation, the proposed biorefinery design allows for the production of several high-value-
added products.
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Figure 10. Anaerobic digestion: (a) Outflow rate of biogas. (b) Outflow rate of methane. (c) Volumetric
production of methane. (d) Methane percentage in biogas.
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Figure 11. Ammonia stripping: (a) Influent and effluent ammonia concentrations. (b) Efficiency of
the stripping process.
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Figure 12. Composting process: Soluble substrate, insoluble substrate, inert material (compost) in
(a) Cell 1 (left-hand-side column) and (b) Cell 2 (right-hand-side column).

 

Figure 13. Products and their amounts obtained on the second branch of the biorefinery.
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5. Conclusions and Perspectives

In this paper, the design of a small-scale biorefinery was presented and an evalua-
tion based on data characterising the available biowaste on a yearly basis in a commune
in Flanders was performed. The design started from the available feedstocks and was
performed such that the side streams were minimised. The reported outcomes and the
biorefinery operation represent a baseline scenario, which can be further improved through
optimisation. The proposed biorefinery layout can be used for evaluation of feedstocks’
potentials to produce high-valued products not only at the commune level but also at
regional level. One of the main advantages of the proposed biorefinery is that it provides
alternatives to the current practices at the local level, where food waste and landscaping
waste are traditionally composted and burned.

The models employed in this biorefinery layout and the knowledge for their inte-
gration are the building blocks of the processing toolbox, which is one of the three core
toolboxes in a decision support tool for the design of small-scale and flexi-feed biorefineries
in a local setting. The processing toolbox will be linked with two additional toolboxes:
(i) the bio-inventory toolbox [18] and (ii) the optimisation toolbox [33]. The former toolbox
allows for drafting a survey of the locally available biowaste feedstocks and selecting one or
multiple to be processed. Subsequently, this feedstock information will be employed by the
processing toolbox to model and assess a suitable local and small-scale biorefinery layout,
in a similar fashion as presented in this paper. To this end, the toolbox will be extended with
new processes to account for the conversion of various feedstocks and the production of
other high-value-added products [34,35]. Ultimately, as indicated above, the optimisation
toolbox will employ the proposed biorefinery layout to further optimise the design and/or
process settings. The decision support tool in its entirety will be detailed elsewhere.
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