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Chapter 1
Introduction

Parts of this chapter are published in:

Jonkman, J., Bloemhof, J. M., van der Vorst, J. G. A. J., van der Padt, A. (2015). A Sustainability Driven Methodology for Process Synthesis in Agro-Food Industry. Computer
Aided Chemical Engineering, 37, 1289–1294
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Introduction

The current estimates on future population growth and agricultural productivity indicate
that feeding the world population in 2050 will be a challenge (Searchinger et al., 2013).
Considering that 31% of all produced food is wasted, much of the resources, capital, and
labour invested in the production of food are lost (Gustavsson et al., 2011; Timmermans
et al., 2014). Hence, changes are required in the production of food, in order to reduce
the impact of food production on the environment and natural resources (Govindan,
2018).
In Europe, the food industry plays an important role in the production of food and is
of great economic importance. It represents almost 13% of the total turnover of the
manufacturing industry (ECSIP Consortium, 2016). On the other hand, the food supply
chains in which food industry operates also have a significant environmental impact.
Together they contribute to 31% of the total global warming potential (Perrot et al., 2016).
Reducing the environmental impact of the food industry and food supply chains is not
possible without making changes to their set-up and to the composition and characteristics
of the produced food products (Raak et al., 2017)

1.1

Historic development of the European food industry

The configuration of most Food Supply Chains (FSCs) has grown historically with a
strong focus on economy of scale (Augustin et al., 2016). At the start of the twentieth
century, the agro-food industry generally extracted one product from an agro-material,
for example starch from potatoes and sugar from sugar beet (van der Padt, 2014). These
product intermediates were combined and further processed by the food assembly industry
into final consumer products (Figure 1.1).
Over time, the agro-food industry included new technologies into their production processes in a step-wise sequential manner, and process pathways were reshaped to meet new
requirements (e.g. consumer demands, legislation, and competition). This is represented
schematically in Figure 1.2. Environmental concerns and decreasing margins forced the
industry to valorise and reduce waste streams, extracting, for instance, whey proteins
from whey and using sugar beet pulp for yeast production (van der Padt, 2014). Hence,
the public concern with the environment and safety issues, environmental regulations and
global competition drive agro-food industrial companies to increase their efficiency and
develop sustainable products and processes (Charpentier, 2009). These products and processes with improved sustainability allowed the food assembly industry to source more
sustainable ingredients. Hence, the two-stage set-up of most food processing chains remained intact. This set-up is nowadays considered one of the main causes responsible for
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Figure 1.1: Typical two-stage organisation of the food industry (Geerts, 2018)

the inefficiencies in the food production system (van der Goot et al., 2016).
To guarantee a controlled quality of final consumer products, the food assembly industry mainly uses dry and purified intermediates, purchased from the agro-food industry.
The production of these intermediates is disconnected from the production of the final
consumer products, and requires water and energy-intensive processing steps (van der
Goot et al., 2016). Additionally, the yield of processing generally reduces when higher
purity has to be obtained (Tamayo Tenorio et al., 2018). Hence, reconsidering the disconnection between intermediate production in agro-food industry and the production of
final consumer products in the food assembly industry supports a more resource efficient
production of food.

Figure 1.2: The sequential development of process pathways in the food industry over time
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1.2

Problem description

Reconsidering the current set-up of food industry confronts decision makers in agro-food
industry with several strategic questions:
• Which intermediates to make from the available agro-materials in order to produce
the desired consumer products?
• Which production processes to produce the desired intermediates?
• Where to execute production processes in the FSC, and at what time?
• How to ensure the participation of all the required actors in the desired FSC network?
In answering these questions, many possibilities exist and decisions can be interconnected
on levels of different scale. Intermediates are produced from agro-materials using a number
of technologies or process steps, jointly called a process pathway. This process pathway
determines to a great extent the properties of the obtained intermediates. Therefore,
there is a direct link between selecting an intermediate at the product level and selecting
a process pathway at the process level. Several process pathways can be operated by an
enterprise to produce their desired product portfolio. The SC in which the enterprise is
operating can affect which process pathway and product portfolio are optimal, connecting
the SC level to the enterprise level and its underlying process and product levels. Additionally, aligning the goals of all the actors participating in a SC is necessary for its optimal
performance. Because actors can participate in several SCs at the same time, taking into
account the SC network can prevent sub-optimal operation of a SC. These interconnected
levels make an approach to answering these questions not straightforward.
However, decisions can be made using decision support models as they are developed in
the fields of Process Systems Engineering (PSE) and Supply Chain Management (SCM).
Related respectively to Chemical Engineering and Operational Research, these fields have
been extending their scope in recent years, spanning a scale from the product level up to
the SC network. This is schematically represented in Figure 1.3.
PSE aims at improving decision making for the creation and operation of chemical supply
chains from the molecular scale up to the whole enterprise (Grossmann & Westerberg,
2000). Research in PSE has provided methods to find alternative designs for process pathways, and to search for the better designs among many options (Westerberg, 2004).
Decision support models from PSE are widely used in chemical industries, but are not
directly applicable or extendable to the food industry, due to the difference between
types of production processes and between typical chemical products and food products
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Figure 1.3: Schematic representation of the scope of the research fields of Process Systems
Engineering and Supply Chain Management

(Hadiyanto et al., 2008; Meeuse, 2007). Food products are generally made from several intermediates, containing multiple chemical components. The quality of a final food
product depends not only on the chemical composition of all the ingredients, but also on
the functionality of these ingredients, and how they are distributed in the food through
processing. The creaminess of ice cream, for instance, depends on the composition of
the intermediates used, like fat, but also on the size of air-bubbles and ice-crystals inside
the ice cream resulting from processing (Meeuse, 2007). Such processing effects make
food processing different from other (chemical) processing (Datta, 2016). Moreover, the
agro-materials used as raw materials consist of several chemical components. These components provide the functionality desired by the food assembly industry, such as foaming
or emulsifying capacity. The agro-materials are therefore processed into multiple fractions, making the processing of agro-materials by agro-food industry divergent in nature.
Additionally, the agro-materials vary more in quality than the raw materials used by the
chemical industry, and they are often perishable leading to waste along the Supply Chain
(SC). Moreover, they are subject to seasonality and are only produced in certain areas
(Halasz et al., 2005). Hence, location-related characteristics of the SC are very relevant
to the food industry.
Due to its origin in chemical engineering, the field of PSE has a strong focus on products,
production technologies, and process pathways. Over time, the scope extended to include
more and more aspects of an enterprise and the related SC, and started to link to the
fields of Operational Research and SCM (Grossmann, 2005; Barbosa-Póvoa, 2014).
The field of SCM focuses on value creation in the SC through optimising the flows of
products, money, and information (Chopra & Meindl, 2015). Compared to PSE it has
a stronger emphasis on logistics and distribution while product and production characteristics are typically not considered explicitly. However, products and production characteristics have recently become more important due to the developments in Sustainable
Supply Chain Management (SSCM) and Closed Loop Supply Chains (CLSCs). The extension of SCM towards SSCM has shifted the focus from creating economic value to
include environmental and social objectives (Soysal et al., 2012). Commonly, Life Cycle
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Analysis (LCA) techniques are used to evaluate the environmental performance of a SC,
and products are considered as the functional unit to compare different SC configurations.
Additionally, the valorisation of side-streams investigated in studies on CLSC increases
the importance of taking into account the production processes and information at the
product level (Banasik et al., 2017).
SCM methods have been applied to FSCs, although there is a need to adapt these methods
to the specific characteristics of the FSCs (Akkerman et al., 2010a; Soysal et al., 2012).
Several regional and time constraints exist due to the seasonality and perishability of food
products, which are not relevant in many other SCs. Hence, the entire food processing
chain with its specific characteristics is of importance in answering the strategic questions
of agro-food industry. Methods and tools from the field of PSE have to be combined with
food engineering knowledge to consider the questions at product and processing levels.
Additionally, work from the field of SCM, and in specific Food Supply Chain Management
(FSCM) is required for widening the scope to include the whole processing chain and the
related network in which the chain operates.

1.3

Aim and outline

The aim of this study is to bridge the fields of PSE and SCM in the context of agro-food
processing chains. Our approach shows how methods from the fields of PSE and SCM
can be used to support answering the strategic questions relevant for agro-food industry
on which (intermediate) products to produce where, using which process pathways, and
at what time. The combination of these complimentary fields in the context of food
processing chains leads to better FSC networks.
At the product level, a company has to decide which intermediates to produce from an
agro-material. The chemical composition of the agro-material and the functionality of
intermediates desired by the food assembly industry are leading. In Chapter 2 we
investigate how to select a product portfolio taking into account the valorisation of the
full portfolio of intermediates, and the final application of the intermediates.
At the process level and enterprise level, several process pathways are available for the
conversion of an agro-material. Due to the seasonal and regional availability of agromaterials, operating these process pathways is often different from chemical industry.
Therefore, Chapter 3 studies how to select process pathways with their product portfolio
given the regional differences in supply and demand of FSCs.
At the supply chain level, agro-food industry has to deal with uncertainties resulting
from the typical characteristics of food. Supply is of uncertain quality and quantity and
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also the time of availability varies. In Chapter 4, an approach is studied to identify
SC configurations that perform well under these uncertainties and take into account the
specific characteristics of agro-food processing chains.
At the network level, an agro-food industrial company is collaborating with other actors.
The industry depends on primary producers, the farmers, to produce and supply agromaterials. The objectives of these farmers have to be aligned with those of the agro-food
industry for the industry to be able to purchase the desired quantity of agro-materials.
Chapter 5 explores benefit sharing between the agro-food industry and farmers as a
means to align the individual objectives of farmers and processors in SC design.
Building on the insights from the previous chapters, Chapter 6 discusses the applicability
to the food industry and directions for future research to further benefit from the symbiosis
between PSE and SCM in the context of food processing chains.

Chapter 2
Product level
Selection of fractionation pathways and intermediates
for mixed consumer products

• Non-conventional intermediates can improve the resource efficiency in food industry
• Ternary diagrams are introduced to pre-select product and process selection alternatives
• The selection of intermediates and fractionation processes is optimised
• The case of a legume processor shows a reduction in energy use, water use, and costs

This chapter is based on:
Jonkman, J., Castiglioni, A., Akkerman, R., van der Padt, A. Non-conventional intermediate products improve the resource use in agro-food industry. (in preparation)
Castiglioni, A., Jonkman, J., Akkerman, R., van der Padt, A. (2018). Selection of fractionation pathways and intermediates for mixed consumer products. Computer Aided
Chemical Engineering, 43, 651–656
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Abstract
Many consumers products, such as cosmetics and foods, consist of a mixture of intermediates. Most of these intermediates are currently produced through the fractionation of
agro-materials, a production process in which multiple intermediates are obtained from
a single raw material. These intermediates are subsequently combined into products to
satisfy customer demand and quality requirements. The fractionation processes are often
focused on obtaining intermediates with high chemical purity. The chemical purity of
intermediates is, however, not always necessary, and mild fractionation of raw materials
can be sufficient. Selecting the optimal set of intermediates is not straightforward. We
propose an optimisation-based decision support approach to select resource-efficient fractionation pathways and intermediates. An illustrative case for the processing of legumes
shows that mildly refined intermediates can be selected to cover the demand for the majority of products, saving costs, energy use, and water use. While minimising cost, energy
use and water use were reduced by 22% and 37%, respectively. The case results indicate
that using fractionation pathways leading to intermediates with lower purity provides
opportunities for more resource-efficient production of mixed consumer products.

Selection of fractionation pathways and intermediates

2.1
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Consumer products such as cosmetics and foods are often a blend of intermediates. The
production of these intermediates can be resource intensive due to a focus on purity, with
the aim to guarantee a standard quality and broad applicability (van der Goot et al.,
2016). Generally, there is a reduction in yield and an increase in the resources required to
refine a raw material into intermediates with a higher degree of purity (Tamayo Tenorio
et al., 2018). However, the purity of intermediates is often not required for application
in mixed products. The functionality of products does not only depend on a single pure
component, but is expressed in the combination of different components with their native
functionality (Geerts et al., 2017a). Therefore, applying mild fractionation and using
less-refined intermediates could improve resource efficiency (Berghout et al., 2015).
The selection of the set of intermediates is not a straightforward decision for the intermediates producer. Intermediates need to be selected in such a way that a variety of products
could be made while minimising costs and resource consumption. Additionally, the divergent nature of fractionation processes inherently leads to the production of multiple
intermediates that all have to be valorised (Jonkman et al., 2015).
This chapter provides an optimisation-based approach for decision support for the selection of raw materials, fractionation pathways, as well as the associated intermediates.
Producers of intermediates can use this approach to improve their integrated product
and process design. The intermediate selection problem and the decision support approach are further described in Section 2.2. Section 2.3 shows the potential benefits of
the approach for optimising the intermediate selection problem using the case of a legume
processor. The consequences of focusing on functionality rather than chemical composition are further discussed in Section 2.4, concluding that more research is required to
relate intermediate composition, processing, and functionality.

2.2

Decision support approach

A producer of intermediates has to decide how to meet customer demands based on
product specifications resulting from the final application in which the intermediate is
used. The intermediate producer must select the materials and the fractionation processes
required to produce intermediates that can be used to make products according to the
customer requirements. Intermediates can be used directly in the fulfillment of customer
requirements, but can also be blended. Hence, a limited set of versatile intermediates
can be produced to be blended according to customer requirements, or a wider variety of
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Figure 2.1: Schematic representation the decisions related to intermediate production

more customer-specific intermediates can be produced. These decisions are illustrated in
Figure 2.1.
The goal of the producer is to minimise production cost and resource use, such as energy
and water consumption. The number of alternative possibilities, however, complicates
the selection problem. An approach is needed that allows for the representation of the
alternatives and their evaluation, and that supports identifying the best alternatives (Li &
Kraslawski, 2004; Grossmann & Guillen-Gosalbez, 2010). The approach should support
finding the optimal combination of raw materials, processing, and intermediates while taking into account that handling a larger number of intermediates increases the complexity
of processing operations at the intermediates producer.
We propose the four stage decision support approach presented in Figure 2.2. The first
stage of the approach is focused on determining the needs of the different customers
and should lead to insight into the final application of the intermediate, to the required
functionality, and to a description of the properties the intermediate should have. In the
second stage, the intermediate producer has to create an inventory of the possible raw
materials and fractionation pathways to use, and identify the properties of these materials
and pathways. This information is combined in the third stage, leading to a set of potential
intermediates with associated properties, co-production relationships, and fractionation
costs. In the fourth stage, an optimisation model is used to select the combination of
raw materials, fractionation pathways, and intermediates that satisfies the demand of the
customers while minimising the total raw material and production (i.e. fractionation and
blending) costs. The representation and evaluation of alternatives related to stages 1–3,
and the identification of the best alternatives in stage 4 are discussed in the following
sections.

Selection of fractionation pathways and intermediates
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Figure 2.2: Four stage decision support approach for the selection of intermediates for mixed
consumer products

2.2.1

Representation and evaluation of alternatives

An important problem in the design of production processes is to develop a representation
that enables the inclusion of the relevant product and processing alternatives and that
supports the evaluation of alternatives to ignore irrelevant options (Li & Kraslawski,
2004). For example, in the context of fossil fuels a van Krevelen diagram is frequently
used to obtain insights from the graphical representation of raw materials and products
based on the atomic ratios of carbon to hydrogen and oxygen (Dusselier et al., 2014).
However, consumer products cannot be reduced to such dimensions, and a more elaborate
representation is required to obtain meaningful insights.
In the context of intermediates for mixed products, we propose the use of ternary diagrams
in which raw materials, intermediates, and target products are plotted based on their
composition. The axes should be defined according to the specific case investigated.
Figure 2.3a shows an example related to agro-food industry, plotting agro-materials and
target products based on the ratios between their macro-nutrient content (carbohydrate,
fat, protein). The representation makes it possible to identify likely alternatives for the
blending of intermediates to obtain the composition of a target product (Figure 2.3b), and
to relate intermediates to raw materials through their production processes (illustrated
in Figure 2.3c).
Creating ternary diagrams such as the examples in Figure 2.3 will provide decision makers with an overview of their selection alternatives. Using the graphical representation
already shows that producing chemically pure intermediates is not a strict necessity for
mixed consumer products. After the representation filters out irrelevant alternatives, an
additional method is needed to select the optimal combination of raw materials and intermediates with their fractionation processes in order to satisfy the demand of the target
products required by the customers.
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(a) Agro-materials and composition for some final applications

(b) Possibilities for blending conventional intermediates to achieve the composition of a target
application

(c) Intermediates produced from lupin using a non-conventional combination of dry and aqueous
fractionation processes
Figure 2.3: Ternary diagram examples for agro-materials and target products

Selection of fractionation pathways and intermediates
2.2.2
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Identification of the best alternative

In this stage, the selection of raw materials, intermediates and fractionation pathways, and
intermediate blending is optimised using a Mixed-Integer Linear Programming (MILP)
model based on the work of Akkerman et al. (2010b). Their model is extended to allow for
(i) the selection of different fractionation pathways; (ii) the consideration of co-production
of intermediates in intermediate portfolios, including related material balance relationships; and (iii) the consideration of the resource consumption of water and energy.
Given the considered raw materials m ∈ M and fractionation pathways f ∈ F , the
objective is to minimise the costs for raw materials and processing:
XX
M in
cmf Xmf
(2.1)
m∈M f ∈F

where cmf is the cost of sourcing and processing raw material m using fractionation
pathway f and Xmf is the quantity of material m fractionated with pathway f . Each
produced intermediate i ∈ I has to be used in a product p ∈ P , and the total demand dp
of a product has to be met:

X

Zip

= 1

∀p ∈ P

(2.2)

∀i ∈ I

(2.3)

i∈I

XX

rmf i Xmf

=

m∈M f ∈F

X

dp Zip

p∈P

where Zip is the fraction of intermediate i in product p and rmf i is the conversion parameter
for material m through pathway f into intermediate i. In the case several intermediates
i are used in product p, the blending of intermediates is required:

1, if intermediate i is used in product p.
Yip =
(2.4)
0, otherwise.

1, if blending is required to produce product p.
Up =
(2.5)
0, otherwise.
X

≤ n

∀p ∈ P

(2.6)

≤ Yip

∀i ∈ I, p ∈ P

(2.7)

Yip − 1

≤ nUp

∀p ∈ P

(2.8)

dp Up

≤ b

Yip

i∈I

Zip
X
i∈I

X
p∈P

(2.9)

16

Product level

where Equation (2.6) is an operational restriction to limit the total number of intermediates used in a product p to the maximum of n. The combination of Equation (2.7)
and Equation (2.8) relate fractions of intermediates used in a product to the binary variable indicating that blending is required. Equation (2.9) ensures that the total quantity of
products which require blending should not exceed the available blending capacity b.
Customer requirements may specify that intermediates of a specific origin are not allowed
in a product, for instance, to avoid allergens:
Zip

≤ aip

∀i ∈ I, p ∈ P

(2.10)

where aip indicates to what level an intermediate i may be used in product p. Additionally, for each component k ∈ K the compositional requirement of product p is enforced
according to:
X
min
max
qkp
≤
qik Zip ≤ qkp
∀k ∈ K, p ∈ P
(2.11)
i∈I
min
where qik is the composition parameter of intermediate i for component k, and qkp
max
and qkp are the lower and upper limits for component k in product p. This uniform
formulation of the compositional requirements allows for product specifications by the
customer which consider a range of values to be acceptable. In the cases where there is
no lower or upper limit defined in the product specification, the values of the limits can
be set to zero or one, respectively.

An intermediate producer can limit the total number of intermediates selected to manage
the operational simplicity of the production operations:

1, if intermediate i is used.
Wi =
(2.12)
0, otherwise.
X

Zip

≤ nWi

Wi

≤ j

∀i ∈ I

(2.13)

p∈P

X

(2.14)

i∈I

where j is the maximum number of intermediates the producer is willing to handle. The
consideration of the co-production of intermediates, and the selection of fractionation
pathways are integrated in Equation (2.1) and Equation (2.3). Resource consumption is
described by:
XX
emf Xmf
(2.15)
m∈M f ∈F

XX
m∈M f ∈F

wmf Xmf

(2.16)

Selection of fractionation pathways and intermediates
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where emf and wmf are the respective energy and water consumption of processing material m using fractionation pathway f . Equation (2.15) and Equation (2.16) can be used
as objective functions in addition to Equation (2.1).

2.3

Case study

We illustrate the decision support approach with an example from the food industry
and investigate the potential benefits of selecting non-conventional intermediates. The
example considers an intermediate producer conventionally focused on producing proteinrich intermediates for its customers, using yellow pea (Pisum sativum) and lupin seeds
(Lupinus angustifolius) as raw materials. Yellow peas are pulses rich in starch and protein,
whereas lupin is an oilseed legume with a protein content similar to soy but with a lower
oil content.

2.3.1

Description and data

The customers demand protein-rich intermediates for applications in products that can be
grouped into categories, such as solid and liquid foods, nutraceuticals and supplements,
and non-food applications. Although the conventional high-purity intermediates meet the
customers’ demand, the first stage of the decision support framework leads to the insight
that the different product categories do not strictly need high-purity protein intermediates
(Figure 2.3).
For example, in the category of solid foods considered in the case are pasta or pasta-like
products. Pasta enriched with vegetable protein targets the need for protein supplement
in vegan or similar diets (Duranti, 2000) while also containing other components. In liquid
foods, protein-rich drinks require the addition of protein without negatively affecting the
viscosity of the drink by adding too much fibre. Supplements like protein powders for
athletes, on the other hand, do require a higher degree of protein purity. Non-food
applications, such as livestock feed, dot not have strict targets on the presence of other
components besides protein.
Often, the exact composition of the product required by the customer is not specified
completely, and acceptable upper and lower levels can be determined. Examples of such
quality requirements for some products are summarised in Table 2.1. The specific restrictions to the intermediate products for each of the final applications considered are shown
in Table 2.2. Customers’ demand for the products are estimated based on the average demand for the final applications in the Netherlands (van Rossum et al., 2016), additionally
assuming that all surplus intermediates can be directed to non-food applications.
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Table 2.1: Examples of final applications for the produced products, and their requirements

Final application category

Examples of final
applications

Examples of requirements

Solid state foods

Pasta enriched with
veg-protein
Doughs for bakery
application
Meat analogues

Liquid state foods

Protein-rich drink

Gels
Nutraceuticals

Low-fat fortified yogurt
Dietary supplement

High protein content and
water holding capacity
Relatively high water
holding capacity
Balanced content of protein
and fibre, high water
holding capacity,
medium-high protein
solubility
Low fibre content, high
protein solubility and low
viscosity
Good gelation properties
High purity and low
moisture

Non-food application

Animal feed

Table 2.2: Quality bounds for the product according to the final applications

Product description

Quality requirements

Pasta, protein enriched

Protein content ≥ 55%, fibre content
≤ 68%, other carbohydrates ≤ 10%, fat
content ≤ 23%
Protein content ≥ 65%, protein content
≤ 90%
Protein content ≥ 64%, fibre content ≥ 18%
Protein content ≥ 67%, fat content ≤ 2%
Fibre content ≤ 5%, fat content ≤ 10%
Protein content ≥ 78%
Flexible, no restrictions

Dough
Meat analogue
Low-fat yoghurt
Drink
Nutraceutical
Non-food application

Demand ratio
35

100
2
41
5
2
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Table 2.3: Water use and energy use for processing based on Berghout et al. (2015), Schutyser
et al. (2015), and Geerts et al. (2017a), costs estimated based on Berk (1992) and Apaiah &
Hendrix (2005)

Agro-material

Pathway

Water (kg/kg)

Energy (MJ/kg)

Cost (e/ton)

Lupin

Conventional
Aqueous
Dry
Combined

23.27
15
0
4.95

60.33
50.31
0.52
17.13

91.82
70.45
48.58
55.87

Pea

Conventional
Aqueous
Dry
Combined

12.5
4.40
0
1.45

60.55
53.03
0.52
17.88

85.02
58.30
48.58
51.82

For the second and third stages of the framework, the intermediate producer knows that
conventional and mild fractionation processes can be used to produce a variety of intermediates with different degrees of purity from yellow peas (Pelgrom et al., 2014b) and
lupin (Berghout et al., 2015). In these fractionation processes, several process steps are
executed to split the raw material into the desired fractions (see Figure 2.3c). A series
of process steps combined forms a fractionation pathway, of which four are considered:
conventional, aqueous, dry, and a combination of dry and aqueous (Figure 2.4).
Each fractionation pathway consumes water and energy for processing (Table 2.3) and
produces a specific portfolio of intermediates, i.e. producing one intermediate using the
fractionation pathway implies co-producing the other intermediates. The yield of each
intermediate and its composition are given in Table 2.4.

2.3.2

Optimising the selection of intermediates and fractionation pathways

The model presented in section 2.2.2 was used to optimise the selection of intermediates
and their fractionation pathways. The production of all required intermediates using
the conventional processing of lupin was used as a base case for comparisons. An optimal
selection of intermediates was determined while minimising cost, energy use, and water use
using Equations (2.1), (2.15) and (2.16)as objective functions, respectively. Additionally,
the model was used to explore the relation between the minimal energy use that could be
obtained and the maximum number of intermediates that could be selected.
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(a) Conventional, mild aqueous, dry, and combined fractionation pathways for lupin (Berghout
et al., 2014; Pelgrom et al., 2014a)

(b) Conventional, mild aqueous, dry, and combined fractionation pathways for pea (Pelgrom
et al., 2013; Schutyser et al., 2015; Geerts et al., 2017b)
Figure 2.4: Fractionation pathways for lupin and pea
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Table 2.4: Intermediate portfolios produced for lupin and pea per fractionation pathway.
Yield and composition based on wet weight (ash and water content not shown, values from
Berghout et al., 2015; Geerts et al., 2017a; Pelgrom et al., 2014b)
(a) Lupin

Pathway
Starting material
Conventional

Aqueous

Dry
Combined
aqueous
and dry

Fraction
Lupin
Oil-rich
Fiber-rich
Soluble
Protein-rich
Fiber-rich
Soluble
Protein-rich
Coarse
Fine
Coarse
Fibre-rich
Soluble
Protein-rich

Yield
(kg/kg)
0.07
0.37
0.27
0.27
0.46
0.20
0.29
0.67
0.33
0.67
0.11
0.07
0.14

Fibre
(w/w)
0.30
0
0.68
0
0
0.65
0
0
0.37
0
0.37
0.47
0
0

Protein
(w/w)
0.41
0
0.23
0.28
0.83
0.12
0.37
0.80
0.32
0.49
0.32
0.20
0.64
0.80

Carbohydrate
(w/w)
0.07
0
0
0.59
0.10
0
0.50
0
0.14
0.35
0.14
0
0.22
0

Fat
(w/w)
0.08
1
0
0
0
0.16
0
0.07
0.06
0.07
0.06
0.26
0
0.07

Protein
(w/w)
0.21
0
0
0
0.82
0.04
0.53
0.51
0.07
0.39
0.07
0.08
0.23
0.58

Carbohydrate
(w/w)
0.47
0
0.64
0.87
0.02
0.66
0.03
0.02
0.6
0.02
0.6
0
0.22
0.21

Fat
(w/w)
0.05
0
0
0.08
0.08
0.01
0.09
0.1
0.01
0.03
0.01
0.38
0
0.06

(b) Pea

Pathway
Starting material
Conventional

Aqueous

Dry
Combined
aqueous
and dry

Fraction
Pea
Fibre-rich
Starch-rich
Sugar-rich
Protein-rich
Carbohydr.
Sol. protein
Non-sol.prot.
Coarse
Fine
Coarse
Fibre-rich
Soluble
Protein-rich

Yield
(kg/kg)
0.074
0.42
0.18
0.25
0.66
0.24
0.10
0.68
0.33
0.68
0.04
0.02
0.26

Fibre
(w/w)
0.13
0.95
0.31
0
0
0.23
0.3
0.29
0.19
0.38
0.19
0.47
0
0
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Figure 2.5: Performance indicators of optimised intermediate and pathway selection according to the different objectives and the resulting number of intermediates in the selection

Optimisation results
From the base case we observe that it is indeed possible to meet the customers’ demand for
all products using the intermediates obtained from the conventional processing of lupin.
In the modelled case, a quantity of 4400 ton lupin is required, with an associated cost
of ke1812 for sourcing and processing. Water use for the base case was 102 kton, and
energy use totalled at 265 TJ. The total quantity of intermediates that in this case is
assigned to non-food by-products was 2462 ton. Further results are reported relative to
these figures.
Figure 2.5 shows the performance indicators related to the optimal intermediate and
pathway selection according to the different objectives to minimise cost, water use, and
energy use. In all these cases, non-conventional intermediates from the mild fractionation
pathways were incorporated into the selection (see Figure 2.6). Lowest cost was achieved
using a total of seven intermediates to blend all the desired products. The introduction
of non-conventional intermediates improved cost, water use, energy use, and by-product
production with respectively 13%, 37%, 22%, and 21%. Consumption of raw materials
was reduced by 9%.
The blend of intermediates used to produce the required products is shown in Figure 2.7
for the base case and the minimal cost scenario. A clear shift is observed in the fractions
blended to produce the end products. Additionally, it is seen that the fractions that
in this case were assigned to the non-food product category (feed) are mainly fibre-rich
and other carbohydrate-rich fractions. This shows that the current product portfolio
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Figure 2.6: Overview of the percentage of raw material processed using the selected fractionation pathways according to the different objectives

Figure 2.7: Optimised blend of intermediates in products to fulfil customer demand

of the intermediate producer is short on applications for these intermediates. Finding
applications will increase the intermediate producer’s percentage of raw materials ending
up as high-value products.

Window of possibilities for product portfolio development
The optimisation results show a further reduction of energy use and water use is possible to
values as low as 34% and 23% of the base case. However, this comes at added cost and an
increased quantity of intermediates that in this case is assigned to non-food by-products.
This is related to the large percentage of the dry and combined fractionation pathways
selected in these scenarios (Figure 2.6). These pathways lead to the co-production of a
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Figure 2.8: Identification of the desired product composition requirements (shaded area)
that can be obtained with the intermediates which are produced in excess in the case study

coarse intermediate which is considered to be of feed quality in the case. If this fraction
could be of food quality, a broader product portfolio is needed to assign this intermediate
to a food product.
Redefining the product specifications together with customers, or developing new products
can improve the use of the fractions that are produced in excess, which supports the
intermediate producer in finding cost-neutral or cost-beneficial ways for reducing energy
and water consumption. For this purpose, the ternary diagrams are again a useful tool
to map the area of interest in which new products are to be formulated, depending on
the blending possibilities of the intermediates which are produced in excess in the current
case (Figure 2.8).

Resource use reduction vs. number of intermediates
Compared to the base case, the optimised selections of intermediates and pathways require
an increased number of intermediates. The lower versatility in the applicability of the
non-conventional intermediates could lead to an increased operational complexity at the
intermediate producer (e.g. due to the handling of all the intermediate flows, inventories,
and blending operations). Hence, the relation was investigated between the total number
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Figure 2.9: Resource use of the optimal intermediate and pathway selection minimising total
energy use for different numbers of allowed intermediates

of intermediates the producer is willing to handle and the savings in resource use of water
and energy. The right hand side of Equation (2.14) was used to limit the number of
intermediates selected while minimising Equation (2.15).
While less than six intermediates are allowed, the conventional fractionation of lupin is
selected due to its versatile intermediates. The non-conventional dry pathway is included
besides the conventional pathway if the total number of intermediates should be less than
eight. For less than ten intermediates, the dry pathway is replaced by the combined dry
and aqueous pathway. This reduces the need for most conventional processing and leads
to large savings in water use and energy use. If a maximum of ten or eleven intermediates
can be selected, the dry pathway is introduced again besides the others. The minimal
energy use in the case study is obtained using twelve intermediates, at which point also dry
processed pea is included (Figure 2.5 and Figure 2.6). These results show a potential tradeoff between resource use and operational complexity at the intermediate producer.

2.4

Conclusions

This chapter presents an optimisation-based decision support approach for the selection
of raw materials, intermediates, and fractionation pathways. The approach supports
identifying gaps in a product portfolio and opportunities for integrated product and process design for mixed consumer products. Case study results show how non-conventional
intermediates could lead to a more resource-efficient production of these products. Using non-pure intermediates enabled a reduction in costs, energy use, and water use. This
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would, however, lead to the use of more application-specific intermediates, which increases
the operational complexity of an intermediate producer. Moreover, collaboration is required between an intermediate producer and their customers to identify and produce the
optimal portfolio of intermediate products.
In the case of mixed consumer products such as food and cosmetics, the final properties
of a product are not determined by their chemical composition alone (Bongers, 2009;
Dubbelboer et al., 2015). The techno-functional characteristics (e.g. water-holding capacity, emulsifying properties) of intermediates are not determined by single components,
and production processes affect the final properties of a blend of intermediates (e.g. Geerts
et al., 2017a). The understanding of these interactions between intermediates and processing is limited (Datta, 2016). There is a very limited amount of data available in scientific
literature relating functionality to product composition, and there can be large inconsistencies between studies. Having insight in the relation between composition and technical
functionality of intermediates could enable the further reduction of resource use in the
production of mixed consumer products through the identification of novel intermediates
and fractionation pathways. Hence, studying the interaction between processing, intermediate composition, and product properties is a promising and much needed research
avenue.

Chapter 3
Process and enterprise level
Selecting food process designs from a supply chain
perspective

• Food supply chain characteristics affect the performance of food process designs
• Process evaluation and selection methods need to account for these characteristics
• Adapting existing methods provides interesting insights when comparing designs
• Selection of the best process design is case dependent
• The entire product portfolio is key to select the best process designs

This chapter is published as:
Jonkman, J., Bloemhof, J. M., van der Vorst, J. G. A. J., van der Padt, A. (2017).
Selecting food process designs from a supply chain perspective. Journal of Food
Engineering, 195, 52–60.
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Abstract
The food industry can convert agro-materials into products using many alternative process
designs. To remain competitive, companies have to select the design leading to the best
supply chain performance. These designs differ in the technologies used and the product
portfolio produced. Additionally, characteristics, such as seasonal production and quality
decay of food products, lead to specific requirements regarding processing, transportation
and storage. The importance of these characteristics of the food industry on process
design selection is investigated using sugar beet processing as an illustrative case. The
characteristics are included in a multi-period, multi-product location-allocation model.
The model shows that a supply chain perspective leads to changes in process design
selection. The design with the best portfolio value and processing costs does not lead to
the best supply chain performance. This shows the importance of a chain perspective to
avoid sub-optimisation in food process design selection.
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Introduction

Developments in resource availability, consumer trends and legislation require the food
industry to regularly evaluate their mode of operation to remain competitive (van der
Padt, 2014; van der Goot et al., 2016). This includes aligning strategic and tactical decisions on supply chain (SC) organisation, the product portfolio produced, and the process
design (Chopra & Meindl, 2015). Companies therefore have to select the process design
from a range of alternatives on a regular basis to arrive at the best SC performance.
A process design is the combination of process steps or technologies used to convert an
agro-material into products. Commonly, selection of a design is done by assessing alternative designs (through experiments or modelling) based on their technical performance
characteristics such as yield, costs, or emissions to the environment (e.g. Leone et al.,
2015; Manfredi & Vignali, 2015). Such a comparison leads to the selection of a design
without taking into account the related SC.
The performance of a design is influenced by the specific characteristics of the food industry. The food industry is distinguished from other industries by characteristics such
as seasonality, specific legislation, and changing product quality (van der Vorst & Beulens, 2002; Bourlakis & Weightman, 2004; Tsolakis et al., 2014). This is especially the
case in the agro-food industry, the part of the food industry concerned with conversion
of agro-materials into a set of semi-finished and finished products (Figure 3.1). It relies
on agro-materials, making seasonal and regional production and processing more important than for the food manufacturing industry, which does not rely on harvested crops or
animals but on the use of commodity food products or ingredients (van der Padt, 2014).
The characteristics of the food industry lead to specific requirements for transportation,
storage, and processing. The food supply chain (FSC) for a process design is therefore
relevant for selecting the best design, and selection of a design should be based on the
performance of the entire FSC (Hosseini & Shah, 2011; Jonkman et al., 2015).
Existing process evaluation and selection models generally do not take the characteristics
of the food industry into account (Datta, 2016). These models therefore require adaptations to support process design evaluation and selection in the food industry. An approach
illustrated in Figure 3.2 is required to include the influence of the FSC in selecting the
preferred process design. After a process design is synthesised, simulation of the technical
performance can be used to evaluate the process design and compare it with alternative
designs. To include the FSC in this comparison, the performance of the process designs is
included in the synthesis of an SC configuration. The performance of the SC configuration
provides the basis for selecting the preferred process design from an SC perspective.
The importance of the characteristics of FSCs for process design selection is investigated
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Figure 3.1: Schematic representation of the stages and actors in a food supply chain, and
the principal flow of products between these actors

Figure 3.2: Food process design evaluation with and without a supply chain perspective
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in this chapter. Selection of a design based on the technical performance is compared
with selection from an SC perspective for an illustrative case on sugar beet processing in
The Netherlands. Existing models from the fields of Process Systems Engineering (PSE)
and Operational Research (OR) are discussed, and a model is adapted to incorporate the
specific characteristics of FSCs relevant to the case. In section 3.2, the specific characteristics of FSCs and related work in the fields of PSE and OR are discussed. Section 3.3
shows that adapting existing methods to account for the characteristics of FSCs provides
new insights into the selection of process designs, using the illustrative case study. The
effect of specific FSC characteristics on the selection of process designs is discussed in
section 3.4. In section 3.5, conclusions are drawn for the general case of selecting food
process designs from an SC perspective.

3.2

Selecting food process designs

Selecting food process designs from an SC perspective requires evaluating and comparing
process designs while taking the specific characteristics of FSCs into account. The most
important FSC characteristics for selecting process designs are discussed in section 3.2.1.
The PSE and OR literature was reviewed, and an overview of tools for comparing process
designs is presented in section 3.2.2, focusing in applications for food process designs.

3.2.1

FSC characteristics

The characteristics that distinguish FSCs are discussed in van der Vorst & Beulens (2002),
Bourlakis & Weightman (2004) and Tsolakis et al. (2014). Of these, seasonality in production, the multi-product nature, and specific requirements regarding transportation,
storage and processing to maintain product quality are the most important FSC characteristics affecting the process design performance.
Most agro-material production is seasonal, making the agro-material available only at a
specific time in a certain region. A processor has to store the agro-material or source it
from different regions around the world to operate the processing equipment throughout
the year; operate a flexible process to switch to other agro-materials when a season has
ended; or decide to only operate the equipment during the season in which the agromaterial is available. These decisions influence the performance of a design and should
therefore be considered when selecting a process design.
Processing an agro-material inherently leads to a range of products. In the early twentieth
century, the agro-food industry often extracted only one product from one agro-material
(e.g. starch from potato) and regarded the remainder as waste (van der Padt, 2014).
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Nowadays, however, more value is created by valorising the remainder into useful products,
for example by obtaining proteins from whey, which was initially discarded as waste
from the production of cheese. Different process designs result in product portfolios with
different quantities and values of products, and different transportation requirements.
The multi-product nature is therefore important when evaluating and comparing food
process designs.
The quality of agro-materials and their derived products changes over time. Exposing
a product such as milk to increased temperatures for some time severely reduces its
keeping quality (shelf life), whereas sterilising at high temperature extends the shelf life.
The sensitivity of agro-materials to changes in quality puts constraints on, for instance,
temperature during storage and transportation, processing conditions, and the time an
agro-material or product can be kept in inventory. This, combined with seasonality and
the multi-product nature, affects the operability of a process design.

3.2.2

Process design evaluation and selection

A variety of process evaluation approaches exist to support the selection of a preferred
design. These approaches evaluate and compare alternative designs through empirical
studies (e.g. Leone et al., 2015), simulation and optimisation modelling (e.g. Solana et al.,
2016; Maia et al., 1997, , respectively) and Life Cycle Assessment (LCA) based approaches
(e.g. Manfredi & Vignali, 2015).
Selection of a design and the resulting product portfolio influences strategic decisions at
the SC level, due to the relationship between supply and demand location, process design,
and facility location (Melo et al., 2009). This interconnection between process design and
SC design is recognised both in the field of PSE (e.g. Grossmann, 2005) and in the field
of OR and SC network design (e.g. Kristianto et al., 2012).
In the field of PSE, much work exists on evaluating and selecting process designs. Mathematical programming techniques have been applied as useful tools to provide quantitative
decision support (Grossmann & Guillen-Gosalbez, 2010). optimisation models are used
to determine which processing steps to use to produce a desired product (e.g. Zondervan
et al., 2011), or which products in a product portfolio to produce in what amounts, given
the process design and commodity prices (e.g. Henke et al., 2006). Developments in computational technology and optimisation theory have enabled a shift from optimisation
of single process steps, production lines, or plants to multi-site optimisation and have
shifted the scope beyond the manufacturing stage only (Grossmann & Guillen-Gosalbez,
2010).
Typically location-allocation models are used in which the type of process design is one
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of the decisions to be optimised. Although existing models dealing with chemical SCs
take into account e.g. inventory management, responsiveness and uncertainty (e.g. You
& Grossmann, 2008), the specific characteristics of FSCs are not relevant, and therefore
not included. The design framework for enterprise-wide processing networks presented by
Quaglia et al. (2012), for instance, reduces regional differentiation to a flat logistic cost,
and does not mention FSC characteristics such as seasonality and quality constraints,
even though the framework is applied to the soybean oil processing industry.
Many specific characteristics of FSCs, e.g. regional and seasonal availability, multiproduct processes and product quality decay, are relevant in the literature focusing on
biobased SCs (De Meyer et al., 2015). Heuristics, simulation, and optimisation approaches
are applied to determine the preferred process design and its related SC configuration for
biobased SCs (e.g. Moncada et al., 2016; Sukumara et al., 2014; Santibañez-Aguilar et al.,
2014, respectively). However, there are large legislative differences between food and nonfood SCs, and unlike FSCs, SCs converting biomass into chemicals and energy can often
switch between several raw materials, which reduces the seasonal limitation often found
in FSCs. Such differences limit the direct applicability of models focusing on biobased
SCs to the case of an FSC.
The management of FSCs has received considerable attention in the OR and SC network
design literature (Akkerman et al., 2010a). Location-allocation models applied to the
agro-food industry or the food industry in general are covered by the reviews of Lucas
& Chhajed (2004) and Akkerman et al. (2010a), however, papers focusing on selecting
a preferred process design are rare. Many papers studying an application in the food
industry actually do not include characteristics that are specific to the food industry
(Akkerman et al., 2010a), and focus mostly on logistical aspects, giving little attention
to process design selection (Hosseini & Shah, 2011). For example, an extensive decisionmaking framework for agro-food supply chain management was presented by Tsolakis
et al. (2014), yet evaluating and selecting a process design in the configuration of the FSC
was not discussed.
Process design selection is featured in the papers of, for instance, Wouda et al. (2002)
and Vila et al. (2006), but seasonal availability of raw materials and seasonal production
were not included, as these are not relevant in the case of dairy and lumber, respectively.
The work of de Keizer et al. (2015a) on the design of distribution networks for perishable
products includes many specific characteristics of FSCs. It supports finding the optimal
SC configuration and allocation of supply, demand and processes to the facilities in this
configuration. However, the case study on flowers did not feature alternative process
designs for evaluation and selection.
Although SC characteristics are increasingly taken into account in the literature dealing
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with process design selection, the specific characteristics of FSCs have yet to be fully
included. The next section shows how adapting existing methodology to account for
the specific characteristics of FSCs provides interesting insights for the evaluation and
selection of food process designs.

3.3

Illustrative case: sugar beet processing in The
Netherlands

Recently, several authors identified opportunities for chain improvement in the sugar
production industries (Higgins et al., 2007; Kolfschoten et al., 2014). In this industry, the
traditional process design and its related SC has evolved in a context emphasising (e.g.
due to legislation) the use of economies of scale in processing. Recent legislative changes
in the European Union (EU) led to major changes in the EU sugar sector, causing the
sector to reorganise. About 140,000 sugar beet growers in the EU stopped producing
beet, and more than 40% of processing factories ceased production. Although total sugar
production in the EU remained unchanged, five EU countries stopped producing sugar
completely. Further policy changes are expected in the near future (Suiker Unie, 2011; EU,
2013). This gives rise to the need for re-evaluation of the current SC set-up. Alternative
process designs can be compared with the traditional process design to select the preferred
design for maximum SC performance. The effect of multi-product processes, regional and
seasonal supply and quality constraints on the selection of process designs is shown using
scenarios.

3.3.1

Traditional sugar beet processing

Traditionally, process designs in the sugar industry were developed to produce white sugar
from sugar beet. The beets are washed, sliced, and sugar is extracted. This extract is
processed into an intermediate product called thick juice, which is used to produce the
crystallised sugar. By-products such as tare soil, beet pulp and molasses are considered
for valorisation afterwards, and used, for instance, as soil improver, cattle feed and fermentation substrate (Asadi, 2006). Transportation of the products and by-products to
customers and back to farms, and transporting sugar beet to the centralised processing
facilities results in high transportation costs for the industry (Ioannou, 2005).
The sugar industry in Europe operates during a period called the beet campaign. This
period typically lasts three to four months, from September to December. During the
beet campaign, sugar beet is harvested, collected and processed. Weather conditions
limit extension of the campaign, as frost will severely damage the beet. In addition,
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quality degradation of the beet upon harvesting limits the possibility of storing the beet
for processing at a later time (Asadi, 2006). The seasonal supply of beet and its perishable
nature thus limit the time available for processing. Processing facilities therefore require
a yearly processing capacity about three times as large as the amount of beet being
processed, because of the limited time available for processing. This installed processing
capacity comes at a cost, even though the equipment cannot be operated to process beet
most of the year.

3.3.2

Sugar beet biorefining

In this illustrative case study, the traditional process is compared with the biorefinery process design proposed by Kolfschoten et al. (2014), taking into account the multi-product
nature, regional and seasonal supply and quality constraints relevant to the sugar beet
processing chain. This design was developed with the possibility of balancing products in
the product portfolio for maximum profit generation. The sugar beet and its leaves are
converted into raw sugar, bioethanol and biogas, without an a priori preference for sugar.
Other products are tare soil from beet washing and digestate from the fermenters. These
products are recycled to the farms.
Kolfschoten et al. (2014) suggest that the biorefinery process design could lead to a reduction in transportation costs, because it can operate on a smaller scale than the traditional
process. Their article does not include a quantitative analysis of the proposed biorefinery
design comparing it with the traditional design.
A second alternative proposed is to decentrally process sugar beet into thick juice. This
thick juice can be processed centrally into white sugar using the traditional process design.
Unlike beet, the thick juice is not perishable and can therefore be stored and processed
outside of the beet campaign (Asadi, 2006). This alternative reduces transportation of
sugar beet and return flows such as tare, and it reduces the required processing capacity
to process thick juice into sugar, as the equipment can be operated for a longer part of the
year. The design does not reduce the required beet processing capacity compared with
the traditional design.
This juice-traditional process design is not considered attractive by Kolfschoten et al.
(2014) because of the necessity to transport the thick juice. They do not mention the
opportunities it offers with regard to seasonality, however, which might make the design
attractive from an SC perspective. The juice-traditional design is therefore included in
the case study. Similar to these designs, other process designs and SC concepts for sugar
beet processing are available in the literature (e.g. Higgins et al., 2007; Kostin et al.,
2012), and can be included in future research on a detailed case study.
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Scenario and model description

The effect of multi-product processes, regional and seasonal supply and quality constraints
on the selected process design for sugar beet processing is investigated using five scenarios
(Table 3.1). As the base case, the existing sugar beet processing industry in The Netherlands is considered (illustrated in Figure 3.3). Scenario 2 evaluates the potential benefit of
introducing the biorefinery design or the juice-traditional design into the existing chain.
Scenario 3 is a green field counterpart of Scenario 1, in which the SC configuration is
optimised focusing only on the flow of sugar beet and white sugar. Scenario 4 shows the
influence of the multi-product nature of the SC on the results obtained in Scenario 3, by
optimising the SC configuration while taking into account the flows of the entire product portfolio (including by-products and return flows). In Scenario 5, the multi-product
nature of the processes, the changing quality in the beet and seasonality are taken into
account by determining the optimal SC in a green field design, given the three process
designs considered.

Case data and assumptions
To compare the process design performance from an SC perspective, the technical process
design performances as mentioned by Kolfschoten et al. (2014) were combined with a
multi-product capacitated facility location-allocation model. Product portfolios produced
by the process designs are shown in Table 3.2. It was assumed that the raw sugar produced
by the biorefinery was of equal quality and value as the sugar produced by the traditional
design. Additional cost data on processing of sugar beet was obtained from Asadi (2006).
Facilities were assumed to have a thirty-year lifetime, with a flat depreciation rate per year.
Factors for economies of scale were based on Render (1989). Data on the location and
supply of sugar beet were taken from the Dutch Bureau of Statistics for 2014 (Figure 3.3).
Demand for sugar in a municipality was assumed to correlate with the population size, and
demand for products that can be used as agricultural input was assumed to correlate with
the area of beet cultivated or the amount of cattle kept in an agricultural region (note that
in reality the sugar beet processing industry mainly works business to business).
In the calculations, it was assumed that the fixed cost of juice facilities was 40% of the
fixed cost of traditional facilities (based on Render, 1989), and that traditional facilities
and biorefineries of equal capacities have equal fixed and variable costs. It was assumed
that the value of the products was constant in the seasons. All data were obtained from
publicly available sources.
The data were structured to include the specific characteristics of the case in the model
presented in Section 3.3.3. For example, processing costs varies between seasons; heat
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Table 3.1: Scenarios analysed in the case study. BF = brown field, GF = green field, S =
single product, P = product portfolio, T = traditional process design, B = biorefinery process
design, J = thick juice process design
Scenario

Scope

1.
2.
3.
4.
5.

BF, P
BF, P
GF, S
GF, P
GF, P

Base case
Brown field selection
Single product
Multi-product
Green field selection

Process Design
T
T, B, J
T
T
T, B, J

Seasonality

x

x

Figure 3.3: Sugar beet supply and existing sugar beet processing facilities in The Netherlands, based on CBS (2016) and Suiker Unie (2010)
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Table 3.2: Process design-related product portfolio based on Kolfschoten et al. (2014) and
Asadi (2006)
Process design

Product
portfolio

T

Tare
Sugar
Molasses
Press pulp
Lime sludge
Tare
Raw sugar
Bioethanol
Biogas
Tare
Sugar
Molasses
Press pulp
Lime sludge

B*

J and T**

Conversion factor
(ton/ton beet)

Value
(e/ton)

Portfolio value
(e/ton agro-material)

0.125
0.14625
0.03375
0.1
0.0275
0.125
0.0125–0.125
0.0625–0.01875
0.1575
0.125
0.144
0.036
0.1
0.0275

10
500
150
45
6
10
500
400
90
10
500
150
45
6

84.1

31.12–56.95

83.32

*The biorefinery design uses beet leaves as agro-material as well as beet
**Product portfolio for decentralised thick juice production with centralised further processing
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and water integration in the traditional process design makes processing of juice in the
beet campaign cheaper than processing juice out of season. The process design selected
for operation was included as the facility type, whereas a piecewise-linear approximation
was used for economies of scale in the fixed costs of opening a facility and the operating
costs of that facility.

Model formulation
A multi-product location-allocation model was used to select process designs from an SC
perspective, taking into account the specific FSC characteristics of the case. The following
index sets are used:
a∈A
c∈C
f ∈F
I⊂P
l∈L
m∈M
p∈P
r∈R
t∈T
s∈S

set
set
set
set
set
set
set
set
set
set

of
of
of
of
of
of
of
of
of
of

agro-materials
facility capacities
transformations
intermediate products
possible facility locations
demand markets
products and by-products
supply regions
facility types
seasons

Decision variables used in the model are:
Xrltcas
Wll0 tt0 cps
Zlmtps
Yltc

quantity of agro-material a transported from region r to a processing facility
at location l of type t with capacity c in season s
quantity of product p transported from a facility at location l of type t to
facility l0 of type t0 with capacity c in season s
quantity of product p transported from a facility at location l of type t to
market m in season s
processing facility at location l of type t with capacity c open or not (binary)
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Parameters:
supras
capcs
demmps
drrl
dlll0
dmlm
f cltc
octcsa
tcp
valps
cftpf
crtaf

supply in region r of agro-material a in season s
total capacity c in season s
demand at market m for product p in season s
distance between supply region r and facility location l
distance between facility location l and location l0
distance between facility location l and market m
fixed costs for opening a facility at location l of type t with capacity c
operating costs of facility type t with capacity c per ton of agro-material
transport costs of product p per ton per km
value of product p in season s
conversion factor for product p in transformation f in facility of type t
converted fraction of agro-material a in transformation f in facility type t

The model is formulated as follows:

XXXXX

max

L

M

T

P

valps × Zlmtps −

S

L

XXXXXX
R

L

T

C

A

L

T

C

A

L0

T

T0

C

drrl × tca × Xrltcas −

S

I

L0

T

T0

C

XXXXX
L

s.t.

M

XXX
L

T

XX
R

T0

≤ supras

∀r ∈ R, a ∈ A, s ∈ S

(3.2)

∀l ∈ L, t ∈ T, c ∈ C, s ∈ S

(3.3)

Xrltcas +
Wl0 lt0 tcis-1 ≤ capcs × Yltc

I

Yltc

≤1

∀l ∈ L

(3.4)

Zlmtps

≤ demmps

∀m ∈ M, p ∈ P, s ∈ S

(3.5)

C

XX
L

Xrltcas

dmlm × tcp × Zlmtps

S

A

XX
T

P

dlll0 × oct0 csi × Wll0 tt0 cis −

S

C

XXX
L0

T

I

(3.1)
dlll0 × tci × Wll0 tt0 cis −

S

XXXXXXX
L

f cltc × Yltc −

C

octcsa × Xrltcas −

XXXXXXX
L

T

S

XXXXXX
R

XXX

T
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Zlmtps +

XX
L0

M

Wll0 tt0 cps =

T0

XXXX
L0

T0

F

XXX
R

A

XX
L0

Xrltcas ≥ 0
Wll0 tt0 cis ≥ 0

cftpf × crtif × Wl0 lt0 tcis-1 +

I

cftpf × crtaf × Xrlta +

(3.6)

F

Wl0 lt0 tcps-1

∀l ∈ L, t ∈ T, p ∈ P

T0

∀r ∈ R, l ∈ L, t ∈ T, c ∈ C, a ∈ A, s ∈ S
0
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0

∀l, l ∈ L, t, t ∈ T, c ∈ C, i ∈ I, s ∈ S

Zlmtps

≥0

∀l ∈ L, m ∈ M, t ∈ T, p ∈ P, s ∈ S

Yltc

∈ {0, 1}

∀l ∈ L, t ∈ T, c ∈ C

(3.7)
(3.8)
(3.9)
(3.10)

The model determines the number, capacity and locations of facilities to open, the process
design selected (facility type), and how to allocate supply and demand to these facilities
to maximise the profitability of the SC (Equation 3.1). Equation 3.2 specifies that the
amount of agro-material a transported from region r is limited to the supply of region
r. Equation 3.3 specifies that product flow to a facility at location l of type t is only
allowed when it is open, and does not exceed the capacity c and Equation 3.4 ensures
that only one facility can be opened at location l. Equation 3.5 puts an upper boundary
on the demand for product p at market m for season s. Conversion of agro-materials and
intermediates to products is specified by Equation 3.6.
The model was programmed in Python (version 2.7.6, Python Software Foundation), using
the open source Pyomo library version 4.0.9682 (see Hart et al., 2011, 2012). optimisations
were run with a 2.8 GHz Intel Core i7 computer with 4 GB RAM using CPLEX (version
12.6, IBM ILOG). The full optimisation problem consists of about 142,000 variables (of
which approximately 250 are binary variables) and about 2500 constraints.

3.3.4

Case results and discussion

The order of magnitude for the modelled results of Scenario 1 (base case) was validated
with information available in Asadi (2006), Suiker Unie (2010), Rosenboom et al. (2013)
and Kolfschoten et al. (2014). The optimisation results are shown in Table 3.3. Results
for Scenario 1 (base case) show the modelled performance for the current sugar beet
processing chain in The Netherlands. In the illustrative case, the amount of beet available
at farms for processing is larger than the amount that the existing facilities can process.
The results for Scenario 2 (brown field selection) show that it is profitable to install
additional processing capacity compared with the base case. Given the case assumptions,
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2
T
50000
5.8
2.51
58.9
74.2
5.89
3.21
84.1
57

1

4
T(3),B(1)
80000
6.36
2.59
35.9
49.7
3.59
2.03
79.62
67.2

2

3
T
55000
6.01
2.6
44.5
56.3
4.45
2.44
84.1
69.6

3

4
T
70000
6.01
2.6
34.9
48.5
3.49
2.1
84.1
71.8

4

4
T(2),B(1),J(1)
70000
6.53
2.59
35.1
49.7
3.51
1.86
77.47
72.6

5

Table 3.3: Performance of the optimal supply chain configuration for Scenario 1 (base case), 2 (brown field selection), 3 (single
product), 4 (multi-product), and 5 (green field selection)
Scenario
Facilities
Types
Installed processing capacity (ton beet/day)
Total amount agro-material processed (Mton)
Total amount products produced (Mton)
Average transport distance agro-material (km)
Average transport distance products (km)
Agro-material transport cost (e/ton agro-material)
Product transport cost (e/ton agro-material)
Portfolio value (e/ton agro-material)
Profit (Me)
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from table 3.2 it follows that the traditional process design is the preferred design to
operate, with the highest product portfolio value per ton of agro-material. However, the
biorefinery design is selected in Scenario 2, indicating this is the most attractive design for
capacity extension in the case where the existing facilities and specific SC characteristics
are taken into account.
The SC performance obtained in Scenario 3 corresponds to a green field equivalent of
Scenario 1, in which only the flow of beet and sugar are taken into account. The results
of Scenario 4 show that taking the flows of the entire product portfolio into account
leads to a different number of facilities to be opened, at different locations than for the
SC configuration obtained in Scenario 3 (Table 3.3). The difference in SC performance
of both scenarios shows that the focus on a single end product leads to a sub-optimal
performance in the industry.
In the optimal SC configuration of Scenario 5, several process designs are selected. Designs
that are not the most profitable designs contribute to an overall SC performance that is
better than what could be obtained with the most profitable process design only. The
modelled profit increased over 4% compared to Scenario 3 in which the SC characteristics
are not taken into account.
The juice-traditional design does not occur in the optimal SC for Scenario 2, whereas
it does occur in Scenario 5. The processing capacity of the existing traditional facilities
taken into account in Scenario 2 makes opening a juice processing facility unattractive.
In Scenario 5, the existing facilities are not taken into account, giving more freedom
to select the process designs that contribute most to SC performance. The differences
between Scenario 2 and Scenario 5 show how an existing infrastructure (as assumed in
Scenarios 1 and 2) limits the opportunities for innovation by excluding process designs
that would be competitive in a green field design (Scenario 5).
The assumptions on the distribution and aggregation of demand influence the solutions
obtained with the model. The model validation performed with the results of Scenario
1 indicate that the assumed level of demand aggregation provided an accurate enough
approximation to reality. The biorefinery design is most attractive for capacity extension
under the initial assumptions. Selection of the other process designs in the optimised
green field design of Scenario 5 shows that from an SC perspective the other designs
are still competitive. The differences between Scenario 2 and 5 show that the regional
availability of supply and demand and an already existing infrastructure influence the
selection of process designs.
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Sensitivity analysis biorefinery design

The optimisation results are sensitive to the value of the parameters used, such as the
product portfolio value, the transport costs, and the facility and operational costs. In
this section, the sensitivity of the result of Scenario 5 is explored, focusing on the biorefinery design, as this was the most attractive design for capacity extension. The effect
of changing the transportation costs and the operating costs on the competitiveness of
the process design is shown. Transportation costs were varied with ±50% related to the
original value due to their uncertainty. Because operating costs of the biorefinery design
under the initial assumption are an upper estimate, the operating costs are varied in the
range +10% down to −50% relative to the original value. A minimal product portfolio
value is determined for the design to be selected from an SC perspective, reducing the
price of raw sugar down to 75% of the original value.
Figure 3.4a, Figure 3.4b, and Figure 3.4c show the effect of transport cost, operating cost
of the biorefinery, and product portfolio value of the biorefinery on the optimal solution
of Scenario 5. The optimal solution is not very sensitive to reductions in transport cost,
but an increase of more than 7% will cause a change in the optimal SC configuration
and the selection of process designs. Lower operating cost of the biorefinery lead to
SC configurations in which more capacity of the biorefinery process desing is installed.
However, this design is not selected when its product portfolio value is reduced.
Initially, the raw sugar produced with this design was assumed to be of equal value to
the sugar produced with the traditional process design. However, this raw sugar is less
pure (Kolfschoten et al., 2014), and therefore will fetch a lower price on the market. The
design is not competitive when the raw sugar produced is of equal value to internationally
traded raw sugar at a reference price of 82.9% of white sugar (Rosenboom et al., 2013,
which equals e414.5 in this case). Process development is therefore required to make
the biorefinery design competitive, e.g. through a reduction in facility or operational
costs.
An opportunity could be to use the biogas produced by the biorefinery to generate the
electricity and heat required by the facility for processing. This will reduce the value of the
product portfolio, but will also reduce the operational cost for utilities. Calculations based
on Kolfschoten et al. (2014) and Asadi (2006) show there is more energy available in the
biogas produced by a biorefinery than is required for processing, reducing the operational
cost in the case to about 65%. This power to plant opportunity is introduced in Scenario
5. The required biogas to cover energy requirements is subtracted from the product
portfolio of the biorefinery design, and the operational costs are decreased accordingly to
compensate for the decreased amount of utilities that have to be purchased externally. In
this power to plant version of Scenario 5, the biorefinery process design is selected even at
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Figure 3.4: Sensitivity of the optimisation result of Scenario 6 (green field) to changes in
(a) transport cost, (b) operating cost of the biorefinery and (c,d) the values of the biorefinery
product portfolio

a raw sugar price below the current reference price (Figure 3.4d), indicating that power to
plant could be an interesting improvement opportunity for the biorefinery design.

3.4

Discussion

In the case study, the process designs were considered as a linearised black-box approximation. Evidently, more detailed process models can be directly integrated into an approach
to select designs from an SC perspective. This will introduce nonlinearities in the process
models. In this case, a nested process optimisation model or a multi-layered approach
must be used. Such an approach will be computationally more complex, leading to a
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trade-off between the detail of insights gained and modelling and computational effort.
In our linearised black-box approximation, a multi-product location-allocation model was
adapted to select the process designs from an SC perspective. Other models available in
the fields of PSE and OR can be used similarly after adaptation to include the required
characteristics of FSCs.
The degree to which specific characteristics of FSCs influence process design evaluation
depends on the case being investigated. In the illustrative case, perishability of end
products was not an issue, whereas this is very relevant in, e.g. dairy chains. The limited
availability and quality degradation that are important in the sugar beet chain are not as
important in dry cereal processing (e.g. wheat, rice) or in the food manufacturing industry.
For these industries, it is more important to balance the benefits of economies of scale
with the disadvantages of having to source raw materials (agro-materials, food ingredients)
from longer distances, which is associated with high transportation costs and complicated
production planning. In turn, the products produced by the food manufacturing industry
have an entirely different orientation towards the market compared with agro-food chains,
i.e. the former are more focused on a plethora of innovative and consumer products,
whereas the latter mainly produce a limited set of commodity products.
The illustrative case study shows that taking the entire product portfolio of a food process
design into account improves SC performance. Traditional process designs often focus on
obtaining as much of one or more main products as possible, and only consider valorisation
of by-products afterwards. This could lead to under-utilisation of the agro-materials
processed, or inefficient chains. More value can be achieved with process designs that
balance all products in the product portfolio to achieve maximum valorisation of the
agro-material. This is especially the case in the agro-food industry and biobased industry,
where regionally distributed and seasonally available raw materials are converted into a
diverse product portfolio to serve several different markets (e.g. other industries, farmers
for feed and nutrients, retailers). Here, the use and value of products other than the main
product greatly influence the overall profitability of a design.
In addition to the regional and seasonal SC aspects included in the illustrative case,
many food and biobased chains deal with functionality and perishability of products, and
uncertain process yields. These aspects will further influence process design selection,
inventory management, and product distribution throughout the SC.

3.5

Conclusions and future work

This chapter shows the importance of an SC perspective for comparing and selecting
process designs. Seasonality in production and regional availability of agro-materials,
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the multi-product nature of food processes, and the changing quality of agro-materials
affect the performance of process designs in the context of their SC. The SC level and
product level therefore affect the strategic decision making in the food industry to select
those process designs that lead to the best SC performance. Integration of these levels is
required to avoid sub-optimisation of the FSC.
The illustrative case study shows that the specific characteristics of the sugar beet processing chain influence the selection of process designs for the sugar industry. Therefore,
comparing different process designs as such does not indicate which design, or combination of designs, leads to the best SC performance. Evaluating process designs from a SC
perspective adds value by taking the specific characteristics of the chain into account.
This makes process design evaluation and comparison case specific. A design that is not
competitive in the infrastructure of one company could be attractive in the SC of another
company in a different region or with another infrastructure in place.
The importance of characteristics for the evaluation and selection of the food process
design under study is case dependent, because there are large differences between and
within the agro-food industry and the food manufacturing industry. An integral view of
the product portfolio is important in the design of food processes.
The effect of specific organisation structures, such as cooperatives, were not included
in this study. A cooperative structure can oblige a processor to process, even at times
when there is no demand for products, or the market price for certain products is low.
Such a situation is not generally found in manufacturing industries and adds a different
dimension to the evaluation and selection of process designs, because flexibility becomes
more important.
Robustness of solutions is therefore important for real-life applications, and techniques
such as robust optimisation or extensive sensitivity analysis can be applied to find robust
solutions for real-world case studies. A study on robust optimisation of process designs
in the context of FSCs is an interesting route for future research; the illustrative case
presented in this chapter could be extended and investigated in further detail.

Chapter 4
Supply chain level
Integrating harvesting decisions in the design of
agro-food supply chains

• We present a generic supply chain design model for agro-food industrial supply
chains
• The model is applied to the case of a sugar beet processing chain in the Netherlands
• Opportunities exist in the case to improve the economic and environmental performance
• Harvesting decisions affect supply chain design when yields vary largely in time

This chapter is based on:
Jonkman, J., Barbosa-Póvoa, A.P., Bloemhof, J.M. (submitted).
vesting decisions in supply chain design in agro-food industry.

Integrating har-
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Abstract
The inefficiencies observed in current agro-food supply chains, and recent trends in agrofood industry, such as consolidation, increase the need for further studies on supply chain
management in this field. Models are required for the complex task of determining the
optimal supply chain configuration in order to improve their economic and environmental performance while taking into account the specific characteristics of agro-food supply
chains. This chapter provides a general description of the supply chain design problem in
agro-food industrial chains, considering the role of seasonality and harvesting decisions,
perishability, and processing. A general model formulation is presented, which accommodates for these characteristics and for forward and backward flows along the chain.
The general model is applied to a case study of the sugar beet processing chain in The
Netherlands. The pareto-efficient frontier between maximising the total gross margin and
minimising the global warming potential in CO2 -eq is explored. Uncertainties in demand
and harvest yield are taken into account using a stochastic version of the model. Results show that a supply chain design model tailored to the specific characteristics of an
agro-food supply chain with its uncertainties leads to identifying better performing supply
chain configurations. In the case study, supply chain configurations can be found in which
the performance on both the economic and the environmental objective is better than the
modelled current performance. Additionally, we observe that supply chain configurations
with decentralised processing or pre-processing are an interesting topic for future research
in the context of agro-food industry.
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Introduction

The current set-up of Food Supply Chains (FSCs) is an important cause for inefficiencies
in food production (van der Goot et al., 2016). These inefficiencies should be reduced to
guarantee food security for a growing world population, and improve the future responsible production of food products (in accordance with the United Nations sustainable
development goals, UN General Assembly, 2015). The strategic redesign of FSCs can
contribute to meet these challenges.
Inefficiencies in food production result in the creation of waste along the FSC, and a loss
of the associated resources, capital, and labour invested. In Europe, the food industry
represents almost 13% of the total manufacturing industry turnover (ECSIP Consortium,
2016). The related FSCs account for 31% of the global warming potential (Perrot et al.,
2016). Moreover, 31% of the food produced is wasted (Gustavsson et al., 2011; Timmermans et al., 2014). Addressing the inefficiencies improves the ability of FSCs to meet
the demands of the population in a cost effective way while reducing their environmental
impact, which is important both from an economic and an environmental perspective
(Soysal et al., 2012; Tsolakis et al., 2014; Perrot et al., 2016).
The economic and environmental performance of FSCs is strongly related to their supply chain (SC) configuration (i.e. the number, type, and location of facilities and their
interconnecting flows, Akkerman et al., 2010a; de Keizer et al., 2017). Hence, reassessing
the configuration of FSCs can improve their performance and address inefficiencies in the
chain to improve its sustainability (Mota et al., 2018).
However, determining the optimal SC configuration for FSCs is a complex problem, due
to the specific characteristics of food products and processes (e.g. de Keizer et al., 2015a;
Soto-Silva et al., 2015). Seasonality in production and demand, the perishability of products, and product specific requirements for transportation and storage are a few examples
that make the management of FSCs different from other SCs (van der Vorst & Beulens,
2002; Bourlakis & Weightman, 2004; Aramyan et al., 2007). Not every characteristic
is, however, relevant for each FSC. Perishability and seasonality in production are, for
instance, very important in FSCs dealing with fresh fruits, but less important for FSCs
in which the products do not spoil that rapidly, as is the case for many pulses. Pulses
are generally dried to prevent spoilage, although the weather conditions after harvesting
could lead to post-harvest losses for these and other crops. Alternatively, processing plays
an important role in, for instance, dairy SCs, but not in SCs for fresh fruit and vegetables,
such as cabbages.
Due to the wide variety between FSCs, several sub-types are identified and studied in
literature. Often, FSCs are categorised based on differences in shelf life (short and per-
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ishable, long and non-perishable), origin (animal, plant based), processing (fresh without
product conversions, processed), or industry (agro-food, food assembly). Each of these
sub-groups has a specific set of FSC characteristics.
This chapter investigates decision support modelling for the strategic redesign of SC configurations for agro-food industry, where the main concern of the industry is the conversion
of agro-materials into a set of semi-finished and finished products. Recent trends in this
industry, such as consolidation, have increased the need for and applicability of models
and tools (Ahumada & Villalobos, 2009; Tsolakis et al., 2014). Due to its dependency on
agro-materials, seasonal production, harvesting, and processing are important characteristics of these Agro-Food Supply Chains (AFSCs)(Jonkman et al., 2017). Additionally,
agro-materials and their derived products are often perishable, and processing can both
positively and negatively influence this perishability. Moreover, the natural variability of
agro-materials and weather conditions leads to uncertainties in harvest yields (supply),
quality, demand and product prices. Due to these specific characteristics and their influence on the management of SCs, standard SC models have to be adapted to include these
characteristics (Ahumada & Villalobos, 2009; Rajurkar & Jain, 2011).
These specific characteristics of AFSCs require taking into account harvesting decisions.
The seasonal availability of a crop in combination with the perishable harvested agromaterial puts restrictions on processing, and therefore affects the optimal SC configuration. Although the need for integrated support for the design and planning of AFSCs
was identified (Ahumada & Villalobos, 2009; Tsolakis et al., 2014), the recent literature
review of Kusumastuti et al. (2016) observes there is little work done in developing and
applying a model that integrates harvesting and processing in this context.
This chapter contributes to the literature by presenting a Mixed Integer Linear Programming (MILP) model in which tactical decisions at the harvesting stage (area used for
cultivation and time of harvesting) are integrated with strategic decisions on the AFSC
design (number, location, and capacity of facilities, and the type of processing pathway
to operate). It presents an overview of common characteristics of AFSCs and applies the
integrated approach to a case study while accounting for global warming impacts and the
presence of uncertainty in harvest yield and demand.
Section 4.2 gives an overview of specific characteristics of AFSCs. Additionally, the related
literature on the strategic and tactical design of AFSCs is presented. In Section 4.3, the
decision problem is further detailed, and a general description of the model requirements
and model formulation is developed. This general approach is applied to a case study
building on the work of Kolfschoten et al. (2014) and Jonkman et al. (2017) on sugar beet
processing in The Netherlands, as described in Section 4.4. The case study results are
presented and discussed in Section 4.5, and conclusions are drawn in Section 4.6.
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Literature survey

There is a growing attention in industry and academia for the management of FSCs
(Akkerman et al., 2010a; Tsolakis et al., 2014). In this section, the characteristics relevant
for the SC design of an agro-food industrial supply chain are presented, and an overview
is given of related literature on the design of AFSCs.

4.2.1

AFSC characteristics

AFSCs are FSCs in which agro-materials are converted into a number of semi-finished
and finished products. Although agro-materials can be of both plant and animal origin,
AFSCs dealing with products from animal origin are excluded from the scope of this
chapter due to the differences between animal and crop production, slaughtering and
harvesting, and processing of the derived products.
Due to the reliance of AFSCs on agro-materials, seasonality and regional differences
play an important role when managing such chains (Lucas & Chhajed, 2004; Shukla &
Jharkharia, 2013). The crops produced by farmers are only available in a certain region
for a limited period of time in which they have to be harvested. The yield and quality of
the harvested crop depend on its maturity, weather conditions and the naturally varying
crop itself. Hence, the supply in AFSCs is time and region dependent, and uncertain in
time, quantity, and quality.
The quality of the harvested agro-materials degrades over time, and logistic operations
such as transport, storage, and processing influence the quality as well (van der Vorst
et al., 2009; Rong et al., 2011). At various points in the SC, minimum quality levels are
required. Hence, quality decay is linked to the configuration of the SC (de Keizer et al.,
2017), and perishability has to be considered in AFSC design.
Additionally, the processing of agro-materials leads to a range of products. The processing yield and quality of these products is uncertain due to natural variability, and the
possibilities for processing and storage of products depend on the type of process pathway
operated (i.e. which combination of technologies is used) for the conversion reaction of
agro-materials into products. Process pathways that reduce quality decay could be used
close to the supply of agro-materials, to obtain stable products. Pathways that increase
quality decay are better located close to the final customers and timed according to demand, in order to avoid unnecessary quality loss (de Keizer et al., 2015a). The interaction
with the seasonal, regional, and perishable characteristics therefore makes processing an
important feature in the design of AFSCs (Jonkman et al., 2017).
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Strategic AFSC design

In the strategic design and redesign of SCs the number, capacity, and location of processing
facilities to operate has to be determined; how to allocate supply and demand; and if
relevant which process pathway to use (Melo et al., 2009). Although these decisions are
of great importance, the number of papers dealing with the configuration of AFSCs is
limited (Tsolakis et al., 2014). Decision support models used for the design of AFSCs
and other FSCs are discussed in the reviews of Lucas & Chhajed (2004); Akkerman et al.
(2010a) and Soto-Silva et al. (2015), who note that there is a shortage of models that take
the specific characteristics of FSCs into account. Additionally, we mention the reviews of
De Meyer et al. (2014) and Ba et al. (2016) on methods to optimise biobased SC designs,
as these SCs share a number of characteristics with AFSCs due to their dependency
on plant-based raw materials. Although harvesting decisions as such received a lot of
attention in literature, there is little integration with SC design or decisions in other SC
echelons (Tsolakis et al., 2014; Kusumastuti et al., 2016).
Additionally, the seasonality of supply is often left out of scope in AFSC design, and the
availability of raw materials in time is generally considered as a given. SC optimisation
models taking into account seasonality use multiple time periods related to the seasons
to allow for the differences between these periods, although the quantities of raw materials available in these periods are assumed to be given (De Meyer et al., 2014; Ba et al.,
2016). The availability of raw materials related to harvesting decisions is mostly investigated within a fixed SC configuration (Ba et al., 2016; Kusumastuti et al., 2016), which
decouples these decisions from determining the location and capacity of processing facilities. However, the perishable nature of the harvested agro-materials in AFSCs requires
integration between these decisions (Amorim et al., 2013).
Although perishable products received a lot of attention in production planning and inventory management literature (Ahumada & Villalobos, 2009; Amorim et al., 2013; Pahl
& Voß, 2014), there are only few papers that include perishability into SC design models
(Akkerman et al., 2010a; de Keizer et al., 2015b). In the context of network control, perishability is modelled using fixed shelf lifes (i.e. products expire after a given number of
time periods) or decay functions (e.g. every time period a certain percentage of products
expires, or the quality degrades based upon an underlying distribution and products below
a minimal quality level are considered expired). Notable recent contributions are de Keizer
et al. (2015a) and de Keizer et al. (2017), who incorporate perishability into a network
design model using a quality decay function within a hybrid optimisation-simulation approach and an MILP model, respectively, although seasonality and harvesting are not
considered.
In general, the papers that consider processing decisions mainly deal with the selection of
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technologies or process pathways, which is especially prominent in the field of biobased
SC design (De Meyer et al., 2014; Ba et al., 2016). However, a certain type of network configuration (i.e. fully centralised or with decentral pre-processing) is assumed,
with processing happening in a single stage or echelon of the SC. In the case of AFSCs,
multi-stage processing could improve the performance of an AFSC due to the effects of
transportation and processing on product quality and perishability (Bruins & Sanders,
2012). Pre-determining the type of network configuration might therefore be restrictive
on the solutions of the design model. As mentioned, there is little integration between
harvesting and processing decisions, and often sequential optimisation is implied of first
harvesting and subsequently determining the optimal technology selection for processing,
the SC configuration, and the allocation of flows within the SC.
Above, we observe a gap in the integration of harvesting decisions with the design of AFSCs while taking into account the identified specific characteristics of AFSCs. Closing this
gap could support agro-food industrial companies with the identification of competitive
SC configurations.

4.3

Problem description and model formulation

In this section we contribute to closing the literature gap by providing a general description
of the structure of an AFSC, detailing the design problem, and by presenting a general
model formulation.

4.3.1

Structure of the AFSC

In general, the AFSC is a multi-product SC ranging from the farmers producing the
agro-materials to the customers purchasing the processed products (Figure 4.1). In the
production stage, crops (e.g. maize) are grown at farms and yield agro-materials upon
harvesting (e.g. maize kernels, corn stover). These agro-materials are processed into
semi-finished and finished products in the primary processing stage. The semi-finished
products can then be further processed in subsequent processing stages, and all produced
products are distributed to the customers in their respective markets in the final stages of
the AFSC. The principal flows of goods are therefore between the echelons of production
(farmers), processing (agro-food industry), and downstream distribution and consumption
(customers).
Although the literature generally assumes a centralised set-up within the processing echelon (Kusumastuti et al., 2016), alternative set-ups with the flow of goods between locations
within the processing echelon are possible. Additionally, recent studies have showed the
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Figure 4.1: Schematic representation of the general Agro-Food industrial Supply Chain

possibility of reverse flows within FSCs, including AFSCs (Banasik et al., 2017; Jonkman
et al., 2017; Kang et al., 2017).
Within the AFSC, farmers and processors are mutually dependent, giving rise to SC
integration. Organisationally this happens, for instance, through various cooperative
structures in which farmers unite to jointly process their harvest, and large scale processors
making use of contract farming. This also provides a platform for integrated SC decision
making, and the use of related tools and models.

4.3.2

AFSC design model description

The integrated AFSC design model has to support selecting the SC configuration that
optimises the harvesting and processing of agro-materials, the transportation and storage
of raw, semi-finished and finished products, and the reverse flows (Figure 4.1), taking into
account the specific characteristics of the AFSC. The decision problem can be described
as follows:
Given:
• A set of crops, agro-materials, semi-finished and finished products;
– Maximum age or minimum quality of products;
• A set of processing pathways converting agro-materials into products;
– Possible conversion reactions for a process pathway;
– Required inputs and produced outputs for a process pathway;
• A set of production, processing, and market locations;
– Available land for production;
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– Associated costs to using a location;
– Feasible connections between these locations;
– Expected demand;
– Available capacities;
– Available transport modes;
• Relevant yield, cost and environmental impact parameters;
Select the:
• Area of land to cultivate with a crop;
• Number, size and location of processing facilities;
• Process pathways used;
• Quantities of the crops to harvest in each time period;
• Quantities of the products to produce and the demand to cover in each time period;
• Flow and inventory of agro-materials and products;
Subject to:
• Production and harvest constraints;
• Inventory and transportation constraints;
• Location, allocation and processing constraints;
• Quality and perishability constraints;
• Case specific constraints (e.g. legislative, existing infrastructure);

The design objectives can cover different domains of sustainability (see also Mota et al.,
2018), such as the maximisation of the Total Gross Margin (TGM) or the minimisation
of Global Warming Potential (GWP) in CO2 -equivalents, related to the previously mentioned economic and environmental impact of AFSCs. Additionally, uncertainties related
to the AFSC can be incorporated.
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Table 4.1: General categories used for the definitions of subsets

4.3.3

Set

Subsets

P
L

crop, agro, in, out
farm, processing, market

Model formulation

The model formulation based on the description from Section 4.3.2 is making use of
categories of products and locations, and a general way of modelling perishability, as
explained in the following paragraphs.
The structure of the AFSC naturally leads to a number of general subsets or categories
of products and locations. These categories can be used in the formulation of the model,
as constraints may be relevant to some of these categories, but not to the whole set. For
instance, harvesting only occurs at farm locations, which makes production and harvest
constraints only relevant to locations in that category. Other categories for locations are
processing locations and markets for downstream distribution and consumption. At farm
locations the relevant product categories considered are the crops grown, and the obtained
agro-materials from these crops after harvesting. Additionally there can be the demand
for certain semi-finished or finished products which are outputs of processing. A product is
not restricted to one category. Products in the agro-material and outputs categories can,
for instance, also be in the processing inputs category. The general category identifiers
are shown in Table 4.1.
There are various ways to model perishability (Pahl & Voß, 2014). In the case that perishability is related to the decline of product quality due to environmental conditions (e.g.
temperature, humidity) and time, the perishability of products can be modelled as a number of discrete quality categories, based on a quality decay function (e.g. de Keizer et al.,
2017). Alternatively, if the perishability is mainly related to time, it can be incorporated
directly or indirectly in the form of shelf life constraints (see also van Elzakker et al.,
2014). In the first case, an index is used to represent a discrete quality level, and products will have a lower limit to the quality which is accepted for processing or distribution.
In the second case this index can be interpreted as a lifetime counter, and products will
have an upper limit to the age at which products are still accepted for processing and
distribution. The type of perishability-modelling required is case dependent.
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Based on the description above, an MILP model is formulated. The following indices and
sets are used:
d
j, j 0
Li
p, p0
Pi
q, q 0
r
t

∈D
∈L
⊂L
∈P
⊂P
∈Q
∈R
∈T

set of facility designs
set of locations
locations that are of location category i = {1 . . . LI}
set of products
products that are of product category i = {1 . . . P I}
quality or age of products
set of conversion reactions
set of time intervals

Parameters used in the model are:
alj
aqp,j
cdp
cfd,j
chp
cpp,r
ctp,j,j 0
demp,j,t
dfp,t,p0 ,j
eap
edp
epp,r
etp,j,j 0
mbp,q,p0 ,q0 ,r
pcd,r
pclp,r
ppp
qplim
qdp,q0 ,q
scp,d
ycp,q,p0 ,t

Arable land available at location j
Arable production quota for product p at location j
Disposal cost of product p
Fixed cost of opening facility design d at location j
Holding cost of product p
Processing cost of p using conversion reaction r
Transportation cost for transporting product p from location j to j 0
Demand for product p at location j at time t
Demand factor for product p at time t of cultivating crop p0 at j
Agricultural related CO2 -eq emissions of the production of crop p
Disposal related CO2 -eq emissions of product p
Processing related CO2 -eq emissions of p using conversion reaction r
Transportation related CO2 -eq emissions for transporting product p
from location j to j 0
Bill of materials of product p with quality q from product p0 with
quality q 0 in conversion reaction r
Processing capacity at facility design d for conversion reaction r
Product capacity load of product p in conversion reaction r
Price of product p
Quality limit for product p
Quality decay factor of product p from q 0 to q per time period
Storage capacity for product p at facility design d
Yield of product p with quality q when harvesting crop p0 at time t
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Figure 4.2: The relation between the variables used in the model

Decision variables used in the model are:
Ap,j
Hp,j,t
Ip,q,j,t
Op,q,j,r,t
Qp,q,j,r,t
Wp,q,j,t
Xp,q,j,j 0 ,t
Yd,j
Zp,q,j,t

Area of land allocated to growing crop p at location j
Harvested area of p at location j at time t
Inventory of product p with quality q at location j at time t
Output quantity of product p with quality q at location j from reaction r
at time t
Processed quantity of product p with quality q at location j in reaction r
at time t
Wasted product p of quality q at location j at time t
Flow of product p with quality q from j to j 0 at time t
Facility opened using process design d at location j (binary)
Demand for product p met with quality q at location j at time t

The relation between the different variables of the model are represented in Figure 4.2. In
the following sections, the constraints specifying these relations are sorted per constraint
type as described in section 4.3.2. Constraints are defined using the category identifiers
from Table 4.1.

Production and harvest constraints
The first type of constraints encountered are related to the production of agro-materials
in the AFSC. These are formulated as follows:
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≤

alj

∀j ∈ Lf arm

(4.1)

=

Ap,j

∀p ∈ Pcrop , j ∈ Lf arm

(4.2)

p∈Pcrop

X

Hp,j,t

t∈T

Equation (4.1) limits the total land allocated to crops to the total arable available land
at a location. Complete harvest over time of the allocated land is ensured by Equation (4.2). In some cases, specific constraints to limit the maximum area of certain crops
may be required, for instance, to prevent mono-cropping or allow for crop rotation (see
also Mandryk et al., 2014). In this work, only a single year is taken into account. If more
than a single year or harvest season is considered, an additional time dimension can be
added to these constraints representing the year or season.
The harvested crops remove nutrients and soil from the production location, which can
be partially replenished by returning by-products and waste streams from the processing
facilities to the farms. For example, tare soil and lime fertiliser are produced within the
sugar beet processing chain, which can be returned to the farms for fertilisation. The
demand for these return flows therefore depends on the area under cultivation. Hence, a
demand constraint for these return products can be added, as described by Equation (4.3).
In the case there are legislative or practical restrictions for the production of a harvested
crop, such as was the case under the European sugar beet quota system, a constraint is
applicable to restrict the quantity of a crop produced at a farm, as described by Equation (4.4).

X

Zp,q,j,t

≤

X

dfp,t,p0 ,j × Ap0 ,j

∀p ∈ Preturn , j ∈ Lf arm , t ∈ T

(4.3)

∀p ∈ P, j ∈ Lf arm

(4.4)

p0 ∈Pcrop

q∈Q

X

X X

ycp,q,p0 ,t × Hp0 ,j,t

≤

aqp,j

q∈Q p0 ∈Pcrop t∈T

Inventory and transportation constraints
Harvested crops are added to the inventory at farm locations. Since harvesting is not
relevant to other locations, the inventory balance equation is split into two parts. The
inventory balance at farm locations is described by Equation (4.5a). For every agromaterial, the quantity in stock at the start of a period is determined by the harvest yield
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of that product at that quality, and the stock that is carried over from the previous period.
This is defined as the difference between the inventory of the previous period, the amount
of product removed through transportation, waste and demand coverage, multiplied with
a decay factor to determine the quality in the next time period.

Ip,q,j,t

=

X

ycp,q,p0 ,t × Hp0 ,j,t +

p0 ∈Pcrop

X
q 0 ∈Q

− Wp,q0 ,j,t-1 − Zp,q0 ,j,t-1 )

X

qdp,q0 ,q × (Ip,q0 ,j,t-1 −

Xp,q0 ,j,j 0 ,t-1

j 0 ∈Lproc

∀p ∈ Pagro , q ∈ Q, j ∈ Lf arm , t ∈ T

(4.5a)

Similarly, Equation (4.5b) describes the available quantity of a product with a certain
quality at a processing location in time. The inventory at the start of a period again
is dependent on the stock carried over from the previous period, subject to a decay
factor to determine the quality in the current period. The first two terms refer to the
inventory of the previous period and the incoming quantity of products. The third and
fourth term represent the quantity of products being consumed and produced through
processing while the last three terms refer to the quantity of products being removed
through transportation, waste and demand coverage.

Ip,q,j,t

=

X

qdp,q0 ,q × (Ip,q0 ,j,t-1 +

q 0 ∈Q

+

X
r∈R

X

Xp,q0 ,j 0 ,j,t-1 −

j 0 ∈L

Op,q0 ,j,r,t-1 −

X

X

Qp,q0 ,j,r,t-1

r∈R

Xp,q0 ,j,j 0 ,t-1 − Wp,q0 ,j,t-1 − Zp,q0 ,j,t-1 )

j 0 ∈L

∀p ∈ P, j ∈ Lproc , t ∈ T , q ∈ Q

(4.5b)

In both equations, a parameter i0p,q,j can be added for t = 1 to represent any starting inventory of product p with quality q at location j. In the case that perishability is modelled
using the index q as an age-counter, the decay parameter will take the value 1 if q 0 = q − 1
and 0 otherwise, which means the constraints of Equation (4.5a) and Equation (4.5b)
can be reduced to direct shelf life constraints Equation (4.5c) and Equation (4.5b), respectively. For a more detailed description of direct shelf life constraints we refer to van
Elzakker et al. (2014).
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Ip,q,j,t

X

=

ycp,q,p0 ,t × Hp0 ,j,t + Ip,q-1,j,t-1 −

p0 ∈Pcrop

Ip,q,j,t

=

X

Xp,q-1,j,j 0 ,t-1

j 0 ∈Lproc

− Wp,q-1,j,t-1 − Zp,q-1,j,t-1 ∀p ∈ Pagro , q ∈ Q, j ∈ Lf arm , t ∈ T
X
X
Ip,q-1,j,t-1 +
Xp,q-1,j 0 ,j,t-1 −
Qp,q-1,j,r,t-1
j 0 ∈L

+

X
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(4.5c)

r∈R

X

Op,q-1,j,r,t-1 −

Xp,q-1,j,j 0 ,t-1 − Wp,q-1,j,t-1 − Zp,q-1,j,t-1

j 0 ∈L

r∈R

∀p ∈ P, j ∈ Lproc , t ∈ T , q ∈ Q

(4.5d)

The flow of products is limited to the available quantity in a time period by Equation (4.6).
This formulation allows a flow of products between locations in the same echelon and locations in different echelons. The return flow of products in the model is therefore enabled
in combination with the demand for these products as described by Equation (4.3).

X

Xp,q,j,j 0 ,t

≤

Ip,q,j,t +

j 0 ∈L

X

Op,q,j,r,t −

r∈R

X

Qp,q,j,r,t

∀p ∈ P, j ∈ L, t ∈ T , q ∈ Q

(4.6)

r∈R

Location, allocation and processing constraints
The location, allocation and processing constraints ensure that allocation of supply and
demand and processing can only occur at active locations. Inventory is limited to the
available inventory capacity by Equation (4.7). Similarly, the weighted sum of processed
products is limited to the available processing capacity by Equation (4.8), and the opening
of facilities at a single location is restricted by Equation (4.9). The quantity of processed
products is limited by the available quantity of products from the inventory and transportation through Equation (4.10).

X

Ip,q,j,t

≤

q∈Q

scp,d × Yd,j

∀p ∈ P, j ∈ Lproc , t ∈ T

(4.7)

pcd,r × Yd,j

∀r ∈ R, j ∈ Lproc , t ∈ T

(4.8)

∀j ∈ Lproc

(4.9)

d∈D

XX

pclp,r × Qp,q,j,r,t ≤

p∈P q∈Q

X

X
X
d∈D

Yd,j

≤

1

Qp,q,j,r,t

≤

Ip,q,j,t +

d∈D

X
r∈R

X
j 0 ∈L

Xp,q,j 0 ,j,t

∀p ∈ P, q ∈ Q, j ∈ Lproc , t ∈ T

(4.10)
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In addition, Equation (4.11) relates the required amount of process inputs to the produced
outputs according to the bill of materials of the conversion reaction:

Op0 ,q0 ,j,r,t =

XX

mbp,q,p0 ,q0 ,r × Qp,q,j,r,t

∀p0 ∈ P, q 0 ∈ Q, j ∈ Lproc , r ∈ R, t ∈ T

(4.11)

p∈P q∈Q

Allocation of supply to the processing capacity is controlled by the combination of Equation (4.5b), Equation (4.6), Equation (4.8), and Equation (4.10). Allocation of the demand
is accounted for by Equation (4.12).

X

Zp,q,j,t

≤

demp,j,t

∀p ∈ P, j ∈ L, t ∈ T

(4.12)

q∈Q

This constraint works in conjunction with the inventory balance constraints Equation (4.5a) and Equation (4.5b). These ensure that demand can only be covered from
inventory with acceptable quality levels, as products are counted as waste when the quality level becomes unacceptable. Note that the demand constraint can be substituted
with, or extended by, similar formulations indicating a lower bound to demand coverage.
Additional case specific constraints for processing can be added, for instance, to limit the
number of facilities to be opened, or to represent any existing infrastructure.

Quality and perishability constraints
Quality decay of inventories and through processing is accounted for by Equation (4.5a),
Equation (4.5b), and Equation (4.11), respectively. When products reach a quality level
below their quality limit, or are not used before their maximum age is reached, the products are considered as waste. This is described by Equation (4.13) for a lower quality limit.
If quality is modelled as age, the quality limit turns into an upper bound instead.

Wp,q,j,t

=

Ip,q,j,t +

X
j 0 ∈L

Xp,q,j 0 ,j,t −

X

Xp,q,j,j 0 ,t +

j 0 ∈L

∀p ∈ P, j ∈ L, t ∈ T , q ∈ Q|q ≤ qplim

X
r∈R

Op,q,j,r,t −

X

Qp,q,j,r,t

r∈R

(4.13)
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Alternatively, an implicit description of waste is obtained from the inventory balance
Equations (4.5a) and (4.5b) and the restriction that the inventory equals zero for all
products p ∈ P for values of q ∈ Q below the cutoff value qplim .
Objective functions
Two objective functions are considered. The TGM represents the economic objective to
be maximised and the GWP as environmental objective to be minimised.

T GM =

X XXX

ppp × Zp,q,j,t −

X XXX

chp × Ip,q,j,t −

p∈P q∈Q j∈L t∈T

−

X XXX

XXXXX

XX

eap × Ap,j +

p∈P j∈L

+

X XXX
p∈P q∈Q j∈L t∈T

cdp × Wp,q,j,t

(4.14)

p∈P q∈Q j∈L t∈T

cpp,r × Qp,q,j,r,t −

p∈P q∈Q j∈L r∈R t∈T

GW P =

ctp,j,j 0 × Xp,q,j,j 0 ,t

p∈P q∈Q j∈L j 0 ∈L t∈T

p∈P q∈Q j∈L t∈T

−

XXX X X

XX

cfd,j × Yd,j

d∈D j∈L

XXX X X

etp,j,j 0 × Xp,q,j,j 0 ,t

p∈P q∈Q j∈L j 0 ∈L t∈T

edp × Wp,q,j,t +

XXXXX

(4.15)
epp,r × Qp,q,j,r,t

p∈P q∈Q j∈L r∈R t∈T

Equation (4.14) describes the TGM, and consists of the difference between the value
of all products sold and the costs for transportation, inventory holding, waste disposal,
processing, and facility depreciation costs. In this formulation, the transportation mode
for a product between two locations is considered as a given, hence the transportation
cost is dependent on the product, and not explicitly on the transportation mode. The cost
parameter for processing includes the cost of sourcing all process inputs and operational
costs from energy and labour.
Similarly, Equation (4.15) describes the GWP of the modelled system and includes the
CO2 -eq related to agricultural production, transportation, waste disposal and processing,
respectively. Because the transportation mode for a product between two locations is
fixed in this formulation, the emissions related to transportation are dependent on the
product and not explicitly on the transportation mode. To include modality into the
decision variables, an extra index can be added to the flow of goods, and the parameters
for transportation cost and transportation emissions should be defined related to this
index instead of the product index.
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Figure 4.3: Stages and types of flows of goods considered in the case implementation

4.4

Case study description

The general model as presented in Section 4.3.3 is applied to the sugar beet processing
chain in The Netherlands, building on the work of Kolfschoten et al. (2014) and Jonkman
et al. (2017). This processing chain is experiencing major changes in the supply of sugar
beet and the markets for their final products due to changing legislation of the European
Union (Suiker Unie, 2011; EU, 2013). Similar changes in the dairy sector led to substantial
changes in that sector, hence there is an urgency to evaluate the current SC configuration
in the sugar beet sector, and investigate re-design options. An increase of sugar beet
supply of 20% is foreseen, due to growing markets and new uses for sugar beet derived
products.
This case study can show the applicability of the model for real life applications, as it
integrates harvest and processing decisions in an AFSC design problem with seasonable
and perishable products, forward and return flows, capacity limitations, and allows for
product flows within the processing echelon (Figure 4.3).
Every production location has the following decisions:
i How much land to allocate to produce a crop, given the available land;
ii In which period to harvest the crop, given the maturation of the crop;
The sugar beet campaign typically lasts for about three to four months, and campaign
duration and harvest yield depend on uncertain weather conditions. Decision (i) affects
the demand of a farm for the return flows of tare soil and lime fertiliser from the processing
echelon. Additionally, decision (ii) determines the quantity of crops that is available for
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transport at a certain time.
Processing locations can receive agro-materials from production locations, and intermediate products from other processing locations. These inputs can be converted into outputs
such as intermediate products, return products, and final products. Decisions modelled
are:
iii The facility design type opened and process pathway operated at the location;
iv The amount of inputs and outputs to receive and dispatch every period.
The quantity of inputs that can be processed into outputs depends on decision (iii), and
in turn affects the quantity of products that can be dispatched (iv). The flow of products
to downstream distribution and consumption, and the flow of return products back to
production locations is limited by the respective demand for these products.
The product and location categories shown in Table 4.1 are used in the model, with an
additional category for products that have a backward flow in the SC as they are returned
from the processing echelon to the farms, according to the description provided above.
Values for the location related parameters are presented in Table 4.2.
The products considered in the case, and their membership of different subsets are presented in Table 4.3 for clarification. Additionally, values of product related parameters
are presented in Table 4.4. The process designs considered in (iii) are the conventional
design used in the existing facilities, and a smaller scale biorefinery design as proposed by
Kolfschoten et al. (2014). The conventional design is focused on processing sugar beet into
white sugar, with lime fertiliser, beet pulp, molasses and tare soil as additional products.
The small scale design is processing sugar beet and beet leaves into raw sugar, ethanol,
biogas and tare. The raw sugar can be sold on the market as a final product, but can also
be refined by conventional facilities into white sugar.
Parameter values related to the processing are presented in Table 4.5. The required
procurement and shipping of other processing inputs is indirectly accounted for in the
processing cost, as is the cost of purchasing the sugar beet from the farmers. Emissions
related to the processing are calculated based upon the energy consumption of a conversion. The biogas produced by the biorefinery prevents emissions from other energy sources
by the customers. These prevented emissions are subtracted from the emissions related
to the conversion reaction in the biorefinery, leading to a negative emission value.
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Table 4.2: Location related parameter values

Description

Value

Transport
ct
et
Supply and demand
al and bq
yc for sugar beet
ea for sugar beet
dem

*
82.5g CO2 -eq /ton/km
*
80 ton/ha
2.69 ton CO2 -eq/ha
*

Based on
Jonkman et al. (2017)
Klenk et al. (2012a)
CBS (2016)
Kolfschoten et al. (2014)
Klenk et al. (2012a)
Jonkman et al. (2017)

* Not included for brevity, available upon request.
Table 4.3: Products and membership of subsets

Pi

Members

crop
agro
in
out
return
final

beetroot
sugar beet, beet leaves
sugar beet, beet leaves, raw sugar
sugar, raw sugar, ethanol, biogas, lime fertiliser, molasses, beet pulp, tare soil
molasses, beet pulp, lime fertiliser, tare soil
sugar, raw sugar, ethanol, biogas

Table 4.4: Product related parameter values, based on a) Jonkman et al. (2017); b) Kolfschoten et al. (2014); c) assumption

Product

sugar beet
beet leaves
white sugar
raw sugar
ethanol
biogas
molasses
beet pulp
lime
tare

ppa
(e/ton)

mb
Traditionalb

mb
Biorefineryb

mb
Raw sugar
refiningc

.
.
500
450
400
90
150
45
6
10

1
.
0.14625
.
.
.
0.03375
0.1
0.0275
0.125

1
0.5
.
0.125
0.01875
0.1575
.
.
.
0.125

.
.
0.9
1
.
.
0.1
.
.
.
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Table 4.5: Process related parameter values, based on a) Kolfschoten et al. (2014); b)
Jonkman et al. (2017); c) assumption; d) calculated based on Asadi (2006); Klenk et al.
(2012a)

Daily
capacity
(kton)

Annual
fixed costb
(Me)

Conventional

25
15
10

Biorefinery

15
10
6

Facility designa

4.5

cp
Trad.b Bioref.bRefin.c
(e/ton)

ep
Trad.d Bioref.dRefin.d
(kg CO2 -eq/ton)

8.33
5
3.67

62.3
63.36
65.49

.
.
.

12.9
.
.

60.27

.

29

5
3.67
2.67

.
.
.

63.36
65.49
69.53

.
.
.

.

-92.4

.

Case results and discussion

To validate the model, the base result of Jonkman et al. (2017) was reproduced. The cost
and revenue metrics calculated based on the results were validated using Rosenboom et al.
(2013). The calculated carbon footprint of 731 kg CO2 -eq per ton sugar was within the
range of 242–748 kg CO2 -eq reported as average for the EU by Klenk et al. (2012a).
After validation of the model, constraint Equation (4.4) was relaxed to represent the disappearing legislative restriction on beet production (EU, 2013), allowing for an increase
in beet cultivation to accommodate for the expected growth of 20%. The optimal supply
chain configuration was determined without taking the seasonal supply and perishability
of the sugar beet into account. Subsequently the presented model was used to determine
the optimal supply chain configuration while including harvesting decisions, seasonal supply and the perishability of sugar beet. Twelve time intervals were taken for a year,
while harvesting is possible in three of these intervals, each with its expected harvest
yield. Sugar beet leaves are only available during the time interval of harvesting due to
their perishability, while the age limit of sugar beet was put at the time interval after
harvesting.
The sensitivity of the model result was investigated for demand, harvest yield, transport
cost, and data aggregation of supply and demand at municipality level or at regional
level. The model was solved using different instances of these parameters, and using the
two objectives. The optimal configuration did not change upon changes in transportation
cost in the tested range of ±10%. Similarly, aggregating the supply and demand related
parameters at regional level (Lf arm , Lmarket = {1, . . . , 66}) did not lead to a different
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optimal SC configuration compared to the initial aggregation scale at the municipality
level (Lf arm , Lmarket = {1, . . . , 403}). Changes of the demand parameter in the interval
−10% to +20% did affect the optimal combination of facility designs, their capacities,
the location, and the allocation of supply. The obtained optimal SC configurations are
discussed in more detail in the following sections.
The optimal SC configuration determined without taking seasonality into account and the
configuration determined with the proposed model are the same in those cases in which the
TGM is optimised and the harvest yield does not vary much during the harvesting season.
Similarly, once perishability is less restrictive the two approaches yield the same result. SC
configurations with additional processing capacity are obtained with the proposed model
in those cases where crops have a clear peak in the harvest yield, and in those cases where
availability of crops is more restricted than assumed in the case where harvesting decisions
were not explicitly taken into account.

4.5.1

Trade-off between objectives

The trade-off between the economic and environmental objective was investigated using
the -constraint method (see for instance Mavrotas, 2009). The TGM was optimised
while using -constraints on the environmental objective represented by the GWP. The
obtained trade-off curve is shown in Figure 4.4, relative to the performance of the currently
existing SC configuration. Figure 4.4 shows that under the new legislative paradigm,
opportunities exist to improve on both objectives. Each segment of the Pareto-efficient
frontier corresponds to a SC configuration. The facilities opened in these configurations in
addition to the existing facilities are described by indicating their location number (1–14);
a design type identifier for conventional (C) or biorefinery (B); and the daily processing
capacity in kton. The performance metrics of these configurations at the transition points
on the frontier are presented in Table 4.6. Each optimal SC configuration corresponds to
a specific integer solution of the model. The transitions from one configuration to another
therefore lead to a non-convex trade-off curve.
Although the locations selected to open new facilities are similar throughout these configurations, there are differences between the type of facilities selected, and in some cases
between the capacities. All solutions reduce the GWP by reducing average transportation
distances. Additionally, using facilities with the biorefinery design improves on the environmental objective due to its negative contribution through the production of biogas.
Part of the raw sugar produced by the biorefineries is refined into white sugar in those
cases where the additional transportation and processing cost is offset by the benefit from
the added economic value of refining the raw sugar.
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Figure 4.4: Trade-off curve between the economic and environmental objective. Segments
of the frontier correspond to different supply chain configurations. Additional facilities per
segment are detailed using their location number, a design type identifier for conventional (C)
or biorefinery (B), and the daily processing capacity in kton. q existing infrastructure; l
1B15,8B15; n 8B15; u 1C15,8B15; s 3B15,8C15; 5 1B15,8C15; + 1B10,8C15; g 8C15

The reduction of the GWP by using a biorefinery design is most clearly seen when comparing the configurations in which only a single additional facility is opened, either of the
biorefinery design (8B15) or of the conventional design (8C15). The total GWP calculated for these SC configurations is respectively 494kg CO2 -eq and 686kg CO2 -eq per ton
sugar, even though the average transportation distances for the configuration with the
biorefinery design are longer (35.8km for agro-materials and 48.3km for products versus
34.5km and 48.2km). This indicates that producing by-products with a negative associated footprint has a bigger impact on the GWP of the case study than reducing the
average distances. The total product portfolio of the biorefinery design has a lower value,
however, leading to the trade-off between the GWP and the TGM.
The trade-off curve shows that only a limited number of facility locations are part of the
optimal SC configurations. The sensitivity analysis showed, however, that the optimal
SC configuration was affected by the values of the uncertain parameters for demand and
harvest yield. Hence, a solution has to be found that performs well given the uncertain
parameter values affecting the optimal SC configuration.
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Table 4.6: Deterministic performance metrics of the SC configurations at the transition
points on the Pareto-efficient frontier, additional facilities are presented using their location
number, design type conventional (C) or biorefinery (B), and the daily processing capacity in
kton

Configuration

1B15,8B15
8B15
1C15,8B15
3B15,8C15
1B15,8C15
1B10,8C15
8C15
4.5.2

TGM
(Me)

GWP (kg
CO2 -eq
per ton
sugar)

Average
transportation
distance
agromaterials
(km)

Average
transportation
distance
products
(km)

Sugar
beet
processed
(Mton)

Demand
for sugar
covered
(%)

54.7
57.9
59.1
59.4
59.8
60.3
64.3

394
494
551
565
586
615
686

31.0
35.8
31.0
30.3
31.8
32.0
34.5

42.0
48.3
43.2
44.9
42.5
44.1
48.2

6.27
6.18
6.13
6.19
6.10
6.08
6.01

100
100
100
100
100
100
100

Demand and harvest yield uncertainty

Given the uncertainties related to harvest yield (due to e.g. uncertain weather conditions) and uncertainties in the expected growth of the demand for products, a stochastic
version of the model was used to include these uncertainties in the determination of the
optimal SC configuration. Scenarios were developed relating to a demand according to
the currently expected growth (+20%), no growth in demand, and a small reduction in
demand for the products produced (-10%), with expected probabilities of 0.4, 0.45, and
0.15, respectively. Similarly, scenarios were developed representing harvest yields above
expectations, according to current expectations, and below expectation, with probabilities of 0.15, 0.60, and 0.25, respectively. In total, this led to 9 scenarios tested with the
stochastic version of the model. An index s was defined to represent the different scenarios, and was added to the variables H, I, O, Q, W , X, Z, and parameters dem, and yc.
An additional parameter prs was defined to represent the probability of each scenario, and
used to formulate the objective function maximising the expected TGM over all scenarios
according to :
max

X
s∈S

prs × T GMs

(4.16)
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Table 4.7: Weighted sum over all scenarios of the performance metrics of the optimal SC
configuration obtained with the deterministic and the stochastic version of the model. Additional facilities are presented using their location number, design type conventional (C) or
biorefinery (B), and the daily processing capacity in kton

Additional facilities
Expected TGM (Me)
Expected GWP (kg CO2 -eq/ton sugar)
Average transp. distance agro-materials (km)
Average transp. distance products (km)
Transp. cost agro-materials (e/ton agro-material)
Transp. cost products (e/ton agro-material)
Acreage of beetroot (kha)
Sugar beet processed (Mton)
Expected demand for sugar covered (%)

Deterministic

Stochastic

8C15
65.7
712
37.3
49.2
3.73
2.13
90
6.26
98.0

1C15,8C15
66.5
704
32.6
43.0
3.26
1.86
90
6.37
99.5

In which the probability of a scenario is used as a weight to the performance of that
scenario. The weighted performance over all scenarios of this configuration is presented
in Table 4.7. For comparison, the performance of the SC configuration obtained with the
deterministic approach was calculated for all scenarios used in the stochastic model, and
the weighted performance is presented alongside the stochastic results.
Taking into account the uncertainties related to demand and harvest yield leads to an optimal SC configuration with more additional processing capacity than was the case for the
deterministic version. The expected performance on both objectives of this configuration
for the tested scenarios is better than the performance of the deterministic configuration.
Additional capacity gives flexibility to deal with increased product demand, with high
harvest yields, and with peaks in harvest yields. However, the stochastic configuration
leads to lower performance in scenarios where the demand is lower than currently the case,
due to the depreciation on facilities regardless of whether the capacity is used. Since the
economic objective was maximised, no facilities with the biorefinery design were selected,
although these are expected to appear in cases where a balance is sought between the
economic and the environmental objective.
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General discussion and conclusions

Not much work exists which presents SC design models tailored to applications in the
context of AFSCs. There is a gap integrating harvesting decisions with SC design, taking
into account the specific characteristics and uncertainties of the AFSC. Integrating these
decisions into strategic AFSC design leads to the identification of SC configuration that are
more tailored to the seasonal characteristics of the AFSC. The general problem description
and model formulation presented in this work can support decision makers in agro-food
industry to identify interesting opportunities for AFSC design and re-design while the
stochastic version supports finding solutions that are capable to perform well given the
uncertainties related to the AFSC.
Applicability of the model formulation was shown using the case study of the sugar beet
processing chain in The Netherlands. The case study results show that opportunities exist
for SC improvement using more decentralised processing, indicating that decentralised
processing or decentral pre-processing are potentially interesting SC configurations in
the context of agro-food industry. Additionally, the limited sensitivity of the optimal
SC configuration to spatial data aggregation at municipality level or regional level is
interesting for further analysis. Although less aggregation leads to more detailed results,
the positive effect of aggregation on model run-time and the effort of dealing with the
detailed data can justify using aggregated data for strategic SC design studies in agro-food
industry.
Explicitly including harvesting decisions into the SC design is mainly important for those
AFSCs in which the expected harvest yield shows large differences between time intervals. The importance increases further when these yields are subject to uncertainties due
to, for instance, weather conditions. In AFSCs in which the expected harvest yield is
certain and does not vary much between time intervals, a more indirect approach suffices
by indirectly taking seasonality into account in parameter values, rather than explicitly
modelling harvesting decisions.
The presented model, with its stochastic alternative, allows for SC optimisation of a variety of AFSCs. It accommodates for forward and reverse flows of seasonal and perishable
goods between and within SC echelons. Perishability can be incorporated in the form of
discrete quality categories or in the form of shelf life limitations. In the case of AFSCs
dealing with highly perishable goods, more detailed time intervals may be necessary than
were used in the current case. Alternatively, different uncertainties can play a role, increasing the importance of the stochastic version of the presented model. This could lead
to issues regarding model size and run-time. Hence, the monolithic approach used in this
work could be extended using other modelling and solution techniques to deal with case
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studies of larger sizes. Additionally, methods to facilitate the implementation and use of
these techniques within agro-food industry deserve attention.

Chapter 5
Network level
Designing a biobased supply chain using a
multi-actor optimisation model

• We design eco-efficient biomass supply chains using multi-actor optimisation models
• Competing crops, production dependent prices, and regional features are considered
• We use the sugar beet processing chain in The Netherlands as an example
• Fair distribution of benefits is needed to make optimal designs attractive
• Locating bio-refineries in regions with the most productive soils results in ecoefficient chain designs

This chapter is based on:
Jonkman, J., Kanellopoulos, A., Bloemhof, J. M. (submitted). Designing an ecoefficient biomass-based supply chain using a multi-actor optimisation model.
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Abstract
Sustainability concerns emphasise the importance of identifying eco-efficient supply chain
configurations which balance economic and environmental chain objectives. The applied
modelling approaches for this purpose often assume the availability of raw materials and
full coordination within the supply chain studied. Some or all actors in the chain can,
however, pursue individual objectives, making the obtained solutions unfeasible in practice. Economic incentives support aligning the objectives of the different supply chain
actors. This chapter explores the design of eco-efficient biomass supply chains and economic gain allocation between the supply chain partners. A case study is developed for
the sugar beet processing chain in The Netherlands, in which farmers can also choose to
produce other competing crops. We observe that higher yields often lead to lower carbon
emissions per ton of produce. Hence, eco-efficient solutions are found to have production
and processing locations in the most productive regions. Additionally, margin sharing
above the minimum sugar beet price is necessary to ensure the production of the desired
quantity of sugar beet. Realistic sugar beet prices are determined using a Shapley-value
approach, leading to a fair distribution of margin among the farmers and processor in the
supply chain.
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Introduction

Over the past two decades, societal concerns and technological innovations triggered
research into the topic of biobased supply chains and biorefining (Lynd et al., 1999;
Langeveld, 2010). In a biobased Supply Chain (SC), biomass is converted through biorefining into a range of valuable products, such as fuels, functional components and platform
chemicals (Langeveld, 2010). Biobased chemical products are positioned as a more sustainable alternative to oil-derived products. Additionally, biomass is seen as a renewable
energy source to replace fossil fuels (Andiappan et al., 2015; Kokossis et al., 2015). To
promote the use of biomass for the production of such products, both the economic and
environmental benefits of alternative logistic structures of the biobased SC must be evaluated. This supports identifying eco-efficient solutions which balance the economic and
environmental performance.
To evaluate such alternative biorefining technologies quantitatively, decision support tools
have been developed in the body of literature discussing strategic biobased SC design, covering decisions such as facility location, technology selection and sourcing (Sharma et al.,
2013). Methods applied for the network design problem include multicriteria decision
analysis, heuristics and mathematical programming. The vast majority of literature in
this field uses mathematical programming, and more specifically Mixed Integer Linear
Programming (MILP) models with a single objective function (De Meyer et al., 2014; Ba
et al., 2016). This is similar to the literature in the related field of agricultural and food
SC design (Lucas & Chhajed, 2004; Soysal et al., 2012).
The main objective of current decision support tools is to optimise the total economic
benefits of the whole chain (Yue et al., 2014; Sahay & Ierapetritou, 2016). The objectives
of individual chain actors (e.g. suppliers, processor) are generally not taken into account
(Yue & You, 2014a). This implies that there is full coordination in the chain (Kusumastuti
et al., 2016), and the solutions of such decision support tools might conflict with the
objectives of individual actors in the chain. As a consequence, these solutions can be
difficult to implement.
Moreover, decision support tools for biobased SCs assume implicitly that the availability
of biomass is exogenous and they do not account for competition between different types
of biomass for the same agricultural land. Mostly, authors deal with the competition over
the same biomass for different applications (e.g. food or non-food purposes, Bai et al.,
2012; Giarola et al., 2011), or consider land-use activities which all produce biomass that
can be processed by the processor (e.g. Correll et al., 2014). However, in practice the
biomass suppliers (such as farmers) can decide to switch to other production activities.
The optimal allocation of land to crops according to a farmer can therefore compete
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with the optimal allocation of land according to the biorefinery processor. Moreover,
the farmers are often small scale suppliers which can switch between different production
activities. Therefore, the benefits of a biobased SC have to be distributed fairly among
the SC actors, providing (in most cases economic) incentives for suppliers of biomass to
execute the desired production practices.
An approach commonly used to fairly allocate benefits to different SC actors is the
Shapley-value approach, rooting from collaborative GT (Naber et al., 2015). This approach allocates to each SC actor the average of the actor’s marginal contribution to the
SC for the different combinations of collaborating SC actors. The approach has been used
for cost allocation in biomass transportation (Frisk et al., 2010), and has several attractive properties relevant for a biobased SC design problem: All benefits are distributed
(efficiency) in such a way that actors with equal marginal contributions are allocated
an equal amount (symmetry), and actors with zero marginal contribution are allocated
nothing (zero player) (Shapley, 1953). The approach can be used in combination with
a biobased SC design model to determine the distribution of costs and benefits in a SC
configuration between the participating actors (i.e. the farmers and processor).
This chapter therefore proposes to use a Shapley-value approach for the design of ecoefficient biomass SCs, taking into account the individual goals and strategic decision
making of the different actors involved. An MILP model is developed for a representative
biomass SC, involving suppliers with alternative production activities, multiple processing
technologies, and multiple final products. The case study and the formulation of the
model are described in Section 5.2 and Section 5.3. The model is used to explore the
trade-off between the economic and environmental objective within the SC. The Shapleyvalue approach from collaborative GT is applied to allocate the generated benefits among
the chain actors. The obtained results are provided and discussed in Section 5.4, and
conclusions are drawn in Section 5.5.

5.2

Case description

Sugar beet is one of the major arable crops grown in The Netherlands in terms of production area and quantity. European legislation previously ensured farmers a minimum
price per ton of beet delivered, but regulated sugar production through a quota system,
limiting the production of sugar and beets. Changing legislation in the European Union
(EU), however, removed the quota system and will affect the sugar beet processing industry (EU, 2013; Suiker Unie, 2011). An increase in the production of sugar beets and
beet derived products of 20% is expected due to growing markets and new uses for these
products. Additionally, new technologies are developed which enable alternative SC con-
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figurations, and the production of a different product portfolio (Kolfschoten et al., 2014).
The case study investigates the re-design of the Dutch sugar beet processing chain, to
identify eco-efficient SC configurations taking into account the expected growth and the
individual actors within the chain. Farmers and processor are separate actors in the chain
and their decisions making is described in the following sections.

5.2.1

Farmers

Farmers choose how to allocate their land to a number of available crops. We assume
their objective is to maximise the total economic margin of the farm. Each farm has
access to a set of land-use activities for the production and management of different
crops, and the margin generated equals the revenue gained from selling the harvest minus
the production costs. The yields of crops and costs of production depend on regional
characteristics such as soil type (see Figure 5.1). Additionally, the market price of a
crop depends on the supply, and farmers cannot freely choose how to allocate their land.
Legal and practical restrictions apply for the production of crops, limiting, for instance,
the number of consecutive years a crop can be grown at the same location and enforcing
crop rotation Mandryk et al. (2014). Additionally, governmental subsidies can exist to
promote specific land-use activities or the production of crops. These aspects have to be
taken into account.

5.2.2

Processor

We assume the processor tries to maximise its generated margin by optimising the SC
configuration through locating facilities, selecting the technologies to use for processing,
and allocating available supply to these facilities to cover demand. The processor has two
existing sugar beet processing facilities (Figure 5.2). The sugar beet processing chain in
the Netherlands has focused on utilising economies of scale, leading to a SC configuration
centred around processing efficiency. Conventionally the main product produced was
white sugar, although a diversification has happened by valorising by-product streams.
Recently, small scale biorefining technologies have been developed (Kolfschoten et al.,
2014). This technology offers possibilities to open smaller facilities and reduce the total
transportation (and consequently CO2 emissions). Additionally, it has a flexible product
portfolio in which the production of raw sugar or ethanol can be adjusted according to the
need. Because farming extracts nutrients from the soil, by-products from processing sugar
beet are returned from the processor to the beet farms (see Kolfschoten et al., 2014). The
processor has to determine a base price per ton of beet which provides enough incentive
for farmers to participate in the SC and produce the desired quantity of sugar beet.
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Figure 5.1: Generalised dominant soil
types in The Netherlands, based on Wageningen Environmental Research (2006)
and Rijksinstituut voor Volksgezondheid
en Milieu (2017)

5.2.3

Figure 5.2: Sugar beet supply and existing processing facilities in The Netherlands, based on CBS (2016) and Suiker
Unie (2010)

Supply chain coordination

The sugar beet processing chain mainly operates business-to-business, and besides economic objectives, the actors have a shared objective to minimise the carbon footprint of
the sugar beet processing chain. The carbon footprint is affected by sourcing decisions, facility location and transportation decisions, and technology selection. The new biorefinery
process produces biogas, which can replace the use of fossil fuels and leads to a negative
carbon emission for the biorefinery process. Hence, we explore the trade-off resulting from
these decisions on the economic objectives of the SC actors and the shared environmental
objective. Alternative to the base beet price, a fair price is determined to allocate the
total margin generated in the chain according to each actor’s contribution.
An SC optimisation model is formulated in Section 5.3, and the data used for the case
study is presented. The different model components and their interaction are represented
in Figure 5.3. It is assumed that decisions in the chain are optimised with complete
information availability to all actors.
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Figure 5.3: Representation of main model components and their interactions

5.3

Model formulation

The objective of the farmers is to maximise their gross margin subject to constraints on
the available land, crop rotation, and legislative constraints on the obligatory set-aside
of land and the production quota of sugar beet. We assume an inverse linear relation
between crop prices and production quantities. Hence, the harvest revenue of a crop is
described with a quadratic function.
The objective of the processor is to maximise its gross margin subject to constraints on
the available supply, processing capacity, and processing conversion. Payments between
processor and farms of a base price for sugar beet are included in the SC optimisation
model. The determination of a fair allocation of the total gross margin in the SC is done
using a Shapley-value approach in addition to the SC optimisation.
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Optimisation model

In the optimisation model, the following indices and sets are used:
b
c
Ci
f
i
j
k
m
Mj
p

∈B
∈C
⊂C
∈F
∈I
∈J
∈K
∈M
⊂M
∈P

set of possible biorefinery locations
set of land-use activities
land-use activities member of category i
set of farm regions
set of land-use activity categories
set of material categories
set for the discrete additional payments per ton beet
set of materials
materials member of category j
set of processes

The decision variables used in the model are:
Acf
Hcf
Lf bp
Rmf b
Sf bp
Vk
Wf k
Ybp

area of land allocated to land-use activity c at location f
harvested quantity of c at location f
quantity of sugar beet leaves transported from farm region f to a biorefinery at
location b which uses process p
quantity of material m returned to farm region f from biorefinery location b
quantity of sugar beet transported from farm region f to a biorefinery at location b
which uses process p
selected value k of additional margin shared per ton beet (binary)
total amount of margin shared with farm f for the additional payment k
biorefinery at location b using process p open or not (binary)

Parameters used in the model are:
bcb
bimp
bomp
cfbp
clf c
cppb
ctm
ccf bp
dtf b
elf
epp
etf bp
f af

Processing capacity at biorefinery location b
Quantity of input m required per ton beet for process p
Quantity of output m produced per ton beet for process p
Fixed annual cost of opening biorefinery location b with process p
Cultivation cost of land-use activity c at farm region f
Processing cost per ton beet for process p at biorefinery location b
Transportation cost of material m per ton per km
Cumulative transportation cost of processing inputs per ton beet from farm f to
biorefinery b for process p
Transportation distance between farm region f and biorefinery location b
Sugar beet cultivation related emissions at farm region f
Sugar beet processing related emissions using process p
Transportation related emissions per ton beet from farm region f to biorefinery b
using process p
Available arable land at farm region f
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f mf
fo
f qf
f rc
fp
ft
f sc
f yf c
lac
lbc
pbf
pmc
pom
smk
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Sugar beet leaves produced per ton sugar beet
Maximum harvest quantity of sugar beet from farm f
Obligatory set-aside fraction
Sugar beet quota at farm region f
Rotational constraint fraction for land-use activity c
Additional rotational constraint fraction for potato crops
Additional rotational constraint fraction for root and tuber crops
Government subsidy for producing crop c per ha
Yield of land-use activity c at farm region f
Linear coefficient used in describing the relation between price per ton and quantity
of a crop from land-use activity c
Constant used in describing the relation between price per ton and quantity of a crop
from land-use activity c
Price paid per ton beet sourced from farm region f
Maximum price per ton of a crop from land-use activity c
Price per ton of output material m
Additional shared margin k per ton beet

The Total Gross Margin (TGM) is used as economic objective function for the coordinated
SC. It is defined as the of sum farmers’ gross margin (FGM) and the processor’s gross
margin (PGM):

max

T GM = F GM + P GM

(5.1)

The FGM is formulated as:

F GM =

X

X

(lac × Hcf

2

+ lbc × Hcf ) +

f ∈F c∈CQuad

+

XXX
f ∈F b∈B p∈P

XX
f ∈F c∈C

pbf × Sf bp −

XX

f sc × Acf
(5.2)

clf c × Acf

f ∈F c∈C

The total costs of producing crop c at farm f are subtracted from the sum of the total
harvest revenue of all crops and the government subsidies paid per hectare of crop c ∈
C.
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The PGM is formulated as:

P GM =

XXX

X

pom × bomp × Sf bp −

f ∈F b∈B p∈P m∈MOut

−

XX

cfbp × Ybp −

XXX

XXX

ccf bp × Sf bp −

f ∈F b∈B p∈P

b∈B p∈P

cppb × Sf bp

f ∈F b∈B p∈P

X

XX

dtf b × ctm × Rmf b

m∈MRet f ∈F b∈B

(5.3)

The first term describes the total revenue from the produced products. The other terms
represent the total processing cost (including the base sugar beet price and sourcing of
other raw materials), the investment cost for the facilities, and the transportation cost of
the required raw materials and return flows.
Additionally, the shared environmental objective of the chain actors is to minimise the
total carbon footprint of the sugar beet chain:

min

X

XXX

elf × Acf +

f ∈F

XXX

epp × Sf bp +

f ∈F b∈B p∈P

etf bp × Sf bp c = Sugar beet (5.4)

f ∈F b∈B p∈P

In Equation (5.4), the first term describes the total footprint related to the production
of sugar beet. The footprint related to processing and transportation of raw materials is
described by the second and third term, respectively. Constraints used in the model are
discussed per actor in the following sub-sections.
Farm level
The following constraints hold for the farmers, related to the production of crops:

X

=

f af

∀f ∈ F

(5.5)

Acf

≥

f o × f af

∀f ∈ F, c = Set-aside

(5.6)

Acf
X

≤

f rc × f af

∀c ∈ C, f ∈ F

(5.7)

Acf

≤

f p × f af

∀f ∈ F

(5.8)

Acf

≤

f t × f af

∀f ∈ F

(5.9)

Hcf

=

f yf c × Acf

∀c ∈ C, f ∈ F

(5.10)

Hcf

≤

f qf

∀f ∈ F, c = Sugar beet

(5.11)

Acf

c∈C

c∈CP ota

X
c∈CRoot

Designing a biobased SC using a multi-actor optimisation model

87

Equation (5.5) limits the total land use per farming region f to the available arable land
in that region. Equation (5.6) ensures the legally required minimum amount of land is set
aside. Crop rotation is accounted for by Equation (5.7), with the additional constraints
on the sum of potato crops given in Equation (5.8) and on the sum of all root and tuber
crops in Equation (5.9). Equation (5.10) links the produced quantity of crop c at farm
region f to the allocated hectares and regional crop yield of that region. The sugar beet
quota system previously in place is described by Equation (5.11).

Processor level
The following constraints hold for the processor, related to the processing and transportation of the sugar beet:

XX

Sf bp

≤

Hf c

∀f ∈ F, c = Sugar beet

(5.12)

≤

bcb × Ybp

∀b ∈ B, p ∈ P

(5.13)

≤

f l × Hf c

∀f ∈ F, c = Sugar beet

(5.14)

=

X

∀b ∈ B, p ∈ P, m = Beet leaves

(5.15)

bomp × Sf bp

∀f ∈ F, m ∈ MRet

(5.16)

bomp × Sf bp

∀b ∈ B, m ∈ MRet

(5.17)

b∈B p∈P

X

Sf bp

f ∈F

XX

Lf bp

b∈B p∈P

X

Lf bp

f ∈F

X

Rbf m

=

f ∈F

XX
b∈B p∈P

b∈B

X

bimp × Sf bp

f ∈F

Rbf m

=

XX
f ∈F p∈P

The supply of sugar beet per farming region f is limited to the amount produced by
Equation (5.12). Equation (5.13) allows the flow of sugar beet to a biorefinery at location b up to its capacity, only when a facility is opened. Equations (5.14) and (5.15)
limit the supply of sugar beet leaves per farming region f and ensure that the required
amount of sugar beet leaves is transported to a biorefinery at location b using process
p. Equations (5.16) and (5.17) restrict the return flows of lime fertiliser and tare soil to
farming region f and ensure the total amount of these outputs is returned to the farming
regions.
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Additionally, constraints were added to limit the opening of facilities:

X

Ybp

≤

1

≤

X

∀b ∈ B

(5.18)

p∈P

XX

Ybp

(5.19)

b∈B p∈P

Equation (5.18) ensures only a single facility is opened at a location b, while the total
number of facilities is restricted to the number of X by Equation (5.19), which depends
on the total budget available to invest in facilities.
Base beet price determination
In the case of competition for agricultural land, it is important that the total margin a
farmer can expect per hectare of cultivated land is at least equal to the margin that could
be obtained when cultivating one of the competitive crops. If a processor fails to offer
enough compensation, the required supply of agro-materials is jeopardised, as farmers
may switch to more lucrative crops.
The processor pays a minimum price per ton beet, which is exogenous to the optimisation
model (see Table 5.5). However, a higher price may be required as an incentive to farmers
to produce the quantity of sugar beet required by the processor. This is especially relevant
when taking the expected growth of the market into account. Additional payments per
ton beet are added to the model as a decision variable. However, to avoid non-linearities
in the model, k = {1, . . . , K} discrete payments were defined, using steps of e0.01 per
ton beet. The following constraints are added:

X

Vk

=

1

(5.20)

Wf k

≤

Wf k

≤

f mf × smk × Vk
XX
smk × Sf bp

k∈K

∀f ∈ F, k ∈ K

(5.21)

∀f ∈ F, k ∈ K

(5.22)

∀f ∈ F, k ∈ K

(5.23)

b∈B p∈P

Wf k

≥

XX

smk × Sf bp − f mf × smk × (1 − Vk )

b∈B p∈P

Equation (5.20) ensures a selection is made for additional payments per ton beet while
the combination of Equations (5.21) to (5.23) is a linear formulation linking the selected
additional payment per ton beet with the sourced quantity of beet from a farm. This
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combination of constraints therefore describes the total additional payments on top of the
base beet price made by the processor to the farms. The additional payments are included
into the individual objective functions of the farmers (Equation (5.2)) and processor
(Equation (5.3)) as follows:

F GM =

X

X

(lac × Hcf

2

+ lbc × Hcf ) +

f ∈F c∈CQuad

+

XXX

XXX

X

pbf × Sf bp −

XXX
f ∈F b∈B p∈P

XX

pom × bomp × Sf bp −

ccf bp × Sf bp −

clf c × Acf +

f ∈F c∈C

f ∈F b∈B p∈P m∈MOut

−

f sc × Acf

f ∈F c∈C

f ∈F b∈B p∈P

P GM =

XX

XXX

XX
f ∈F k∈K

cpp × Sf bp −

f ∈F b∈B p∈P

X

XX

m∈MRet f ∈F b∈B

(5.24)
Wf k

dtf b × ctm × Rmf b −

XX

cfbp × Ybp

b∈B p∈P

XX

Wf k

f ∈F k∈K

(5.25)

The minimal additional payment per ton beet is determined by optimising the PGM
according to Equation (5.25) while enforcing that the FGM according to Equation (5.24)
is equal to or greater than the FGM obtainable using Equation (5.2).
The quadratic part of the optimisation model was converted into MILP-form using a
piecewise-linear λ-reformulation. The MILP model was programmed and solved to optimality using Xpress-IVE (Version 1.24.12) and the Xpress Optimiser (Version 29.01.10)
on a 3.6GHz Intel core i7 computer with 8GB RAM.

5.3.2

Allocation of Supply Chain benefits

In a collaborative context, especially when farmers and processors are part of a cooperation, additional margin sharing can be used to distribute the generated economic margin
among the different actors in a fair way. Such systems of income sharing are used in
practice by processors to ensure a steady supply of agro-materials throughout the years.
Additionally, long term relations between suppliers and processors improve overall yield
and quality in the SC.
A fair price per ton beet is calculated following a Shapley-value approach (Shapley, 1953).
This approach is used in practice to allocate costs and benefits to the actors participating
in a coalition. When the SC is considered as a coalition, the Shapley-value approach can
be used to determine a price per ton beet that fairly allocates the gross margin generated
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in the sugar beet processing chain to the farmers and processor collaborating in the SC.
The Beet chain Gross Margin (BGM) is the sum of the PGM and the margin farmers
have on the cultivation of beet (Equation (5.26)).

BGM =

P GM +

XXX

pbf × Sf bp −

f ∈F b∈B p∈P

X

clf c × Acf

c = Sugar beet

(5.26)

f ∈F

The part of the BGM allocated to every actor is calculated using Equation (5.27):

Ei (v) =

(1/N !) ×

X

[v(PiR ∪ {i}) − v(PiR )]

(5.27)

R

where Ei (v) is the amount an SC actor i is given in an SC with N actors in total. For
every order R of the SC actors in N , the set PiR is the set of actors that precede i in
the order R. For each order in R, the first element in the summation represents the
margin generated in the SC if actor i participates (v(PiR ∪ {i})) while the second element
represents the margin generated in the SC if actor i does not participate (v(PiR )). An
illustrative example for the Shapley-value approach is presented in Section 5.A.

5.3.3

Case data

The data required for the optimisation model was obtained from publicly available sources.
The elements of the sets and subsets used in the optimisation model are shown in Table 5.2.

Farm and processor
The available farm resources were aggregated at municipality level as a set of farm regions
F (n=403), according to the Dutch Central Bureau of Statistics (CBS) municipality list
of 2014. Available arable land per farm region was determined based on the average
sum of land-used to cultivate crops c ∈ C in the years 2011-2015 (CBS, 2016). The
differences between municipalities in the cultivation characteristics of a soil type lead to
the identification of several soil type-specific regions (see Table 5.3). Crop yields and
production costs per hectare were obtained from KWIN-AGV (2009) for the different
regions and soil types in The Netherlands (see Figure 5.1). Data for the crop rotation
constraints was obtained from Mandryk et al. (2014). The sugar beet quota system was

P

F
M

b1, . . . , b66
Barley, Brown beans, Carrots, Chicory, Maize silage, Onion, Potato (general), Potato (seed), Potato (starch), Rapeseed,
Sugar beet, Set-aside, Wheat
Barley, Brown beans, Carrots, Chicory, Maize silage, Onion, Potato (general), Potato (seed), Potato (starch), Rapeseed,
Wheat
Sugar beet, Set-aside
Potato (general), Potato (seed), Potato (starch)
Carrots, Chicory, Onion, Potato (general), Potato (seed), Potato (starch), Sugar beet
f 1, . . . , f 403
Beet leaves, Beet pulp, Bioethanol, Biogas, Lime fertiliser, Limestone, Molasses, Raw sugar, Sugar beet, Tare soil, White
sugar
Beet leaves, Limestone, Sugar beet
Beet pulp, Bioethanol, Biogas, Lime fertiliser, Molasses, Raw sugar, Tare soil, White sugar
Lime fertiliser, Tare soil
Conventional production, High ethanol production, High raw sugar production, Balanced ethanol and raw sugar production

B
C

MIn
MOut
MRet

CLin
CP ota
CRoot

CQuad

Elements

Set

Table 5.2: Elements of the sets and subsets considered in the case study
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Table 5.3: Inputs and outputs per hectare of sugar beet based on soil type and region and
calculated CO2 -eq per ton sugar beet, data adapted from a) KWIN-AGV (2009); b) Klenk
et al. (2012a,b)

Yield (ton)
Seed requirement (kg)
N-fertiliser (kg)
P-fertiliser (kg)
K-fertiliser (kg)
Chemicals (solid, kg)
Chemicals (liquid, l)
Fuel consumption (l)
CO2 -eq (kg/ton)

Clay
Central
poldersa

SouthWesta

Rivera

Northa

Sand
SouthEasta

Northa

CO2 -eq
(kg/kg)b

74
6
150
79
60
1.5
3.9
103

68
6
150
79
54
3.5
3.68
107

66
6
150
79
60
1.5
4.15
107

65
6
150
79
60
1.5
4
107

63
6
150
0
240
0
5.33
80

63
6
150
90
171
0
3.94
100

·
3.54
5.88
1.01
0.58
10.97
10.97
3.14

18.93

21.02

21.45

21.76

21.46

23.02

approximated using the sugar beet production per farm region for the year 2014 (see
Figure 5.2).
Besides the existing traditional facilities, the processor can open new facilities operating
a novel biorefinery process, modelled after the description of Kolfschoten et al. (2014).
A set B of possible locations is considered (n=66), which are central locations in the
agricultural regions defined by the CBS. A set M of material inputs and outputs was
defined for the processes in P , of which the lime fertiliser and the tare soil are returned to
the beet farms. The set of processes contains the conventional process and three proxies
for the new biorefinery process. Of these, one is focusesd on producing the maximum
amount of sugar, one is focusesd on producing the maximum amount of bioethanol, and
one is producing a balanced amount of these main products. Processing and product
related data are shown in Table 5.4 and Table 5.5, respectively.
Data on the carbon footprint of sugar beet production, transportation and processing was
obtained from Klenk et al. (2012a,b) and KWIN-AGV (2009). The calculated footprint
of sugar beet production for different regions in The Netherlands is shown in Table 5.3.
The footprint related to the sugar beet processing was calculated based on Asadi (2006);
Klenk et al. (2012a) and Kolfschoten et al. (2014) (see table 5.4).
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Table 5.4: Process related parameter values, based on a) Jonkman et al. (2017); b) Asadi
(2006); Klenk et al. (2012a) and Kolfschoten et al. (2014)

Conventional

Small scale biorefinery

2900
8.33
32.3
60.27

696
5
39.53
-92.4

a

Seasonal capacity (kton beet)
Annual investment costa (Me)
Processing costa (e/ton beet)
Emissionsb (kg CO2 -eq/ton beet)

Table 5.5: Product related parameter values, based on a) Jonkman et al. (2017); b) Kolfschoten et al. (2014)

Product
Sugar beet
Beet leaves
Limestone
White sugar
Raw sugar
Ethanol
Biogas
Molasses
Beet pulp
Lime fertiliser
Tare soil

Pricea
(e/ton)
26.25
·
22
500
500
400
90
150
45
3.7
2

Conventionalb
1
·
0.1
0.14625
·
·
·
0.03375
0.1
0.0275
0.125

Material balance
Biorefineryb
1
0.57
·
·
0.125
0.01875
0.1575
·
·
·
0.125

1
0.57
·
·
0.06875
0.040625
0.1575
·
·
·
0.125

1
0.57
·
·
0.0125
0.0625
0.1575
·
·
·
0.125
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Table 5.6: Coefficients of the linear relation between crop production and market price,
and the maximum market price per ton of product, determined based on CBS (2016) and
Wageningen Economic Research (2016)

Linear coefficients
lac : slope
lbc : intercept
Barley
Brown beans
Carrots
Chicory
Maize silage
Onion
Potato
general
seed
starch
Rapeseed
Wheat

Maximum price
(e/ton)

·10−3
·10−3
·10−3
·10−3
·10−6
·10−3

297.16
854.42
260.65
104.65
58.57
299.46

234
940
189
74
53
182

-0.14·10−3
-0.04·10−3
-0.04·10−3
-24.73·10−3
-0.11·10−3

619.24
327.94
142.50
567.72
318.17

189
292
72
435
238

-0.47
-22.15
-0.29
-0.23
-1.49
-0.15

Crop price determination
The base price of sugar beet is determined in the SC optimisation model. However, a
farmer can also allocate land to the production of crops which are not of interest to the
processor, but which do generate margin for the farmer. The price for these crops is
related to the total produced quantity of that crop in a year, and subject to international
market prices. To capture this relation between crop production and crop price, historic
data on crop production and crop market price per ton was used to derive the relation
between total production and the price per ton of product. A linear relation between crop
price per ton and crop production was assumed, which is illustrated in Figure 5.4. The
determined linear coefficients for the different crops are presented in Table 5.6. A more
detailed investigation of the price elasticity of supply is considered beyond the scope of
this chapter. The international market was taken into account by using the maximum
price observed in the historic data as an upper limit to the crop price, assuming that
crops are sourced internationally once the price within the Netherlands goes above this
maximum limit (see Figure 5.4). This approach takes into account the interaction between
farmers’ decisions and prevents the model to suggest an allocation of all available land to
the most profitable land-use activity.
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Model runs

The average percentage of land allocated to a land-use activity during the years 2011–2015
was determined using data from CBS (2016). This average of the actual land allocation
was used as a benchmark for the land-use allocation resulting from the optimisation model
runs.
The existing SC configuration was used as a base case for the optimisation model. The
locations of the existing traditional processing facilities were fixed (X = 2), and the optimisation model was used to examine the effect of coordination in the sugar beet supply
chain on land allocation. Two model runs were executed to compare the modelled current
situation without SC coordination between the farmers and processor with the modelled
current situation with SC coordination. In the base case, the sugar beet production
is assumed to be limited through the quota system which was previously in place. In
the non-coordinated model run of the base case, the optimal land allocation was determined by maximising the FGM according to Equation (5.2), subject to Equations (5.5)
to (5.19). Alternatively, the optimal land allocation for the coordinated version of the
base case was determined by maximising the TGM according to Equation (5.1), subject
to Equations (5.2) to (5.19).
Subsequently, a future case model run was executed to determine the optimal land allocation taking into account the expected increase in sugar beet supply and product demand
and showing the consequence of the changing legislation. Equation (5.11) was relaxed,
and the opening of a maximum of two additional facilities was allowed (X = 4). The
minimum beet price for the coordinated version of the future case was determined by optimising the TGM according to Equation (5.1), subject to Equations (5.5) to (5.25), while
forcing the FGM according to Equation (5.24) to be equal to or greater than the FGM
obtainable by maximising Equation (5.2). The trade-off between the SC economic and
environmental objective (Equation (5.1) and Equation (5.4), respectively) was explored
using the -constraint method to identify eco-efficient SC configurations.
In the future case, the contribution of farmers and processor to the generated margin has
changed from the current situation modelled in the base case. Hence, we determine how
the generated margin in the coordinated version of the future case can be allocated to the
SC actors in a fair way according to the Shapley-value approach (Equation (5.27)). The
contribution of a farmer to the BGM is dependent on the distance between the farm and
the biorefinery. Longer distances come with higher transportation costs related to the
sourcing of agro-materials. This leads to a lower BGM generated per ton beet compared
to beets sourced from shorter distances. Therefore, the Shapley-value approach was used
to calculate fair prices per ton beet, dependent on the distance of a farm to a biorefinery.
A price was determined for beet sourced from within 50 km from a processing location
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while a different price was determined for beet sourced from distances longer than 50
km.

5.4

Results and discussion

The optimised land allocation for the base case and the future case model runs are shown
in Table 5.7. It can be seen that for the base case, which represents the modelled current
situation, the distribution of land to the different land-use activities is similar to that
of the benchmark. The total calculated economic margin created by arable farms in the
non-coordinated version of the base case was Me1,197, and the total carbon footprint
per ton sugar was calculated at 536 kg CO2 -eq, using economic allocation. In reality, the
CBS reports a generated economic margin of farmers of Me1,462 (CBS, 2016). A range of
242–771 kg CO2 -eq per ton sugar is reported by Klenk et al. (2012a) for sugar production
in the EU, with the Dutch sugar industry reporting a value of 480 kg CO2 -eq per ton
sugar. Table 5.7 shows a larger percentage of land is allocated to the production of sugar
beet in the coordinated version of the base case, compared to the non-coordinated base
case. This indicates a conflict between the individual objective of the farmers and the
objective of the processor. This conflict is further discussed in Section 5.4.1. Additionally, the results show that an increase in the allocation of land to sugar beet production
mainly lead to a reduction of the land allocated to the production of barley. The conflict
between the economic and environmental objective of the coordinated SC is discussed in
section 5.4.2.

5.4.1

Conflicting objectives actor level

Coordination between farmers and the processor leads to a higher BGM. In the future
case, coordination increases the modelled BGM to Me112, an increase of 21% compared
to the non-coordinated future case (Me92). However, a larger share of land needs to
be allocated to sugar beet production for the coordinated run of both the base case and
the future case (Table 5.7). The allocation of this land deviates from the optimal land
allocation that maximises the FGM of the farmer, as is seen in the non-coordinated base
case. Therefore, additional payments are required on top of the minimum price per ton
beet as an incentive to farmers to produce the desired quantity of sugar beet. A minimum
amount of e0.15 per ton beet on top of the minimum price is required to compensate
farmers for their lost margin when they produce the desired quantity of beet (Table 5.8).
Such a minimal compensation leaves most of the margin generated within the sugar beet
SC at the processor. The fair distribution of the economic margin according to the
Shapley-value approach is presented in Table 5.8. The Shapley-value approach allocates
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Figure 5.4: Estimated linear relationship between price and production of potatoes, and the
maximum price, based on CBS (2016) and Wageningen Economic Research (2016)

Table 5.7: Actual and optimised percentage of land allocated to each crop. a: Calculated
based on CBS (2016)
Crop

Barley
Brown beans
Carrots
Chicory
Maize silage
Onion
Potato (total)
general
seed
starch
Rapeseed
Sugar beet
Set aside
Wheat

Benchmarka

4.5
0.2
0.9
0.5
33.7
3.3
23.0
10.6
5.9
6.5
0.4
10.4
1.1
21.9

Base case
non-coordinated coordinated
4.7
0.4
0.6
0.4
35.6
2.0
23.9
9.1
9.5
5.3
0.2
11.4
1.0
19.9

4.0
0.4
0.6
0.4
35.8
2.0
23.5
9.1
9.1
5.3
0.2
12.3
1.0
19.9

Future
coordinated
3.9
0.4
0.6
0.4
34.0
2.0
23.5
9.1
9.2
5.3
0.2
14.2
1.0
19.9
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Table 5.8: Margin from the beet processing chain per chain actors without additional income
sharing, with minimal compensation, and according to the Shapley-value approach
Future case, coordinated
no sharing minimal sharing Shapley
BGM
Farmers
<50km
>50km
PGM
Farmers margin
Processor margin
Processor margin
Beet price <50km
Beet price >50km

(Me)
(Me)

(Me)
(e/ton
(e/ton
(e/ton
(e/ton
(e/ton

beet)
beet)
sugar)
beet)
beet)

111.93
29.88
17.93
11.95
82.05
4.70
12.90
89.61
26.25
26.25

111.93
131.15
118.66
112.49
180.78
104.90
112.70
188.22
126.40
126.40

111.93
81.73
51.32
30.42
30.19
12.85
4.75
32.97
35.42
33.04

most margin generated in the sugar beet processing chain to the farmers. In practice, the
Dutch sugar production chain operates as a cooperative, and margin sharing is applied.
Rosenboom et al. (2013) report a margin of the processor of e37.- per ton of sugar after
payments were made to the cooperative’s member farmers, which is in the same order as
the e32.97 determined with the Shapley-value approach in this study. The Shapley-value
approach hence resulted in a realistic distribution of the economic gains between farmers
and processor.

5.4.2

Conflicting objectives chain level

In the coordinated model run of the future case, a conflict is observed between the economic and environmental objective of the sugar beet processing chain. Figure 5.5 shows
that using additional biorefinery facilities supports reducing the carbon footprint while
still being able to achieve similar economic margin as in the base case situation. In general, Table 5.3 shows that sourcing beet from productive soil types is beneficial from the
perspective of carbon footprint. This is also seen in Figure 5.5, in which all eco-efficient
configurations contain an additional biorefinery in the central polders, the most productive region within the Netherlands. Opening two additional biorefineries reduces the average transportation distance from farms to a biorefinery, and improves the environmental
performance of the chain. However, a single additional facility has enough processing capacity to cover the expected increase in demand. The effective use of processing capacity
therefore leads to a higher TGM for the SC configuration with only a single additional
biorefinery. The SC configurations on the eco-efficient frontier do not only contain opened
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Figure 5.5: Pareto-efficient solutions calculated using the -constraint method with carbon
footprint and total gross margin as objectives

facilities in the agricultural regions with the highest sugar beet yield per hectare, but also
in regions where there is an overall good performance on the economic and environmental objective. For instance, the northern sand region itself is less productive than other
regions and has a higher footprint per ton beet produced (Table 5.3), but the available
land and other soil types in the region lead to relatively short transportation distances if
a facility is opened there. The reduced emissions related to transportation in that case
compensate for the higher emissions related to cultivation.

5.5

Conclusions

This chapter investigated the design of biobased SCs, taking into account competitive
land use and the multi-actor properties of the biomass SC. Economic and environmental
objectives were included at chain level while conflicting economic objectives of the SC
actors were considered through gain sharing using the Shapley-value approach. The case
study shows that the individual objectives of farmers can jeopardise the supply of raw
materials required for the optimal SC configuration. The farmers may deviate from the
desired optimal production of crops to satisfy their own objectives. Optimising the SC
assuming full coordination can therefore lead to design solutions unattractive to one or
more of the chain actors. Gain sharing is required as an incentive for all actors to participate. The Shapley-value approach showed that a fair distribution of the generated
margin to the SC actors allocates most of the margin to the farmers.
Other game-theoretic approaches have been used in the analysis of biobased SCs, but their
inclusion into biobased SC design is limited and leads to non-linearities in biobased SC
design models. For instance, Sun et al. (2013) analysed a competitive biobased SC with
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one supplier and two competing buyers. They determined the crop price of the supplier
and the possibility for the buyers to co-exist if supply did not cover their demand, but did
not optimise the SC design. Yue & You (2014a) investigated fair economic profit allocation
between actors in biobased SC using a Nash-bargaining solution approach. With this
approach, the determination of the allocated profit is treated as a non-cooperative game
in which the SC actors try to demand the maximum possible without jointly demanding
more than is available. Because this approach leads to non-linearities in the SC design
model, the authors propose a bi-level modelling framework and solution algorithm to
obtain globally optimal solutions (Yue & You, 2014b, 2017). Similarly, Ortiz-Gutiérrez
et al. (2015) optimised a linearised form of the Nash-objective function to find the optimal
chain configuration and transfer price for a bioethanol SC with a dedicated supplier and a
processor. Because the Shapley-value approach was used external to the SC design model
itself it does not affect the complexity of the SC design model, giving it an advantage
over these other game-theoretic approaches.
In the case study, high crop yields were observed to often be related to lower carbon
footprints per ton of product. Hence, opening processing facilities in productive regions
reduces both the carbon footprint of agro-material production, and the transportation
distances between supply and the processing facility with their related transportation
costs and emissions. Site specific information (e.g. soil type, climate) related to the
productivity of biomass should therefore be taken into account explicitly to benefit the
most from strategic biobased SC design. Additionally, results indicate that the current
SC configurations can improve on both the economic and environmental objectives using
the new biorefinery process.
In this study, we extended the biobased SC design problem by accounting for competitive
land use and price-supply relationships explicitly. These extensions supported identifying
eco-efficient SC configurations and identifying conflicts between the individual goals of
the SC actors. These actors participate in multiple chains in a SC network, and the
implementation of the optimisation of one of these chains will only be successful if the
network level is taken into account. The Shapley-value approach adopted to allocate gain
sharing among the actors in the SC supported finding SC configurations in which all actors
are likely to participate. Additionally, agreements developed based on gain sharing will
support long term relationships between suppliers and processors. This allows farmers to
build expertise in the production of a specific crop, and can improve the overall yield and
quality of the agro-materials in the SC. This is specifically important in biobased SCs
dealing with food products, where quality control is an ever-pressing issue.
An actors’ relative contribution to the economic and environmental objectives may differ.
Extensions of gain sharing to take into account multiple objectives could be used to
encourage improvements in the environmental performance of the chain.

Designing a biobased SC using a multi-actor optimisation model
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Shapley-value with an illustrative example

We illustrate the Shapley-value approach with an example. Imagine a SC where a processor, P 1 and two farmers F 1 and F 2 collaborate. The minimum market price is fixed
at e26.25 per ton of agro-material supplied by the farmers. Cultivation costs per ton of
agro-material are e20 and e22.25 for F1 and F2, respectively. Transporting and processing a ton of agro-material from F1 to P1 costs e40, and transporting and processing a
ton of agro-material from F2 to P1 costs e38. The processor has a fixed cost for opening
a facility of e5 per ton of processing capacity. The value of the produced products is e83
per ton agro-material processed.
For this example, we assume each farmer supplies 1 ton of agro-material, and the processor opens a facility with a capacity of exactly 2 tons. Following Equation (5.26), the
generated margin equals e37.75. Following a straightforward fractional allocation, F1
is allocated e26.25−e20 =e6.25, F2 is allocated e26.25−e22.25 =e4, and P1 is allocated the remaining e25.5. To calculate a more fair allocation of the generated margin,
Equation (5.27) is applied. Without the farmers, the processor incurs costs for opening a
facility, but does not generate revenue as there is nothing to process. Without the processor, farmers can still sell the agro-material at the market price. All possible orders and the
contribution of each actor to the gross margin in each order are shown in Figure 5.6.
Following Equation (5.27), the margin allocated to F1, F2, and P1 are as follows:
F1 :
F2 :
P1 :

23 + 23 + 6.25 + 6.25 + 23 + 6.25
6
22.75 + 22.75 + 22.75 + 4 + 4 + 4
6
−10 − 10 + 6.75 + 25.5 + 8.75 + 25.5
6

=

e14.63

=

e13.38

=

e3.88
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Figure 5.6: Possible orders, and each actors’ marginal contribution in each order

Chapter 6
Multi-level synthesis
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Multi-level synthesis

The previous chapters show that re-considering the current set-up of Food Supply Chains
(FSCs) can lead to a more efficient production of food, with an improved economic and
environmental performance of the FSC. Each chapter shows how methods from the field of
Process Systems Engineering (PSE) and Supply Chain Management (SCM) can be used
to support answering strategic questions relevant for agro-food industry at the product
level, process and enterprise level, Supply Chain (SC) level, and SC network level. At
these levels, the approach supported finding answers to the following questions:
• Which intermediates to make from the available agro-materials in order to produce
the desired consumer products?
• Which production processes to produce the desired intermediates?
• Where to execute production processes in the FSC, and at what time?
• How to ensure the participation of all the required actors in the desired FSC network?
This chapter connects the work presented in Chapters 2 to 5, and discusses the necessity of
taking an integrated approach combining process engineering and SC design. Additionally,
the general applicability of the proposed approach to other FSCs is discussed, and future
research opportunities are identified.

6.1

Multi-level interdependency

From the conclusions of the previous chapter a clear interdependency is observed between
decisions made at the different levels (Figure 6.1). Selecting an intermediate-product
portfolio inherently leads to the selection of processing pathways (Chapter 2) while the
choice for a process pathway implies a certain set-up of the FSC (Chapter 3). The specific
characteristics of the FSC in turn affect how operable a process pathway is (Chapter 4),
and a SC configuration is prescriptive towards the role of each actor participating in the
FSC. This role can be jeopardised by the role the same actor plays in other SCs in the
network, hence SC collaboration is required to align the objectives of different SC actors
(Chapter 5).
Optimising the strategic decisions at a single level therefore affects the freedom to make
decisions at the other levels. Optimising the set-up of agro-food SCs at each level independently therefore leads to a lock-in effect. It is unlikely to achieve a substantial change
from the status quo over the whole FSC in this way. However, such a change is necessary
to reduce inefficiencies in the production of food (van der Goot et al., 2016). Therefore,
an integrated multi-scale approach towards the design of an agro-food SC is needed. In
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Figure 6.1: Interdependency of decision making at the different levels

the next paragraphs the implications are discussed within the traditional scope of PSE
and then within the traditional scope of SCM.

6.1.1

Implications within the traditional scope of PSE

At the interaction between the product level and the process and enterprise level, a better understanding of the effect of processing on the composition of intermediates helps to
identify better fractionation pathways. For example, in the case study of Chapter 2, the
representation with ternary diagrams shows that a small shift is required in the composition of one intermediate to overlap with the specification of a final application (illustrated
in Figure 6.2). Additionally, the diagram shows which two processing steps could be altered to achieve the desired target (i.e. air classification and fibre separation). Pelgrom
et al. (2014a) shows how changing the process settings during air classification of lupin
alters the obtained fractions, which is indicated in Figure 6.2. Such a change in process
settings would alter the starting material for the fibre separation step and in turn shift
the obtained fractions from the fibre separation step.
The consequence on the resulting intermediates and on the final combination of process
steps in the fractionation pathway is unfortunately hard to predict. The product properties are not only determined by chemical composition, but also by the distribution of
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Figure 6.2: Identification of opportunities for process improvement using the ternary diagrams introduced in Chapter 2

components through the product and product-process interactions (Meeuse, 2007). The
understanding of these interactions at the product and process level is still limited (Datta,
2016), and accounting for the relevant interactions can require detailed non-linear models
(Ho et al., 2013). Geerts et al. (2017b) and Geerts et al. (2017a) take first steps linking
product composition and product processing to the obtained functional properties.

6.1.2

Implications within the traditional scope of SCM

To prevent sub-optimisation of a FSC, a whole-chain SC design approach is required,
ranging from the processing level up to the network level. In the field of SCM, SC design
methods often do not consider the processing level, or only consider linearised black-box
approximations (Melo et al., 2009). However, the type of production processes an enterprise operates determines the set-up of its SC, and product and process characteristics
affect the optimal SC configuration (Chapter 3, Chapter 4). Furthermore, this optimal
SC configuration cannot be implemented without the consideration of all the SC actors
and their role in the SC network (Chapter 5).
Integrating the process and enterprise level with the SC level could lead to the introduction
of non-linearities into SC design models (e.g. You & Grossmann, 2008), and very quickly
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leads to optimisation problems which are non-tractable (Yue et al., 2014). Several authors
therefore propose to reduce the amount of detail included whenever possible (Ho et al.,
2013; Yue et al., 2014). Additionally, decomposition approaches and hierarchical decision
support frameworks are proposed to deal with the resulting mathematical problems (e.g.
Amorim et al., 2016; Tsolakis et al., 2014, respecitvely).
Alternative to the approach taken in Chapter 5, the use of complex-adaptive systems
modelling and agent-based modelling is proposed as a method to study the interactions of
the SC actors at the network level (Perrot et al., 2016). These approaches are especially
useful to investigate the consequences of the behaviour of individual SC actors at the
network level, and complement the optimisation approach currently used.
Today, the direct integration of all the levels into a single model is unfeasible. The details
to include at each level lead to very large models, which would be impossible to solve.
Moreover, the approach required at the different levels can be of a very different nature
because they deal with different space and time scales, and it is not obvious how these
should be integrated (Grossmann, 2014). Hence, an integrated approach requires the
iteration between the sub-parts for decision making support at the different levels (Perrot
et al., 2016). The methods presented in the different chapters of this study should therefore
be used in an iterative manner, and the consequences should be investigated of optimising
the decisions at one level on the optimal decisions at the other levels. This integrated
multi-level approach is needed in order to prevent sub-optimisation of the FSC resulting
from optimising a single sub-part at one of the individual levels.

6.2

Applicability in agro-food supply chains

The strategic questions of agro-food industry covered in this study were answered for
specific case studies of legume processing (Chapter 2), and the sugar beet processing
chain in The Netherlands (Chapters 3 to 5). The previously discussed interdependencies
between the different levels cause concrete answers to these strategic questions to be
very case specific. The proposed approach can, however, be applied to other agro-food
industrial chains without difficulty.
For each case, the relevant characteristics of FSCs that influence decision making have
to be determined. In general terms, agro-food industry can be categorised based on,
for example, the raw materials (animal/plant based), the perishability of raw materials
and products (long/short), the type of processing (fresh/processed) and products (specialised/commodity), and the length of the FSC (local/global). For example, a grain
processor does not have to deal with the same type of perishability and seasonal supply
as a sugar beet processor (Chapters 3 and 4), and often globally sources the raw ma-
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terials, thus reducing the necessity of taking local production by farmers into account
(Chapter 5). Similarly, the dimensions used to represent the intermediate selection problem in a ternary diagram could be adapted to more relevant examples, such as fibre,
starch, and protein (Chapter 2). For instance, a dairy processor has to deal with even
stricter perishability constraints than the sugar beet processor, and the time needed to
rear animals for the production of milk adds to the importance of SC coordination.
There is, however, no comprehensive classification system that links the differentiating
categories to relevant specific characteristics of FSCs. In practice companies can be involved in several SCs. They can function in both the agro-food industry and the food
assembly industry, making classification difficult. Still, a research opportunity exists to
identify different archetypes of FSCs which will support the categorisation of FSCs and
help to quickly identify their relevant characteristics.

6.3

Directions for future research

This thesis shows that bridging process engineering and SC design for agro-food processing
chains leads to an increased economic and environmental performance of the FSC. The
combination of the fields of PSE and SCM from the process level up to the SC network
level leads to new optimisation opportunities which would not easily have been identified
otherwise.
Detailed understanding of products and production processes typically found in the field
of PSE is, for instance, required in SCM to identify opportunities for Close-Loop Supply
Chain (CLSC) design. Krikke et al. (2003) explore this concept for the concurrent design
of a refrigerator and the required forward and reverse SCs. CLSC design in the context of
FSCs was only recently studied by Banasik et al. (2017), who observed the possibility of
economic and environmental improvements in a mushroom processing chain. This train
of research is comparatively underdeveloped, and deserves more attention.
The interdependency of the processing level and the SC level explored in Chapter 3 also
leads to symbiosis between the fields. Understanding which product functionalities are
required by customers, and knowing how the specific characteristics of products affect the
logistics in the SC, supports identifying better intermediates and processing pathways in
food industry. For instance, Depping et al. (2017) recently showed that producing milk
concentrates rather than the conventional dried skim milk powder has a lower environmental impact, even up to truck shipping distances of 1000 km. The optimisation of
products in the context of SCs should be addressed in future studies.
In the literature on FSC design, the set-up of chains is often prescribed to be centralised
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in nature (Kusumastuti et al., 2016). Introducing the process level into SC design enables
the optimised SC configurations to also have a non-centralised set-up. Future work is
needed to explore this further. Chapters 3 and 4 show that this extension of SC design
with more detailed processing insights leads to the identification of partially decentralised
FSC configurations with superior economic and environmental performance compared to
the current centralised SC.
The seasonality of the supply of agro-materials in many FSCs can justify research towards
small-scale mobile or semi-mobile processing. Such processing units could be re-located
depending on the changing seasonal demand and supply (Zimmer et al., 2018). Although
mobile processing of, for instance, fruit juice exists in practice, there is yet little research
to the extent at which such processing and SC concepts could improve the performance
of FSCs. Additionally, such novel processing concepts bring processing closer to the
producers of agro-materials. This would change the role of many actors participating in
the SC, leading to completely different SC networks.
An integrated approach to the optimisation of agro-food SCs, and FSCs in general, enables
us to re-consider the current set-up of food processing and reduce inefficiencies in the
production of food. Iteration is required between the product level, the process and
enterprise level, the SC level, and the network level to optimise decisions at these levels
without risking a sub-optimisation of the entire FSC. Hence, combining methods and
expertise from the fields of PSE and SCM is essential for the development of more efficient
FSC networks.
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Summary
This thesis focuses on the current set-up of food processes and the related Supply Chains
(SCs), a main cause for inefficiencies in the production of food. In Europe, these Food
Supply Chains (FSCs) have developed over time with a strong focus on economies of scale.
Food processing split into the production of well-defined and purified intermediates (e.g.
starch, protein isolates, sugar) produced by the agro-food industry, and the production of
consumer products from these intermediates by the food assembly industry (e.g. bakeries,
beverage manufacturing, confectionery producers). The production of such intermediates
consumes large quantities of energy and water, and leads to losses in the conversion of
agro-materials into final consumer products. To reconsider this set-up of FSCs, decision
makers in the food industry are confronted with strategic questions at the level of products,
processes and enterprise, the FSC, and the FSC network. In specific, decision makers in
the agro-food industry have to find answers to the following questions:
• Which intermediates to make from the available agro-materials in order to produce
the desired consumer products?
• Which production processes to produce the desired intermediates?
• Where to execute production processes in the FSC, and at what time?
• How to ensure the participation of all the required actors in the desired FSC network?
This study shows how methods from the fields of Process Systems Engineering (PSE) and
Supply Chain Management (SCM) can be used to provide the decision support needed
for answering the above questions.
In Chapter 2 the product level is considered. By determining the needs of the customer in
terms of product specification and functionality, a shift can be made towards intermediates
with lower chemical purity. An optimal portfolio of intermediates is determined using
Mixed-Integer Linear Programming. The approach considers aspects of joint product and
process optimisation and SC integration, and shows how the agro-food industry benefits
from this novel combination. Results show an increased resource efficiency, reducing
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energy use and water consumption by 22% and 37%, respectively, while reducing costs by
13%.
Chapter 3 focuses on the process level and enterprise level. A multi-product locationallocation model is adapted to select production processes while taking into account the
specific characteristics of FSCs. Results indicate that the choice for a production process
implies a certain set-up of the FSC. This affects the overall FSC performance. Indeed,
the illustrative case shows that optimising the process selection with an SC perspective
increased the modelled profit by more than 4%.
Chapter 4 presents a general description of the agro-food SC design problem at the FSC
level. For the design of these chains, a multi-objective optimisation model is presented
which takes the specific characteristics of the FSC and the related uncertainties (e.g. seasonal harvest yield) into account. Application of the model to a case study shows that
changing the SC configuration to a less centralised set-up allows for an improvement of
the environmental performance (CO2 -eq) of over 30% without impairing the economic
performance. Additionally, uncertainty in timing and quantity of sugar beet supply and
product demand affects the optimal type and capacity of production processes, but not
the location of facilities. The chapter calls for the investigation of decentralised SC configurations in FSCs, requiring matching production processes.
Chapter 5 considers the different actors collaborating at the SC network level. Using a
whole-chain optimisation model, a conflict is observed between the individual objectives
of FSC actors (farmers) and the objective of the FSC. Gain sharing between actors is
used to align the individual objectives with the FSC objective, allowing an increase in the
total gross margin of the SC of more than 20%. Subsequently, a Shapley-value approach
is used to allocate the gross margin of the FSC to the different actors. The combination
of multi-actor SC design and gain sharing shows how the availability of supply in these
FSCs is not self-evident.
Chapter 6 discusses the applicability to different agro-food SCs. Optimising the decisions
at a single level inherently restricts or even specifies the decisions at the other levels,
leading to a possible lock-in. Hence, the specific characteristics of food products, food
processing, and the FSC require a multi-scale approach towards the design of an agro-food
SC.
The thesis shows that bridging process engineering and SC design for agro-food processing
chains leads to new optimisation opportunities. These opportunities are not strictly in
the domain of PSE or SCM alone. An integrated approach towards them leads to a more
efficient production of food, increasing the economic and environmental performance of
FSCs.
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