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Valorisation of organic waste can lead to cleaner production in the energy sector. One factor affecting the de-
cision for organic waste valorisation to value-added products through biological processes is the carbon-to-
nitrogen (C/N) ratio. All biological processes have preferential C/N ratios for optimum performance, while
organic waste comes with a wide range of C/N ratios. The mismatch of the C/N ratio between the supply stream
(organic waste) and the demand stream (biological process) can lead to suboptimal process performance and
affect resource allocation. In this study, a new graphical C/N ratio Pinch Analysis approach was proposed by
plotting cumulative carbon mass flowrate versus the cumulative nitrogen mass flowrate as x- and y-axes for the
supply and demand sides. A series of graphical Supply Composite Curve (SCC) shifting, namely SCC right-
shifting, SCC end-shifting, SCC detaching, and SCC down-shifting, were developed explicitly tackling different
supply stream conditions in the hypothetical case studies while satisfying the demand streams with the aid of
external supply. The external supply was determined by filling the gaps formed after the SCC was shifted to the
right of the Demand Composite Curve (DCC). Specific heuristics were established to assess the range of C/N ratio
for the external supply that is eligible and preferred to satisfy the demand streams. Stepwise procedures for mass
flowrate allocation to mix the supply and match the demand were introduced. In this study, the demands for Case
Study 1 were satisfied by 59.15% OWLA with 40.83% ES 3. For Case Study 2, the demands were satisfied by
76.19% OWLA with 23.81% ES 1. For Case Study 3, the demands were satisfied by 91.54% OWLA with 8.46% ES
1. The integration of the C/N ratio element in the Pinch-based Analysis of SCC shifting and exploring new
optimisation scope can act as an advising tool for any individual, party, or organisation to optimally valorise the
organic waste found within a local region.

1. Background

Organic waste has been disposed of across various sectors world-
wide, such as from industrial, commercial and residential sectors to open
landfills. The release of landfill gases such as methane and non-methane
organic compounds contributes to the greenhouse effect. Also, methane
is 80 times more potent than carbon dioxide at heating the earth in the
first 20 y after it is released into the atmosphere (Black et al., 2021).
Recently, the research on sustainable biofuels, such as methane, ethanol
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and hydrogen, has become a trending topic due to the continual
depletion of conventional resources. These biofuels can be produced
from organic waste via biological processes, for example, bioethanol
fermentation and anaerobic digestion for biomethane. Nevertheless,
each organic waste has its unique carbon-to-nitrogen (C/N) ratio and
mass flowrate availability. At the same time, each biological processes
have its own preferred C/N ratio for optimum production. These lead to
the varied suitability of different organic waste for different bio-
processes. C/N ratio is one of the essential parameters affecting the
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conversion rate of organic waste to products in bioprocesses. It serves as
an indicator of nutrient availability, either supporting or limiting mi-
crobial activity. The incompatibility of the C/N ratio among the supply
and demand becomes a concern when valorising the organic waste to
produce biofuels. The availability of organic waste, as well as the mass
flowrate required for biofuel generation, makes organic waste valor-
isation more complicated.

This research focuses on the mass flowrate allocation of carbon and
nitrogen components in terms of the C/N ratio from organic waste
available to designated biofuels through various bioprocesses. On the
supply side, the C/N ratio is defined as the total mass of carbon against
nitrogen components found within the organic waste. On the demand
side, the C/N ratio is referred to as the parameter required by the bio-
processes. The bioprocesses governed by the microbial community are
C/N ratio sensitive, in which proper resources mixing, matching, and
allocation are crucial to optimise the productivity of the value-added
product. During the mix and match and allocation of resources,
organic waste acts as the supply source, and bioprocesses serve as de-
mand for carbon and nitrogen.

The main objective of this paper is to develop a C/N ratio Pinch
Analysis for an optimal allocation between organic waste (i.e. supply)
and bioprocesses (i.e. demand). The Pinch-based analysis developed in
this study is tailored to the C/N ratio and mass flowrate of the supply and
demand streams in selected bioprocesses, including anaerobic digestion
for biomethane production and biohydrogen fermentation and bio-
ethanol fermentation. In contrast to traditional Pinch approaches, local
organic waste resources management strategy is frequently imple-
mented using an optimisation tool that is optimised using a “black-box”
mathematical model (Juul et al.,, 2013). A visual approach based on
thermodynamics like SCC shifting based on Pinch Analysis allows for
better comprehension of the decision-making process. The methodology
and optimisation approaches were inspired by the literature mentioned
previously to deal with the inconsistency issues found in organic waste.
The approach is adopted from Water Pinch Analysis (WPA), where the x-
and y-axes of cumulative concentration and mass flowrate (Wan Alwi
and Manan, 2007) were assimilated into carbon and nitrogen mass
flowrate in this study. The gradient of the curve represented in this
analysis is the C/N ratio, while for the Water Pinch Analysis, the curve
represents the water quality in terms of concentration of impurities. In
the previous study, the designated bioprocesses were satisfied by val-
orising organic waste locally available with the support of external
supply (Chin et al., 2021). However, the C/N ratio of the external supply
was determined by drawing a straight line to seal the gap formed after
the SCC shifting was performed. The external supply with a specific C/N
ratio was not easy to get in real life, and in this study, several heuristics
were created to determine the external supply with a C/N ratio that is
eligible and preferred to satisfy the designated bioprocesses. New SCC
shifted approaches, such as SCC end-shifting, SCC down-shifting, SCC
right-shifting and SCC detaching, were being introduced in targeting the
supply side. The plot of carbon versus nitrogen mass flowrate as the
quantity parameter for the x- and y-axes of Pinch Analysis was intro-
duced in this study, where the work has never been done before in any
existing mass-based Pinch Analysis. Also, the steps to perform resource
allocation for each supply stream were developed in this study. The
work of resources allocation is not only required to satisfy the C/N ratio
required by the demand sides, but the demanded mass flowrate for each
of the designated bioprocesses also needs to be satisfied. From the aspect
of academia, this study extended a new application of the Pinch Analysis
concept in dealing with mass balance for bioprocesses. Also, the Pinch
based method provide decision-makers with a more intuitive grasp of
the planning problem and potential solutions. From the aspect of the
environment, the mass flowrate allocation of organic waste resources
prevents the emission of landfill gases into the atmosphere and is able to
generate green and sustainable energy resources as an alternative plan
for depleting conventional energy resources. The production of bio-
energy by utilising organic waste as an alternative source of sustainable
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energy is important for industrial sustainability. By applying the SCC
shifting approaches developed from this study for the valorisation of
organic waste, the utilisation of organic waste locally available able to
be maximised with the support of a minimum amount of external supply.
This work can be useful for a party, organisation or company interested
in investing in a bioenergy project and improving the waste manage-
ment system.

1.1. C/N ratio of organic waste

The carbon involved in calculating the C/N ratio defined as the
available carbon is Total Organic Carbon (TOC), a lignin-free carbon due
to the non-degradable properties of lignin carbon (Hills, 1979). On the
other hand, the nitrogen in the C/N ratio calculation is defined as the
Total Kjeldahl Nitrogen (TKN). The action of mixing two or more sub-
strates to obtain a synergistic effect was initially found in composting
(Guo et al., 2012). It is commonly used to achieve a balanced C/N ratio
required by the targeted bioprocess by mixing different waste streams of
different C/N ratios. The use of co-substrate has shown a positive effect
on various biological processes. For example, during anaerobic diges-
tion, which is the degradation of organic waste to produce
methane-containing biogas in the absence of oxygen, higher biogas
production was observed. Shahbaz et al. (2020) concluded the
co-digestion of paper waste with food waste to form a mixture with a
C/N ratio of 25 was able to produce the most methane yield compared to
mono digestion of paper waste, cardboard and tissue waste with a C/N
ratio of 379, 355 and 188 each. Beniche et al. (2020) achieved a
biodegradability of 98% while producing methane via co-digestion of
food waste with agricultural waste mixtures at a C/N ratio of 45
compared to a C/N ratio of 56 (85% biodegradability). Shahbaz et al.
(2019) investigated the best C/N ratio for biogas, and methane pro-
duction was 20, from the range of 20-40. Guo et al. (2012) successfully
co-composted pig faeces and corn stalks mixture at a C/N ratio of 18.
Yong et al. (2015) found that co-digestion of food waste and straw to
form a mixture at a C/N ratio of 30.9 was the best from the range
28.4-43.4 as it yields the most methane. During bioethanol fermenta-
tion, Ding et al. (2016) discovered the co-fermentation of macro-and
micro-algal biomass at a C/N ratio of 20 was the best among the C/N
ratio range from 20 to 26.2.

1.2. Pinch Analysis

Pinch Analysis was initially developed to maximise heat energy
utilisation for a series of process streams and minimise external heat
energy required via a thermodynamically based and graphically repre-
sented approach (Flower and Linnhoff, 1979). The fundamentals behind
the Pinch Analysis process synthesis and optimisation are mass and
energy balances (Linnhoff and Flower, 1978). The temperature, material
concentration, and time act as quality parameters, whereas electricity,
mass flowrate, and enthalpy are set as quantity parameters for the
existing Pinch Analysis studies (Linnhoff and Hindmarsh, 1983). The
versatile and flexibility of the Pinch Analysis to provide global targets
for optimising the resources led to its application across various fields
such as Total Site Heat (Klemes et al., 1997), Water and Mass Analysis
(Klemes et al., 2014) and updated with the recent developments (Klemes
et al.,, 2018a), Water Pinch Analysis (Skouteris et al., 2018), Water
Scarcity Pinch Analysis (Jia et al., 2020), Carbon Emission Pinch Anal-
ysis (Tan et al., 2018), Electric System Cascade Analysis (Ho et al.,
2014a,b), Power Pinch Analysis (Liu et al., 2016), and Stand-alone
Hybrid Power Pinch Analysis (Ho et al., 2014a,b). Jia et al. (2020)
targeted all the water supply and demand streams in the Water Scarcity
Pinch Analysis based on the water quality parameters, and recently Chin
et al. (2021) extended Pinch Analysis to target and synthesise water
recycling networks with multiple contaminants. A comprehensive re-
view was presented by (Klemes et al., 2018b) and the very recent second
updated edition of the PI Handbook (Klemes, 2022).
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The water quality cascade was performed by classifying the water
quality into different categories and then mixing and matching the water
supplies and demands via downward compatibility rules. The work of
water quality upgrading via water dilution method to maximise the
water utilisation efficiency successfully maximise the utilisation of
water. The Supply and Demand Composite Curves were introduced in
the Pinch Analysis to maximise the utilisation of local resources. Alwi
and Manan (2007) implemented the source and sink Composite Curves
to reduce the freshwater demands by maximising water regeneration
and free externally outsourced water. The graph of contaminant con-
centration versus mass flowrate was plotted during the mix and match of
supply and demand curves. From the study, the water flowrate for
utilities that required higher water purity was minimised. Skouteris
et al. (2018) developed an analytic tool to manage water usage in the
brick manufacturing industry. The water targeting strategy applied the
Material Recovery Pinch Diagram (impurity versus flowrate graphical
representation comprising supply and demand Composite Curves) to
determine different water allocations for various processes.

2. Methodology

This section describes the methodology for mass flowrate allocation
among the supply and demand streams. Since the focus of this work is to
satisfy the C/N ratio required by the bioprocesses such as hydrogen (D1),
methane (D2) and ethanol (D3) production, the mass flowrate of the
resources in this analysis will only consider carbon and nitrogen com-
ponents. Despite that, the rest of the organic components still account
for the total mass flowrate while designing digester and waste storage
capacity in future work. The general flowchart of this methodology is
shown in Fig. 1.

A structure that illustrates the organic resources allocation is shown
in Fig. 2, where the organic waste locally available (OWLA) are dairy
manure (S1-C/N 13.4), swine manure (S2-C/N 15.8), kitchen waste
(S3—-C/N 20.3), rice straw (S4-C/N 44.1) and corn stover (S5-C/N 54.0).
The organic waste from an external supply such as chicken manure (ES1-
C/N 10.6), vinegar waste (ES2-C/N 22.9) and rice husk (ES3-C/N 103.5)
would be required when the OWLA was not able to satisfy the demand
sides for each of the case studies (Li et al., 2013). The bioprocesses such
as hydrogen (D1), methane (D2) and ethanol (D3) production act as
resource demand sides. Since the C/N ratio for each of the supply and
demand sides varied across different online literature sources, therefore
the C/N ratio might be an average value obtained from a few online
literature references as references. Each of the organic waste and bio-
processes and their respective C/N ratio, together with the online ref-
erences, were tabulated in Table 1. Pinch Analysis is a targeting tool and
is often used as the initial step in determining the feasibility of a project.
Detailed design in achieving the identified targets has to be carried out
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after targeting. In this study, the C/N ratio of the organic waste is the
main consideration during the Pinch Analysis. The C/N ratio of the
organic waste can be adapted accordingly based on the changes in
composition, in terms of the C/N ratio, in different places. Three hy-
pothetical case studies were created to illustrate different scenarios by
varying the availability of OWLA, and the resources demand required.

Section 2.1 describes the organic waste resource allocation, such as
the direct mass flowrate targeting, SCC end-shifting, SCC down-shifting,
SCC right-shifting, and SCC detaching. Section 2.2 shows the application
of each organic waste resource allocation in different scenarios. The goal
is to maximise the utilisation of organic waste locally available (OWLA)
while satisfying all the demand streams so that transportation activities
of the resources are to be minimised. Transportation of the resources not
only reduces the profit but also increases the carbon footprint of the
bioprocesses. However, the cost and carbon emissions footprints are not
discussed in this study since the focus of this study was to deal with the
C/N ratio of the supply and demand sides. If OWLA was unable to satisfy
the designated demands, external supply would be required. In this
study, the ES is defined as the organic waste found outside of the studied
area, denoted as external supply, ES.

2.1. Construct mass flowrate table and plot C/N ratio Pinch Analysis
Graph

The resources mix and match and allocation for supply and demand
streams were done via the C/N ratio SCC shifting techniques. The C/N
ratio Pinch Analysis Graph plots cumulative carbon mass flowrate versus
cumulative nitrogen mass flowrate. In this graph, the line’s gradient
represents the C/N ratio of the stream. A mass flowrate table was con-
structed before the C/N ratio Pinch Analysis graph was plotted. The
construction of the Mass Flowrate Table is illustrated in Table 2, and the
procedures were as follows:

Step 1 The supply/demand streams were organised in ascending order
based on the corresponding C/N ratio number, C/N ratio. The
stream and corresponding C/N ratio were arranged in Columns 1
and 2.

Step 2 The mass flowrate of each supply/demand stream, MF; (t/d), was
arranged in Column 3. The mass flowrates of the organic waste
only considered carbon (C) and nitrogen (N) elements instead of
all organic elements. The individual mass flowrate for carbon,
MC; (t/d) and nitrogen, MN; (t/d) was calculated via Eq (1) and
Eq (2) and then arranged in Columns 4 and 5.

N,
Mc; = N

= 1 x MF, 1
NC/N+1 M

Construct mass
flowrate table J

Perform direct mass
'L flowrate targeting J

] ‘( Plot of SCC and
'L DCC graph

A

Construct utility l ( Identify the ES Perform SCC shifting
SCC graph J‘ L required
*  SCC right-shifting
*  SCC detaching
A 4 *  SCC end-shifting

[ Perform mass flowrate allocation ]

*  SCC down-shifting

Fig. 1. Flow diagram of resources allocation in terms of C/N ratio.
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Fig. 2. Structure of supply and demand streams resource allocation.

Table 1
The C/N ratio required by each bioprocess.
Bioprocess (Demand C/N ratio Reference
side) required
Hydrogen 15.01-23.01 (Z. Li et al., 2018)
16-27 Rawoof et al. (2021)
Average = 20
Methane 30 Tanimu et al. (2014)
30.9 Yong et al. (2015)
20 Zhong et al. (2013)
25-30 Wang et al. (2012)
45 Beniche et al. (2020)
15.8 Zhang et al. (2013)
Average = 28.1
Ethanol 35.2 Manikandan and Viruthagiri
(2010)
Table 2
A sample mass flowrate table for demand streams.
Demand C/N MF (t/ MC (t/ MN (t/ CMC (t/ CMN (t/
Stream ratio d) d) d) d) d)
0 0
D1 5 10 8.333 1.667 8.33 1.667
D2 10 20 18.182 1.818 26.52 3.485
D3 15 30 28.125 1.875 54.64 5.360
1
MN; = — x MF; 2
Nev + 1

Step 3 The cumulative MC, CMC; (t/d) against cumulative MN, CMN;
(t/d) for supply and demand sides were calculated via Eq (3) and
Eq (4). The CMC; and CMN; were arranged in Columns 6 and 7.

CMC; = CMC;_, + MC; 3)

CMN; = CMN;_, + MN; @

Step 4 The Supply and Demand Composite Curves (SCC and DCC) in the
C/N ratio Pinch Analysis Graph were constructed by plotting the
calculated CMC; against CMN;.

2.2. Organic waste resource allocation

2.2.1. The direct mass flowrate targeting

The resource distribution should prioritise the utilisation of supply
streams having the same C/N ratio as required by the demand stream.
The direct mass flowrate targeting approach is executed when the C/N
ratio required by demand streams is the same as the C/N ratio provided
by the supply stream.

If the mass flowrate of the supply stream is more than the demand
stream, the mass flowrate of the satisfied demand stream is denoted as 0.
In that case, the surplus of supply streams, MFsypiuss, is calculated via Eq
(5), where MFg is the mass flowrate of the supply stream, and MFy, is the
mass flowrate of the demand stream. On the other hand, if the mass
flowrate of the supply stream is less than the demand stream, the supply
stream’s mass flowrate is denoted as 0, and the deficit mass flowrate of
demand streams, MFgeficir, is calculated by Eq (6).

MF s = MFs — MFp )

(6)

An illustrated example was shown in Table 3 since the supply streams
S2, and S4 have the same C/N ratio required by demand streams D2 and
D3, and for this reason, the S2 and S4 mass flowrate distribution were
prioritised to satisfy D2 and D3 separately. The graph of SCC and DCC
before and after deduction is illustrated in Fig. 3. Please keep in mind
that the C/N ratio used in this example does not reflect the actual C/N
ratio; the data was created exclusively to illustrate when the supply and
demand sides share the same C/N ratio. The SCC and DCC, after per-
forming a direct mass flowrate targeting approach, continued with
specific resource allocations in the next sub-section.

MF yficip = MFp — MF

Table 3
Sample deduction of mass flowrates for supply and demand sides.

Supply C/N MF deduction Demand C/N MF deduction
stream ratio (t/d) stream ratio (t/d)

Before  After Before  After
S1 35 20 20 D1 25 35 35
S2 45 30 0 D2 45 35 5
S3 50 30 30 D3 65 40 5
S4 65 35 0
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Fig. 3. Plot of the SCC and DCC (a) before and (b) after direct mass flowrate targeting.
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Fig. 4. The demonstration of (a) SCC end-shifting and (b) SCC down-shifting.
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Fig. 5. The demonstration of the SCC right-shifting.
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Fig. 6. The demonstration of (a) to-be detached SCC and (b) end-shifted SCC.

2.2.2. SCC end-shifting, SCC down-shifting, SCC right-shifting and SCC

detaching

There are four steps being introduced in this study while performing
the organic waste resource allocation to satisfy the demand streams for
each case study, namely SCC end-shifting, SCC down-shifting, SCC right
shifting and SCC detaching. Each was executed based on the condition of
the plotted SCC and DCC as follows.

Step 1 The SCC end-shifting approach was executed if the scenario with
plotted SCC is located at the right of DCC, and at the same time,
the SCC has an excessive supply of nitrogen (Fig. 4a).

Step 2 The SCC down-shifting was performed when the entire end-

shifted SCC located t the left of DCC with the ending point of
the end-shifted SCC met with the DCC (Fig. 4b). The external
supply line was then drawn from the ending point of SCC against
the x- and y-axes with the corresponding C/N ratio as a line
gradient. The x- and y-axes lengths were plotted according to the
mass flowrate of nitrogen and carbon available.

Step 3 For a scenario with plotted SCC located at the left of DCC, and at

the same time the SCC has an insufficient supply of nitrogen, the
SCC right-shifting approach will be executed (Fig. 5). The
external supply line was plotted from the starting point of SCC
based on the corresponding C/N ratio as the gradient. The x- and
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y-axes length was plotted according to the mass flowrate of ni-
trogen and carbon available.

Step 4 For the scenario with plotted SCC partially located at the right of
DCC, and at the same time, part of the plotted SCC located on the
left of DCC was required to be detached (Fig. 6a) and perform the
SCC end-shifting approach (Fig. 6b).

2.3. Case studies

Three biodigesters were required to fulfil the biomethane, bio-
hydrogen and bioethanol demands by valorising the organic waste
available within a town. Each organic waste was assumed to have a
stable mass flowrate every day. Each biodigester focus on one main
product that is biomethane, biohydrogen and bioethanol. This study
aimed to target the demand streams by allocating the mass flowrate of
organic waste locally available (OWLA) to each biodigester. The OWLA
in this study is an illustrative organic waste with their C/N ratio found
within the studied area. The mass flowrate of supply and demand
streams for each case study were listed in Table 4 and Table 5. Specific
SCC shifting was developed for each case study while targeting demand
streams and allocating the mass flowrate of supply streams. The organic
waste supply from an external supply (ES) was required when the OWLA
could not satisfy the demand side. In this study, three ES was defined as
organic waste available outside the studied town, namely chicken
manure (ES1), vinegar waste (ES2) and rice husk (ES3) (Table 6). If
multiple streams of ES are eligible to satisfy the requirement, lesser
stream number and lower mass flowrate required are preferable as they
minimise the frequency of transportation of external supply. The ES was
set as a backup supply to mix with OWLA to satisfy the demand streams.

2.3.1. Case study 1

For Case Study 1, there are three designated bioprocesses demands
(Table 4), namely hydrogen (D1), methane (D2) and ethanol (D3),
required to be satisfied by valorising the OWLA found in Case Study 1,
namely dairy manure (S1), swine manure (S2) and kitchen waste (S3)
(Table 5). A mass flowrate table was constructed before plotting the C/N
ratio Pinch Analysis graph.

2.3.1.1. Construct mass flowrate table and plot C/N ratio Pinch Analysis
graph. The steps (1) to step (4) in Section 2.1 were applied to construct
the mass flowrate table for Case Study 1 (Table 7 and Table 8) and
tabulated in Fig. 7.

2.3.1.2. Perform SCC end-shifting followed by down-shifting. Based on the
mass flowrate and C/N ratio of the Resource Supply and Demand Side,
the plotted SCC was located at the right of DCC, and the total nitrogen
cumulative mass flowrate of plotted SCC was greater than DCC. The
entire plotted SCC was shifted until the ending point of shifted SCC and
DCC overlapped on the same point. This approach prioritises the mass
flowrate utilisation of OWLA resources with a higher C/N ratio to
maximise the utilisation of OWLA. The steps to perform SCC end-shifting
approach to determine the ES required were as follows:

Step 1 The x- and y-axis distances between the ending points for SCC
and DCC, denoted as Dy and Dy, were calculated via Eq (5) and Eq

Table 4
The different mass flowrate of demand streams for three case studies.

Supply Bioprocesses ~ C/N Mass flowrate (t/d)

stream ratio Case Case Case
Study 1 Study 2 Study 3

D1 Hydrogen 20 30 25 35

D2 Methane 28.1 40 30 35

D3 Ethanol 35 50 35 40
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Table 5
The different mass flowrate of supply streams for three case studies.

Supply Organic C/N Mass flowrate (t/d)
stream waste ratio
CaseStudy  CaseStudy  Case Study
1 2 3
S1 Dairy 13.4 30 0 5
manure
S2 Swine 15.8 40 0 10
manure
S3 Kitchen 20.3 50 0 20
waste
S4 Rice straw 44.1 0 45 30
S5 Corn stover 54.0 0 50 40
Table 6
Organic waste from an ES and its corresponding C/N ratio (Y. Li et al., 2013).
External supply stream Organic waste C/N ratio
ES1 Chicken manure 10.6
ES 2 Vinegar waste 229
ES3 Rice husk 103.5

Table 7
The mass flowrates of OWLA in Case Study 1.

Supply stream C/N MF MC (t/ MN (t/ CMC (t/ CMN
(OWLA) ratio (t/d) d) d) d) (t/d)
S1 (Dairy 13.4 30 27.917 2.083 27.92 2.083
manure)
S2 (Swine 15.8 40 37.619 2.381 65.54 4.464
manure)
S3 (Kitchen 20.3 50 47.653 2.347 113.19 6.812
waste)
Table 8
The mass flowrates of demand streams in Case Study 1.
Demand C/N MF (t/ MC (t/ MN (t/ CMC (t/ CMN (t/
stream ratio d) d) d) d) d)
0 0
D1 20 30 28.571 1.429 28.57 1.429
(Hydrogen)
D2 (Methane) 28.1 40 38.625 1.375 67.20 2.803
D3 (Ethanol) 35 50 48.611 1.389 115.81 4.192
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Fig. 7. The SCC and DCC for case study 1.

(6), where the coordinates (xs, ys) and (x4, yq) were the ending
points for SCC and DCC.

D, = (xd - xs) (5a)
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D_v = (yd - ys) (63)

Step 2 The entire SCC shift along the x- and y-axes if the values of Dy and
Dy are positive and vice versa.

Step 3 Part of the end-shifted SCC located above the DCC was identified
as an SCC section to be detached.

The plotted SCC was shifted 3.538 and 1.462 t/d against the x- and y-
axes based on the calculated Dy and Dy value of —3.538, —1.462 (Fig. 8).
Since the SCC has to be located at the right of DCC to satisfy the demand
streams, SCC down-shifting was performed on the end-shifted SCC.

2.3.1.3. Perform SCC down-shifting. The steps to perform SCC end-
shifting approach were as follows:

Step 1 The y-intercept constant of the particular to-be down-shifted SCC
line equation (y = 15.8x+39.011) crossing the y-axis origin was
denoted as Dyy.

Step 2 The to-be down-shifted SCC was then shifted against the y-axis
according to the value of the SCC down-shifting pathway, Dy,
resulting in the down-shifted SCC intercepted with the origin of
the graph (Fig. 9).

The y-intercept of the end-shifted SCC (line S2) crossed the y-axis
was identified as 39.011. The entire end-shifted SCC was shifted 39.011
t/d against the y-axis until the down-shifted SCC crossed the graph’s
origin (Fig. 9). Since the down-shifted SCC could not form a closed-loop
at the ending point of DCC, extra resource supply was required to satisfy
the demand streams. If the top gap was formed, an ES line would be
plotted from the ending point of the DCC (xg, y4) against the x- and y-
axes until it intercepts with the down-shifted SCC at an interception
point (xj, y;) and forms a closed-loop.

2.3.1.4. Determine valid and preferred external supply. Case study 1 was
tested with three illustrated ES with a C/N ratio of 10.6, 22.9 and 103.5
to determine the valid and most suitable ES. The steps to determine the
valid and preferred ES were as follows:

Step 1 An ES line was plotted according to the C/N ratio as a line
gradient from the ending point of the DCC (x4, y4) along the x-
and y-axes until it intercepted with the down-shifted SCC at an
interception point (xj, y;) and formed a closed-loop (Fig. 10).

Step 2 Part of the down-shifted SCC formed a closed-loop with the ES
was identified as the utility OWLA. At the same time, part of the
down-shifted SCC did not involve forming the closed-loop
identified as OWLA in excess and was discharged.

Despite there being three ES available, only ES3 was valid because
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Fig. 8. The plotted SCC and the end-shifted SCC for Case Study 1.
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Fig. 9. The end-shifted and down-shifted SCC for Case Study 1.

the C/N ratio of the ES has to be greater than or equal to the C/N ratio of
the demand stream (D3) closest to the top gap and only line ES3 was
eligible to form a closed-loop with the OWLA. The plotted ES3 line was
intercepted with the down-shifted SCC (line S3) at the coordinate of
(3.723, 67.279), as reflected in Fig. 10.

2.3.1.5. Construct utility SCC comprised of utility OWLA and selected
external supply. The interception point formed between line ES 3 and
line S3 act as a reference point to determine the mass flowrates of the
utility OWLA, excess OWLA, and ES required. Part of the down-shifted
SCC from the origin to the interception point represents the mass
flowrate of the OWLA that will be utilised to satisfy the demand stream,
denoted as utility OWLA. In addition, the portion of SCC not involved in
forming the closed-loop between SCC and DCC was identified as the
OWLA in excess and will be discharged, denoted as excess OWLA. Also,
the mass flowrate of ES 3 required to satisfy Case Study 1 was identified
from the ending point of DCC until the interception point. The total mass
flowrates of the ES, MFgg (t/d) were calculated via Eq (7), where (X,, Ya)
and (xj, yj) are the starting and ending point of the line ES.

yi) + (6 — x) | )

From the calculations, the total mass flowrates required by ES 3 to
satisfy the demand streams was 48.998 t/d, as described in Table 9. Part
of the down-shifted SCC section forming a closed-loop from (0, 0) to
(1.845, 29.144) and from (1.845, 29.144) to (3.7232, 67.2793) was
identified as the utility OWLA. The mass flowrate of each supply stream
utilised to satisfy the demand streams and unutilised was calculated via
Eq (7) and presented in Table 10. The MC, MN, CMC and CMN for the
utility supply streams comprised utility OWLA and ES 3 were calculated
via Eq (1) to Eq (4) and listed in Table 11. A utility SCC graph was
plotted using the utility supply stream for Case Study 1 in Fig. 11.
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Fig. 10. Determination of eligible and preferred ES for Case Study 1.
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Table 9
The mass flowrate of different ES tested for Case Study 1.
External C/N Starting Ending MF (t/ MC (t/ MN
supply ratio point (x,, point (x;, d) d) (t/d)
Ya) vi)
ES1 10.6 (4.192, - - - -
(Chicken 115.808)
manure)
ES2 229 (4.192, - - - -
(Vinegar 115.808)
waste)
ES3 (Rice 103.5 (4.192, (3.7232, 48.998 48.529 0.469
husk) 115.808) 67.279)
Table 10

The mass flowrate status of OWLA and ES supply streams for Case Study 1.

Supply streams C/N Mass flowrate (t/d)
"
ratio Available (t/  Utilised (t/  Not utilised (t/
d) d) d)
S1 (Dairy 13.4 30 - 30
manure)
S2 (Swine 15.8 40 30.989 9.011
manure)
S3 (Kitchen 20.3 50 40.013 9.987
waste)
ES3 103.5 N/A 48.998 N/A
Table 11

The mass flowrates of utility supply streams for Case Study 1.

Utility supply C/N MF (t/ MC (t/ MN (t/ CMC (t/ CMN
stream ratio d) d) d) d) (t/d)
0 0

S2 (Swine 15.8 30.989 29.144 1.845 29.144 1.845
manure)

S3 (Kitchen 20.3 40.013 38.135 1.879 67.279 3.723
waste)

ES3 (Rice 103.5 48.529 48.529 0.469 115.808 4.192
husk)
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Fig. 11. The utility SCC comprised utility OWLA and ES3 for Case Study 1.

2.3.1.6. Utility supply streams mass flowrate allocation. The utility sup-
ply streams mass flowrate allocation starts from the demand stream D1,
which requires the lowest C/N ratio requirement among the demand
streams (Fig. 12a). Utility supply stream mixing was required during
targeting demand stream D1 because no closed-loop was formed to
enclose the starting and ending point of targeted demand stream D1. So,
the supply stream ES3 with the highest C/N ratio among the utility
supply streams was required to shift until the ending point of line ES3
met with the ending point of line D1.
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The Dy and Dy between the line ES3 and D1’s ending points were
calculated as —2.763 and —87.237 t/d via Eq (5) and Eq (6). Thus, the
line ES3 was shifted 2.763 and 87.237 t/d against the x- and y-axes. The
shifted line ES3 intercepted with line S2 and formed a closed-loop
indicating that line D1 was satisfied.

Part of the utility SCC from the starting point of line D1 to the
interception point (1.360, 21.491) and part of the shifted line ES3 from
the interception point to the ending point of line D1 were identified as
mass flowrate used to satisfy the targeted demand stream D1. The car-
bon and nitrogen mass flowrates (MCU; and MNU;) of each supply
stream utilised to satisfy the targeted demand steam were calculated via
Eq (8) and Eq (9), where (xg, y2) and (x3, y1) represent the ending and
starting point of each utilised supply stream.

MCU; = (y2 — ) ®)

MNU; = (x, — x1) )

The shifted line ES3 below the interception point and the utility SCC
above the interception point were then identified as unutilised utility
resources. The unutilised utility resources formed a new utility SCC at
the subsequent unsatisfied demand stream’s starting point with the
lowest C/N ratio requirement (Fig. 12b). Similar mass flowrate alloca-
tion steps in targeting demand stream D1 were replicated to satisfy the
rest of the demand streams, as demonstrated in (Fig. 12¢) and (Fig. 12d).
The mass flowrate allocations for Case Study 1 were summarised and
tabulated in Table 12.

2.3.2. Case study 2

For Case Study 2, there are two types of OWLA (Table 13), namely
rice straw (S4) and corn stover (S5), that can be valorised to meet the
designated bioprocesses demands (Table 14). The SCC and DCC for Case
Study 2 were plotted as in Fig. 13 using the calculated CMC and CMN for
the supply and demand sides.

2.3.2.1. Perform SCC right-shifting. Based on the mass flowrate and C/N
ratio of the resource supply and demand side for Case Study 2, the
plotted SCC was located at the left of DCC, and the total nitrogen cu-
mulative mass flowrate of plotted SCC was lesser than DCC. The entire
plotted SCC was shifted to the right until the entire SCC was located at
the right of DCC, with the formation of a Pinch Point. As illustrated in
Fig. 14, the plotted SCC was shifted 1.403 t/d along the x-axis, forming a
Pinch Point at the ending point of line D3 (3.194, 86.806). After the SCC
right-shifting approach was performed, the formation of a bottom gap
indicated the OWLA resources were unable to satisfy the demand
streams completely, and the ES was required to import from the foreign
regions to mix with the OWLA. The ES line was plotted according to the
corresponding C/N ratio as a line gradient.

2.3.2.2. Determine valid and preferred external supply. Case Study 2 was
tested with three illustrated ES with a C/N ratio of 10.6, 22.9 and 103.5
to determine the valid and most suitable ES. At the bottom gap, the ES
that is eligible to mix with OWLA must have a C/N ratio smaller than
demand stream D1 so that the closed-loop formed is located at the right
of DCC. The steps to determine the eligible and preferred ES were as
follows:

Step 1 If the bottom gap formed, an ES line was plotted from the starting
point of the DCC (x4, yq) along the x- and y-axes until it intercepts
with the right-shifted SCC at an interception point (x;, y;) and
forms a closed-loop.

Step 2 If the top gap formed, an ES line was plotted from the ending
point of the DCC (x4, yq) against the x- and y-axes until it in-
tercepts with the right-shifted SCC at an interception point (x, y;)
and forms a closed-loop.
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Fig. 12. Mass flowrate allocation of utility supply streams for (a and b) Demand 1 (¢) Demand 2 (d) Demand 3 in Case Study 1.

Table 12
The mass flowrate allocation of utility supply streams for Case Study 1.

Utility supply Mass flowrate received (t/d)

stream
Demand Stream Demand Stream Demand Stream
1 2 3

S2 (Swine manure) 22.851 8.138 -

S3 (Kitchen waste) - 15.659 24.355

ES3 (Rice husk) 7.149 16.204 25.645

Table 13
The mass flowrates table of OWLA in Case Study 2.

Supply stream C/N MF MC (t/ MN (t/ CMC (t/ CMN
(OWLA) ratio (t/d) d) d) d) (t/d)
0 0
S4 (Rice straw) 44.1 45 44.002 0.998 44.002 0.998
S5 (Corn 54.0 50 49.091 0.909 93.093 1.907
stover)
Table 14
The mass flowrates table of demand stream in Case Study 2.
Demand C/N MF (t/ MC (t/ MN (t/ CMC (t/ CMN (t/
stream ratio d) d) d) d) d)
0 0
D1 20 25 23.810 1.190 23.810 1.190
(Hydrogen)
D2 (Methane) 28.1 30 28.969 1.031 52.779 2.221
D3 (Ethanol) 35 35 34.028 0.972 86.806 3.194

Step 3 As the aim is to maximise the utilisation of OWLA, the ES with a
C/N ratio as low as possible is preferable to fill the bottom gap. In
contrast, an ES with a C/N ratio as high as possible is preferable
to fill the top gap.

Among the three ES, only ES 1 was eligible to fill the bottom gap
among the three ES available as ES 1’s C/N ratio was smaller than the C/
N ratio of demand stream D1. So, the line ES 1 was linked from the DCC’s
starting point along the x- and y-axes until intercepted with the right-
shifted SCC. The plotted ES 1 line was intercepted with the right-
shifted SCC (line S4) at the coordinate of (1.847, 19.580), as shown in
Fig. 15.

Cumulative carbon mass flowrate (t/d)

0.0 0.5 1.0 15 2.0 25 3.0 35
Cumulative nitrogen mass flowrate (t/d)

Fig. 13. The SCC and DCC for case study 2.
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Fig. 14. The plotted SCC and right-shifted SCC for Case Study 2.

The interception point formed between line ES 1 and right-shifted
line S4 acts as a reference point to determine the mass flowrates of the
utility OWLA, excess OWLA and ES required. Part of the right-shifted
SCC from the interception point to the Pinch Point represents the mass
flowrate of the OWLA that will be utilised to satisfy the demand stream,
denoted as utility OWLA. In addition, the part of SCC located below the
interception point is the OWLA in excess and was discharged, denoted as
excess OWLA. The mass flowrate of ES 1 was also required to satisfy the
bottom gap of Case Study 2 was identified from the starting point of DCC
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Fig. 15. Determine eligible and preferred ES for the bottom gap of Case
Study 2.

until the interception point. The MF, MC and MN of ES 1 used to fill the
bottom gap were calculated via Eq (7), Eq (1) and Eq (2), respectively
(Table 15).

2.3.2.3. Construct utility SCC comprised of utility OWLA and external
supply 1. The mass flowrate of each supply stream that will be utilised
and discharged was calculated via Eq (7) and presented in Table 16. The
MC, MN, CMC and CMN for the utility supply streams comprised utility
OWLA and ES 1 were calculated via Eq (1) to Eq (4) and listed as per
Table 17. Then, a utility SCC was plotted using the utility supply stream
for Case Study 2 in Fig. 16.

2.3.2.4. Utility supply streams mass flowrate allocation. The utility sup-
ply streams mass flowrate allocation for Case Study 2 starts from the
demand stream D1, with the lowest C/N ratio requirement among the
demand streams. As the ending point of a line, D1 does not form a
closed-loop with the plotted utility SCC; supply stream adjustment was
required. The supply stream S5, with the highest C/N ratio among the
utility supply streams available, was required to shift until the ending
point of line S5 met with the ending point of line D1, as shown in Fig. 17.

The Dy and Dy between the ending points of line S5 and line D1 were
calculated as —2.003 t/d and —62.997 t/d via Eq (5) and Eq (6). The line
S5 was shifted 2.003 and 62.997 t/d against the x- and y-axes. The line
ES1 intercepted with shifted line S5 formed a closed-loop indicating that
line D1 was satisfied. Part of the utility SCC from starting point of line D1
to the interception point (0.933, 9.886) and part of the shifted line S5
from the interception point to the ending point of line D1 were identified
as mass flowrate used to satisfy the targeted demand stream D1. The
MCU and MNU of each utility supply stream in fulfilling the demand
stream D1 were calculated via Eq (8) and Eq (9).

Then, the mass flowrates of shifted line S5 below the interception
point and the utility SCC above the interception point were identified as
unutilised utility resources. The unutilised utility resources formed a
new SCC at the starting point of the subsequent unsatisfied demand

Table 15
The mass flowrate of different ES tested for bottom gap of Case Study 2.
External C/N Starting Ending MF (t/ MC (t/ MN
supply ratio point (X,, point (x;, d) d) (t/d)
Ya) Yi)
ES1 10.6 (0, 0) (1.847, 21.427 19.580 1.847
(Chicken 19.580)
manure)
ES2 229 0, 0) - - - -
(Vinegar
waste)
ES3 (Rice 103.5 (0, 0) - - - -
husk)

10
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Table 16
The mass flowrate status of OWLA and ES supply streams for Case Study 2.

Supply streams C/N Mass flowrate (t/d)
i
ratio Available (t/ Utilised (t/ Not utilised (t/
d) d) d)
ES1 (Chicken 10.6 N/A 21.427 N/A
manure)
S4 (Rice straw) 44.1 45 24.422 20.578
S5 (Corn stover) 54 50 42.802 7.198
Table 17
The mass flowrates of utility supply streams for Case Study 2.
Utility supply ~ C/N ME(t/ MC(t/ MN(/ CMC(t/ CMN
stream ratio d) d) d) d) (t/d)
0 0
ES1 (Chicken 10.6 21.427 19.580 1.847 19.580 1.847
manure)
S4 (Rice straw) 44.1 24.422 24.422 0.554 44.002 2.401
S5 (Corn 54 42.802 42.802 0.793 86.804 3.194
stover)
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Fig. 16. The utility SCC comprised of utility OWLA, ES1 and ES3 for Case
Study 2.
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Fig. 17. Targeting of D1 by shifting the supply stream available with the
highest CN ratio for Case Study 2.

stream with the lowest C/N ratio requirement. Similar mass flowrate
allocation steps in targeting demand stream D1 were repeated to satisfy
the rest of the demand streams (Fig. 18). The mass flowrate allocations
for Case Study 2 were summarised and tabulated in Table 18.

2.3.3. Case study 3
For Case Study 3, there are five types of OWLA (Table 19), namely
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Fig. 18. Targeting the rest of the demand streams by shifting the supply stream
available with the highest CN ratio for Case Study 2.

Table 18
The mass flowrate allocation of utility supply streams for Case Study 2.

Utility supply stream  Mass flowrate received (t/d)

Demand Stream Demand Stream Demand Stream

1 2 3
ES1 (Chicken 10.819 7.136 3.473
manure)
S4 (Rice straw) - — 24.976
S5 (Corn stover) 14.182 22.864 6.549

Table 19
The mass flowrates for OWLA in Case Study 3.
Supply stream C/N MF MC (t/ MN (t/ CMC (t/ CMN
(OWLA) ratio (t/d) d) d) d) (t/d)
0 0
S1 (Dairy 13.4 5 4.653 0.347 4.653 0.347
manure)
S2 (Swine 15.8 10 9.405 0.595 14.058 0.942
manure)
S3 (Kitchen 20.3 20 19.061 0.939 33.119 1.881
waste)
S4 (Rice straw) 44.1 30 29.335 0.665 62.453 2.547
S5 (Corn 54.0 40 39.273 0.727 101.726 3.274
stover)

dairy manure (S1), swine manure (S2) and kitchen waste (S3), rice straw
(S4) and corn stover (S5), can be valorised to meet the designated bio-
processes demands (Table 20). The SCC and DCC for Case Study 3 were
plotted as in Fig. 19 using the calculated CMC and CMN for the supply
and demand sides.

2.3.3.1. Perform SCC detaching. Based on the mass flowrate and C/N
ratio of the resource supply and demand side, the beginning part of the
plotted SCC was on the right of DCC, and part of the SCC was on the left
of DCC. Part of the DCC that formed a closed-loop with the plotted SCC
indicated that particular part was satisfied. A gap at the ending point of
DCC indicates that a particular part of the DCC was not satisfied, and ES

Table 20
The mass flowrates of demand streams in Case Study 3.
Demand C/N MF (t/ MC (t/ MN (t/ CMC (t/ CMN (t/
stream ratio d) d) d) d) d)
0 0
D1 20 35 33.333 1.667 33.333 1.667
(Hydrogen)
D2 (Methane)  28.1 35 33.797 1.203 67.131 2.869
D3 (Ethanol) 35 40 38.889 1.111 106.019 3.981

11
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Fig. 19. The SCC and DCC for case study 3.

has to mix with the OWLA to fulfil the demand steams in Case Study 3.
According to the existing Water Pinch Analysis, the closed-loop has to be
formed at the right of DCC, part of the SCC located at the left of DCC was
identified, and SCC-end shifting was performed. The plotted SCC located
on the left of the DCC from (2.272, 50.343) to (2.547, 62.453) and from
(2.547, 62.453) to (3.274, 101.726) were detached and shifted 0.707
and 4.293 t/d along the x- and y-axes based on the Dy and Dy value
calculated via Eq (5) and Eq (6) (Fig. 20). After the SCC right-shifting
approach was performed on the detached SCC, the formation of the
gap between the starting point of the end-shifted SCC and the detaching
point indicates the DCC was not satisfied, and the ES was required to mix
with the OWLA in order to satisfy the DCC. The ES line was plotted
according to the corresponding C/N ratio as a line gradient.

2.3.3.2. Determine valid and preferred external supply. Case study 3 was
tested with three ES with a C/N ratio of 10.6, 22.9 and 103.5 to identify
which ES is suitable and able to utilise more OWLA while satisfying the
demand streams. At the gap, since the ES line will be plotted from the
detaching point within the line D2, thus the ES that is eligible to mix
with OWLA must have a C/N ratio lesser than or equal to the C/N ratio of
line D2, which was 28.1. Among the three ESs, only ES 1 and ES 2 were
eligible to satisfy the demand stream and formed a closed-loop at the
right of DCC (Fig. 21). ES 1 having a smaller C/N ratio compared to ES 2
was preferable as it could maximise the utilisation of OWLA. The ES 1
linked from the detaching point along the x- and y-axes until it inter-
cepted with the end-shifted SCC at (3.074, 58.845).

The interception point formed between line ES 1 and end-shifted line
S4 acts as a reference point to determine the mass flowrates of the utility
OWLA, excess OWLA and ES required. Part of the end-shifted SCC from
the ending point of DCC to the interception point represents the mass
flowrate of the OWLA that will be utilised to satisfy the demand stream,
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Fig. 20. The plotted SCC, to-be detached SCC and end-shifted SCC for Case
Study 3.
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Fig. 21. Determine eligible and preferred ES for a top gap of Case Study 3.

denoted as utility OWLA. In addition, the part of end-shifted SCC located
below the interception point is the OWLA in excess and will be dis-
charged, denoted as excess OWLA. Also, the mass flowrate of ES 1
required to satisfy Case Study 3 was identified from the Pinch Point until
the interception point. The MF, MC and MN of ES 1 and ES 2 that were
validated to be used to fill the top gap were calculated via Eq (7), Eq (1)
and Eq (2), respectively (Table 21).

2.3.3.3. Construct utility SCC comprised of utility OWLA and external
supply 1. The mass flowrate of each supply stream that will be utilised
and discharged was calculated via Eq (7) and presented in Table 22. The
MC, MN, CMC and CMN for the utility supply streams comprised utility
OWLA and ES 1 were calculated via Eq (1) to Eq (4) and listed as per
Table 23. Then, a utility SCC was plotted using the utility supply stream
for Case Study 3 in Fig. 22.

2.3.3.4. Utility supply streams mass flowrate allocation. The utility sup-
ply streams mass flowrate allocation starts from the demand stream D1,
which requires the lowest C/N ratio requirement among the demand
streams (Fig. 23a). Utility supply stream mixing was required during
targeting demand stream D1 because no closed-loop was formed to
enclose the starting and ending point of targeted demand stream D1. So,
the supply stream S5, with the highest C/N ratio among the utility
supply streams, was required to shift until the ending point of line S4
met with the ending point of line D1.

The Dy and Dy between line S5 and line D1’s ending points were
calculated as —2.314 and —72.686 t/d via Eq (5) and Eq (6). Thus, the
line S5 was shifted 2.314 and 72.686 t/d against the x- and y-axes. The
utility line S2 intercepted with shifted line S5 at (1.352, 16.364) and
formed a closed-loop indicating that line D1 was satisfied. The utility
SCC from starting point of line D1 to the interception point and the
shifted line S5 from the interception point to the ending point of line D1
were identified as the mass flowrate used to satisfy the targeted demand
stream D1. The MCU and MNU of each utility supply stream satisfying
the demand stream D1 were calculated via Eq (8) and Eq (9).

Table 21
The mass flowrate of different ES tested for a top gap of Case Study 3.
External C/N Starting Ending MF (t/ MC (t/ MN
supply ratio point (X,, point (xi, d) d) (t/d)
Ya) Yj)
ES1 10.6 (2.272, (3.074, 9.304 8.502 0.802
(Chicken 50.343) 58.845)
manure)
ES2 22.9 (2.272, (3.540, 30.292 29.025 1.268
(Vinegar 50.343) 79.368)
waste)
ES3 (Rice 103.5 (2.272, - - - -
husk) 50.343)
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Table 22
The mass flowrate status of OWLA and ES supply streams for Case Study 3.

Supply streams C/N Mass flowrate (t/d)
ratio Available (t/ Utilised (t/ Not utilised (t/
d) d) d)
ES1 (Chicken 10.6 N/A 9.304 N/A
manure)
S1 (Dairy manure) 13.4 5 5 0
S2 (Swine manure) 15.8 10 10 0
S3 (Kitchen waste) 20.3 20 20 0
S4 (Rice straw) 44.1 30 25.696 4.304
S5 (Corn stover) 54 40 40 0
Table 23
The mass flowrates of utility supply streams for Case Study 3.
Utility supply ~ C/N MF(t/ MC(/ MN(t/ CMC CMN (t/
stream ratio d) d) d) (t/d) d)
0 0
ES1 (Chicken 10.6 9.304 8.502 0.802 0.802 8.502
manure)
S1 (Dairy 13.4 5 4.653 0.347 1.149 13.155
manure)
S2 (Swine 15.8 10 9.405 0.595 1.745 22.560
manure)
S3 (Kitchen 20.3 20 19.061 0.939 2.684 41.621
waste)
S4 (Rice 44.1 25.696 25.126 0.570 3.253 66.747
straw)
S5 (Corn 54 40 39.273 0.727 3.981 106.019
stover)
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Fig. 22. The plot of utility SCC comprised of utility OWLA and ES1 for Case
Study 3.

Then, the mass flowrate of shifted line S5 below the interception
point and the utility SCC above the interception point was identified as
unutilised utility resources. The unutilised utility resources formed a
new utility SCC at the subsequent unsatisfied demand stream’s starting
with the lowest C/N ratio requirement. Similar mass flowrate allocation
steps in targeting demand stream D1 were replicated to satisfy the rest of
the demand streams (Fig. 23d). The mass flowrate allocations for Case
Study 3 are summarised and tabulated in Table 24.

3. Conclusion

In this study, the SCC and DCC were formed by introducing cumu-
lative carbon versus cumulative nitrogen mass flowrate as the x- and y-
axes of the graphical C/N ratio Pinch Analysis approach, which had not
been done before. Series of graphical SCC shifting, namely SCC right-
shifting, SCC end-shifting, SCC detaching, and SCC down-shifting,
were developed explicitly tackling different supply stream conditions
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Table 24
The mass flowrate allocation of utility supply streams for Case Study 3.

Utility supply stream  Mass flowrate received (t/d)

Demand Stream Demand Stream Demand Stream

1 2 3

ES1 (Chicken 9.304 - -
manure)

S1 (Dairy manure) 5 - —
S2 (Swine manure) 3.412 6.588 -
S3 (Kitchen waste) - 10.222 9.778
S4 (Rice straw) — 18.191 25.696
S5 (Corn stover) 17.283 - 4.526

while satisfying the demand streams with the aid of ES. The introduction
of heuristics was used to determine the eligible and preferred ES for each
of the case studies. Also, the steps to perform resource allocation for
each supply stream were developed in this study. Case Study 1 required
a total of 48.998 t/d of ES 3 (equivalent to 40.83% of the total mass
flowrate of demand streams) mixed with the OWLA to satisfy the de-
mand streams. Case Study 2 required 21.427 t/d of ES 1 (which
accounted for 23.81% of the total mass flowrate required by demand
streams) mixed with the OWLA to satisfy the demand streams. Case
Study 3 required 9.304 t/d (8.46% of total demand mass flowrate) of
ES1 mixed with OWLA to satisfy the demand streams. Through the
graphical shifting method developed, organic waste can be utilised
effectively, and waste in landfills is minimised. These can lead to sus-
tainable biofuel production, conservation of conventional resources and
reduced greenhouse gas emission. The results are applicable to target
designated biofuels production or equivalent bioprocesses that the
production rate is highly dependent on the C/N ratio of the feedstocks.
The outcome of this research can further act as guidance for policy-
makers on sustainable development while drafting the incentive for a
supply chain that implements such an integrated design. Besides from
mass flowrate allocation of the organic waste resources, logistics is
another critical factor during the valorisation of organic waste as it in-
volves transportation expenses and emits an extra carbon footprint on
the environment. This study considered a hypothetical case during the
targeting of supply and demand streams of the C/N ratio required by the
demand streams without considering the distance for biomass trans-
ferring which may incur an additional cost and affect the economic
feasibility of the proposed solution. Spatial analysis such as allocation of
supply and demand streams and detailed economic analysis will be
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conducted in future studies. The goal of this study is to determine the
targets for a feasible design based on the C/N, organic waste available
and designated biofuels production. Then, the identified targets could be
used to optimise a detailed waste to biofuel supply chain design by ac-
counting for spatial allocation (travel distance) and economic
consideration.
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