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Abstract: Biomass has gained global attention as one of the most important renewable energy re-
sources that reduces greenhouse gas emissions. Various research works have been dedicated to
biomass supply chain in the past decade as to continuously support the deployment of biomass re-
sources for regional applications. In this work, a novel graphical method based on process integration
is proposed for targeting the amount of biomass resources needed for a power generation problem.
Apart from having a good visualized interface, the graphical method provides good insights to stake-
holders on the macro-level planning of biomass allocation. Two examples are solved to demonstrate
the newly proposed methods.
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1. Introduction

The Global Energy Review 2021 [1] projected that the global energy demand was
expected to increase by 4.6% in year 2021. This rise in global energy demand is primarily
fuelled by fossil-based sources. Nevertheless, the global awareness of reducing greenhouse
gas emissions (particularly CO,) has encouraged the development of low-CO, renewable
energy resources. In year 2020, the renewable energy sector reported a contribution of 29%
to the global electricity generation, i.e., a growth of 3% despite the global lock down due
to the COVID-19 pandemic [1]. Along with solar and hydropower, biomass is among the
most important renewable energy sources for sustainable electricity generation.

Biomass supply chain consists of various activities involving the supply of biomass,
their transportation, storage, conversion, and delivery of their value-added products [2].
One of the most important value-added biomass products is arguably biofuel /bioenergy.
As reported by Lim et al. [3], various challenges are accounted for in the biomass supply
chain for biofuel production; these include the variation in biomass availability, distinct
characteristics of each biomass species, uncertain technology performance, logistics and
transportation issues. Hence, various process system engineering tools were developed
in the past two decades to address the various challenges encountered in biofuel and
biomass supply chain. For instance, some earlier works which are based on mathematical
programming models were proposed to synthesise regional bioenergy supply chain [4,5].
In the work by Ling et al. [6], centralized and decentralized technologies were considered
for bioelectricity supply chain. In a more recent work, a stochastic model was proposed for
co-firing biomass supply chain networks [7]. In some recent works, optimization models
were developed with the objective to reduce CO; footprint [8,9].

Apart from the above-mentioned techniques, a widely accepted group of systematic
tools for optimum planning of resources is arguably process integration. The latter consists
of some useful graphical techniques that were commonly utilised for the conservation of
materials [10,11] and energy resources [12,13] in the chemical processing industries. In
recent years, these graphical tools have also been extended for optimal synthesis of biomass
supply chain. In the seminal work of Lam et al. [14], the Regional Energy Surplus—Deficit
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Curves were proposed to synthesise a biomass supply chain with the aim to minimise
its carbon footprint. In another later work by Tan et al. [15], a graphical pinch diagram
was extended for the optimal planning of a biochar network. Graphical approaches are
always regarded as handy tools welcomed by industrial sectors, as they provide good
insights to the problem due to its intuitive nature. Furthermore they are often used to
facilitate discussion among team members. To date, however, no graphical approach has
been reported for the allocation of biomass resources for power generation. Note that the
earlier developed graphical techniques (e.g., [14,15]) cannot be used directly for biomass
allocation, as they do not consider the unique characteristics of biomass that are important
for power generation, e.g., moisture content, calorific values, etc. Hence, a new graphical
technique that incorporates biomass characteristics is to be developed. This is the main
subject of this work.

In this work, a novel graphical pinch diagram is presented to identify the optimal
allocation of biomass resources for power generation. In particular, the novel graphical
tool helps to identify the exact amount of biomass resources needed to fulfil the targeted
power output of some power plants. The paper is structured as follows. In the next section,
a formal problem statement is given. This is then followed by the power generation model,
and the procedure for plotting the graphical pinch diagram. Two examples on bioenergy
generation are used for demonstrating the novel graphical diagram.

2. Problem Statement
The problem to be addressed is formally stated as follows:

»  Given a set of biomass sources i € I. Each biomass type has its specific calorific value
CV;, moisture content MC; and maximum availability S;.

n The biomass sources are to be allocated to a set of biomass demands j € ], which are
power plants that require biomass for power generation. Each plant has its power
output P; that has to be fulfilled and can only handle a maximum capacity D; of
biomass.

The biomass allocation problem can be described by a superstructure diagram in
Figure 1. The objective of this work is to determine the optimum allocation of biomass
source i to power plant j.

Biomass Power plants
sources (biomass demand)

R -
N -
) -

-

Figure 1. Superstructure representation of biomass source-demand model (adapted with permission
from [16]).
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3. Power Generation Model

To determine the biomass requirement for power generation, the model in Foo et al. [5]
is adopted. For power plant j with output P;, its steam requirement for the turbine (STM;)
may be calculated using Equation (1).

b
STMj = —L— (1)
UTurbHTurb

where #7,, and ITITmb are efficiency (%) and enthalpy (kJ/kg) for turbine calculation.
To generate the required amount of steam for the turbine, a boiler is to be used. The
biomass requirement for power plant j (D;) is hence calculated using Equation (2).

_ STM;jHg
CVBiom S CBiomBoil

i 2
where 7p,; and HBoil are efficiency (%) and enthalpy (kJ/kg) for boiler calculation, while
CVBiom and SCgiom are average calorific value (kJ/kg) and solid content (wt%) of biomass,
calculated based on average value of the various biomass types that are fed to the power
plant. Note also that solid content can be calculated from moisture content (MCgiop,, Wt%)
that is more commonly used in the biomass industry.

Equations (1) and (2) may be combined and rearranged to the form in Equation (3).

P; = C;D; 3)

In Equation (3), C; is characterised as the power generation factor for power plant j, given
as in Equation (4).

G = 7 Turb A C VBiomS CBiom/Boil )
Hgoit

Similar correlations may be expressed for power output (P;, Equation (5)) and the
generation factor (C;, Equation (6)) for biomass i:

b =C;S; 5)
Hr,,5CViSCit1oi
C = NTurb Tur/l\) i9CiM Boil ©)
Hapyil

where CV; and SC; are calorific value (kJ/kg) and solid content (wt%) of biomass i. Note
also that solid content of biomass can be calculated from its moisture content (MC;, wt%)
easily.

Graphical Targeting Method

A novel graphical tool is presented here, known as the bioenergy pinch diagram (BEPD).
Steps for plotting the BEPD are given as follows.

1. A demand composite curve is first plotted on a power versus biomass capacity diagram
(Figure 2a). The demand composite curve consists of the individual power plants that
require biomass feed. Its horizontal distance represents the maximum total capacity
of biomass that can be handled by these plants (,D;), while its vertical distance
represents their total power output (£;P;). Note that the individual segments in the
demand composite curve correspond to power plant j (PP1 and PP2 in Figure 2a)
which have been arranged according to the descending order of their power generation
factor C; (slope of the segment), the latter may be calculated using Equation (4).

2. A source composite curve is next plotted on the same diagram as the demand composite
curve, but is interpreted as power versus biomass handling capacity. The source
composite curve may consist of one or more biomass sources, plotted according to the
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descending order of their power generation factor C; (determined using Equation (6)).
The BEPD is considered feasible when the source composite curve is located to the
left of the demand composite curve and has, at least, the same vertical distance as the
latter, such as that shown in Figure 2a. For this case, the source composite curve will
generate a total power of X;P;, which matches the total output of the power plants
(£;P)), and yet is lower than their maximum total handling capacity (i.e., £;5; < ¥;D)).
In cases where the source composite curve is found on the right and/or below the
demand composite curve (such as that in Figure 2b), the BEPD is considered infeasible.
Additional biomass with a higher power generation factor is to be supplied in order
to restore its feasibility. As shown in Figure 3a, additional biomass with higher power
generation factor is added; the latter is characterised by its locus of steeper slope. The
source composite curve is then slid along this locus until it stays completely above
and to the left of the demand composite curve and touches the former at the pinch.
The opening on the left of the BEPD represents the minimum amount of additional
biomass to be added (Fgiom). Its amount is to be minimised, as it is usually more
expensive due to its higher power generation factor. Conversely, the opening on
the right of the BEPD represents excess biomass (Fgxc) that is beyond the handling
capacity of the power plant. This excess biomass can be utilised for other commercial
purposes. Note that there are cases where the source composite curve is comprised of
several source segments. Besides, there are also cases where the pinch occurs in the
middle section of the composite curves. Both of these cases are shown in Figure 3b.
The same principles are applied here. The source composite curve is slid along the
locus of biomass with higher power generation factor, until it stays completely above
and to the left of the demand composite curve. The composite curves touch each other
at the pinch. For this case, excess biomass (Fgxc) is determined from the horizontal
distance of the segment extended beyond the demand composite curve (represented
by the rectangular box in Figure 3b).

%S, LD %5 LD
P, =P TP,
Source A Demand / b
Composite Composite
Curve Curve
o o
= Demand 3
o Composite o
= a
EIPF
Source
Composite
Curve

Biomass capacity/availability

Biomass capacity/availability

(a)

(b)

Figure 2. (a) Feasible BEPD; (b) infeasible BEPD.

The BEPD is next demonstrated with two examples on biomass allocation planning.
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Figure 3. Feasible BEPD with (a) pinch occurs at the end of the demand composite curve; (b) pinch
occurs at the middle section of the demand composite curve.

4. Ilustrative Examples

Two examples are used here to elucidate the newly proposed graphical method. For
both examples, the important parameters for power generation are given in Table 1, while
the moisture content tolerated by the power plants is given in the respective examples.

Table 1. Important parameters for power generation.

Parameters Values
Turbine
Turbine efficiency, fur 19.8%
Enthalpy of steam, Hruep 3140 kg/kg steam
Boiler
Boiler efficiency, #poi1 85%
Enthalpy of steam, Hgol 2669 k] /kg steam
Average calorific value of biomass, CVgjom 19,000 kJ /kg biomass

4.1. Example 1—Single Biomass Source

In Example 1, two biomass power plants (PP1 and PP2) are analysed, with their
data given in Table 2. As shown, the individual plants were designed based on their
respective average moisture content (MCgijom), which may be converted as solid content
(SCgio = 100% — MCs;o) to be used in Equation (2). Their demand of biomass (D;) can be
calculated using Equation (1), while their power generation factors are calculated using
Equation (4), listed in the last two columns of Table 2.

Table 2. Data for power plants in Example 1.

Power Plants P; (MW) MCgiom (%) D; (t/h) C; (MWh/t)
PP1 22 474 40 0.55
PP2 8 69.4 25 0.32

Total 30 65
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Three types of biomass are available for use, i.e., palm kernel shell (PKS), empty fruit
bunch (EBB) and palm mesocarp fibre (PMF), with their data shown in Table 3. As shown,
each biomass type has its CV and MC values. With given flowrate, their power output and
generation factors can be determined using Equation (6), as shown in the last two columns
of Table 3. Note however for this case, only two biomass types should be considered due to
logistic concern. Among them, the EFB with the lowest CV value (lowest cost) is prioritised.

The task is to determine the minimum amount of biomass with higher power generation
factor, i.e., PKS or PMF.

Table 3. Data for biomass in Example 1.

Biomass Types S; (t/h) CV; (KJ/kg) MC; (%) P; (MW) C; (MWh/t)
PKS To be 19,700 23 To be 1
PMF determined 19,000 36 determined 0.67
EFB 60 18,700 61 24 0.4

Next, the BEPD was plotted following steps 1 and 2 of the procedure, with only EFB
being used to construct the source composite curve. Figure 4 shows that the resulting BEPD
is infeasible, as the source composite curve stays at the right of the demand composite
curve. As shown, the EFB can only generate a power output of 24 MW (a total of 30 MW is
required), but its supply is beyond the capacity limit of the power plant.

40 65
30
Demand PP2
............... Composite | ~7
) Curve 24
g 22
— 20
2
o
o
PP1 Source
10 IS S Compos'te ........................................ .
Curve (EFB)
0
20 40 60 80 100

Biomass capacity/availability (t/h)

Figure 4. Infeasible BEPD due to insufficient EFB.

To restore the feasibility, the PMF is used. Its locus is first added to the BEPD, with
a slope corresponding to its power generation factor (0.67 MW /t/h). Step 3 of the BEPD
procedure is then followed. The source composite curve is slid along the locus until it stays
entirely above and to the left of the demand composite curve, and touches the latter at the
pinch. This results in a feasible BEPD (Figure 5), with minimum use of PMF (Fpmp), ie.,
225 t/h. The excess biomass (Fgxc), i-e., EFB, is determined from the horizontal distance
of the rectangular box beyond the demand composite curve, i.e., 22.5 t/h (= 82.5 — 60 t/h);
this excess biomass can be used for other commercial purposes. The overlapping region
of the composite curves determines the amount of EFB to be utilised for power generation,
ie,375t/h (=60 —225t/h).
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Figure 5. BEPD with minimum PMFE.

One may also explore the use of PKS that has a higher CV value (and is more expensive).
Replotting the BEPD by sliding the source composite curve on the steeper locus of PKS (due
to its higher power generation factor of 1 MW /t/h), results in a feasible BEPD (Figure 6).
As shown, both the minimum use of PKS (Fpkg) and excess EFB (Fgxc = 70 — 60 t/h) are
determined as 10 t/h, which are both lower than the case in Figure 5. Furthermore, a higher
amount of EFB (60 — 10 = 50 t/h) is utilised for power generation in this case. Detailed
evaluation may be carried out to determine which allocation scheme is to be adopted based

on their

40

30

22
20

Power (MW)

economic performance.
10 70
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{ Curve
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Figure 6

Biomass capacity/availability (t/h)

. BEPD with minimum PKS.
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4.2. Example 2—Multiple Biomass Sources

In this example, four power plants are analysed, with their data shown in Table 4.
Three scenarios are analysed here, each with a different amount of palm biomass used,
with data shown in Table 5.

Table 4. Data for power plants in Example 2.

Power Plants P; (MW) MC; (%) D; (t/h) C; (MWh/t)
PP1 8 49.0 15 0.53
pPP2 12 54.0 25 0.48
PP3 10 60.0 24 0.42
PP4 10 63.2 26 0.38
Total 40 90

Table 5. Data for biomass in Example 2.

Scenario Biomass Types S; (t/h) CV; (kJ/kg) MC; (%) P; (MW) C; (MWh/t)

1 PKS 40 19,700 23 40 1
EFB 100 18,700 61 40 0.4

2 PMF To be determined 19,000 36 To be determined 0.67
EFB 72.5 18,700 61 29 0.4

3 PKS To be determined 19,700 23 To be determined 1
PMF 18 19,000 36 12 0.67
EFB 20 18,700 61 8 0.4

In Scenario 1, only single biomass is to be used for power generation. Figure 7 shows
that the BEPD is infeasible, if EFB is used. Although sufficient EFB (100 t/h) can be used
to generate the required power of 40 MW, the amount of biomass is beyond the handling
capacity of the power plants (90 t/h). Conversely, if 40 t/h PKS is used, the BEPD shows
that the power plants can fulfil the required power output of 40 MW, while the biomass
supply rate (40 t/h) is lower than their handling capacity.

FEFB
FPKS
40 64 90
PP4
Source
30 Composite
Curve (PKS)
Demand pp3
Composite
3 Curve Source
= Composite
5 Curve (EFB)
3
<]
-9
0
15 20 40 60 80 100

Biomass capacity/availability (t/h)

Figure 7. BEPD when single biomass is used (Scenario 1).
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In Scenario 2, two types of biomass may be used, with EFB being prioritised. The
BEPD in Figure 8 shows that 16.5 t/h of PMF is to be used, as the EFB alone is insufficient
to cater the desired power output (40 MW) from the power plants. A similar situation also
occurs in Scenario 3 where three biomass types are used. As shown in the BEPD in Figure 9,
EFB and PMF are completely consumed, while 20 t/h of PKS is added to produce a total
power output of 40 MW. For Scenario 3, no excess biomass sources are reported.

40 ol
Source
30 Composite
Curve (EFB)
3 PMF |
E- 20 locus | Demand
§ ' Composite
8 Curve
10
0
16.520 40 60 80 100

Biomass capacity/availability (t/h)

Figure 8. BEPD when two biomass types are used (Scenario 2).

40 : 58 90
EFB
Source
32 Composite
30 ............ Curve
7 J/PMF

) £ )/ Demand
= L Composite
g 20 / Curve
3
o

10

0

20 40 60 80 100
Biomass capacity/availability (t/h)

Figure 9. BEPD when three biomass types are used (Scenario 3).

5. Practical Implications

The new graphical targeting technique in this work serves as a handy planning tool
for biomass industrial practitioners in their day-to-day operation. Although both examples
make use of palm biomass resources, other types of biomass resources (e.g., wood, rice
rusk) may also be used, as long as their biomass characteristics (calorific value, moisture
content, etc.) are given. Finally, note that the above problems may be solved using the
superstructural model as presented in Appendix A.
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References

6. Conclusions

A novel graphical targeting method is proposed in this work for the optimal allocation
of biomass resources, based on process integration principles. Two examples based on
palm biomass were used to elucidate the newly proposed method. In both examples,
biomass with lower power generation factor were prioritised, while those of higher power
generation factor were minimised. Although the examples are based on palm biomass, the
same principles are applied to other types of biomass resources that may be used for power
generation. Future works should look at other environmental aspects of biomass resources,
such as water and land footprints.
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Appendix A—Superstructural Model

The biomass allocation problem in this work may be solved using the following
superstructural model, which was extended from Foo [16]. Equation (A1) described that
the net output to be generated by power plant j is to be contributed by total of biomass
source i (f; ;), with has power generation potential C;. Each power plant j can only handle a
maximum capacity of biomass (D), as described by Equation (A2). In Equation (A3), the
unutilised biomass 7 (;) is given by the difference between its availability (S;) and its total
allocation to the power plants. All variables in this model must take non-negative values,
as indicated by Equation (A4).

Y fiCi > PV (A1)
Zi fij <D;Vj (A2)
u=S5; — Z]. fij i (A3)
fi,j Z 0,‘ Uu; 2 0 VZ V] (A4)

The objective of the model can be set to minimise a specific type of biomass resource,
due to its scarcity; this is given in Equation (A5). Furthermore, one may also make use of
the superstructural model to minimise the overall cost of the biomass allocation problem,
which is beyond the scope of this work.

min = Zi fz’,j (A5)
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