
Chapter 24
Efficient Design of Biomass-Based Supply
Chains: A Key Component of a Sustainable
Energy System

J.M. Laínez Aguirre, M. Pérez-Fortes and L. Puigjaner

Abstract This chapter describes the use of mathematical programming as the tool

for the design of biomass-based supply chains. This tool is helpful to devise the most

appropriate manner of integrating conversion and pretreatment technologies with the

channels required to convert the raw biomass, available in the collection areas, into

energy in the demand points. The project analysis should be carried out adopting a

holistic view. The formulation described in this chapter does so by tackling the prob-

lem from a multiple objective approach which considers financial, environmental as

well as social aspects. The problem is formulated as a mixed integer linear program

(MILP). The insights gained by using this approach are demonstrated through three

literature case studies. The first case study comprises an illustrative hydrogen supply

chain, where hydrogen is synthesised from biomass and coal gasification. The second

one considers regional electrification in rural areas by using gasification combined

with gas engines. In this case, a social criterion is introduced. The third case study is

a biomass-based supply chain designed to partially fulfil the demand of processing

coal plants existing in Spain.

Notation
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a mid point environmental impact categories
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f , f ′ facility locations

g end point environmental impact categories
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i tasks

j equipment technology

s materials (states)

t, t′ planning periods

Sets
Ag set of midpoint environmental interventions that are combined into endpoint

damage factors g
FP set of materials s that are final products

̄I set of tasks i with variable input

Ij set of tasks i that can be performed in technology j
̄Je technology j that is available at supplier e
̃Jf technology j that can be installed at location f
Ji technologies that can perform task i
Mkt set of market locations

NTr set of production, or non-transport, tasks

RM set of materials s that are raw materials

Sup set of supplier locations

Ts set of tasks producing material s
̄Ts set of tasks consuming material s
Tr set of distribution tasks

Parameters
FCFJjft [$/h] fixed cost per unit of technology j capacity at location f in

period t
ir [adim.] discount rate

NormFg [adim.] normalising factor of damage category g
Pricesft [$/MJ] price of product s at market f in period t
Waters [adim.] Moisture for material s
Watermax

ij [adim.] Maximum moisture for task i performed in equipment j

Greek symbols
𝛼sij [adim.] mass fraction of task i for production of material s in equip-

ment j
𝛼̄sij [adim.] mass fraction of task i for consumption of material s in

equipment j
𝜁ag [adim.] g end-point damage characterisation factor for environmen-

tal intervention a
𝜓ijff ′a [points/kg] a environmental category impact CF for task i performed

using technology j receiving materials from node f and

delivering it at node f ′
𝜓

T
ija [points/(kg km)] a environmental category impact CF for the transportation

of a mass unit of material over a length unit

Binary Variables
Vjft 1 if technology j is installed at location f in period t, 0 otherwise
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Continuous Variables
DamCgft [point] normalised endpoint damage g for location f in period t
DamCSC

g [point] normalised endpoint damage g along the whole SC

EPurchet [$] economic value of purchases executed in period t to supplier e
ESalest [$] economic value of sales executed in period t
FAssett [$] investment on fixed assets in period t
FCostt [$] fixed cost in period t
HVs [MJ/kg] lower heating value for material s
ICaft [point] midpoint a environmental impact associated to site f which

rises from activities in period t
Impact2002overall [point] total environmental impact for the whole SC

NPV [$] economic metric, net present value

Pijff ′t [kg] specific activity of task i, by using technology j during period

t, whose origin is location f and destination is location f ′
Profitt [$] profit achieved in period t
Pvsijft [kg] input/output material of material s for activity of task i with

variable input/output, by using technology j during period t in

location f (This must be a production activity)

Salessff ′t [$] amount of product s sold from location f in market f ′ in

period t
Ssft [kg] amount of stock of material s at location f in period t
SoC [unit] surrogate social metric

24.1 Introduction

Late last century a survey on energy efficiency in industrial processes CEC (1988)

warned a general trend that favours flexibility in the use of facilities dedicated to

process manufacturing. This is an obvious requirement with the present fluctuations

and the uncertain economic situation that characterizes today’s market demand. This

survey made reference essentially to the chemical process industries (CPI) as the

most representative sector, although it also was of relevance to other flexible man-

ufacturing industries which employ a network configuration. As a consequence, in

the following years an intensive effort was dedicated to multi supplier operations,

looking for strategies, management practices and techniques for improving the per-

formance of supply and distribution chains. Increasing benefits made clear the impor-

tance of the subjacent energy supply chain. Additionally, economic, environmental

and social factors questioned the dependence on a single source of energy based on

fossil fuels which imposed energy prices subject to the increasing market uncertainty.

The panorama described above has resulted in a mounting pressure to explore

alternative sources of energy that reduce environmental footprint at competitive cost.

Nowadays, residual biomass is emerging as a preferred feedstock candidate Puigjaner

et al. (2015). Bioenergy, or energy from biomass, from different sources (woody

biomass, agricultural and land use biomass, industrial and municipal biodegradable
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wastes) has an important role in the future low-carbon society to replace fossil fuels

for the production of heat, electricity, transportation fuels, and to synthesize different

types of chemicals. It is worth noting that while global energy demand is expected

to grow by 37 % by 2040 Pérez-Fortes (2011), the European Union has established a

target of 20 % share of renewable energy out of the total European energy consump-

tion by 2020 Tchapda and Pisupati (2014). The 2030 Climate and Energy Policy

Framework EU (2014) proposes the reduction of Greenhouse Gas (GHG) emissions

to at least 40 % of the 1990 level by 2030 in order to meet the 2050 goal. Moreover,

renewable energy source is one of the research priorities of the Strategic Energy

Technologies (SET) Plan of the European Union Puigjaner et al. (2015); Commis-

sion (2015) as well as a research theme in the Integrated Roadmap of the SET Plan,

whose aim is to consolidate the updated technology roadmap and to propose research

and innovation actions EU (2014). In this context, bioenergy is not only relevant to

the energy generation sector, but also in a number of other areas such as greenhouse

gas control (as a potential zero and even negative emissions source), biofuels and

waste disposal.

As a consequence, the energy sector is moving towards a new paradigm. More

efficient conversion processes, renewable sources and smart grids are all encom-

passed by this new approach. It develops customized solutions, adapted to the par-

ticular needs and resources of each area. In this context, as an immediate and tran-

sition solution biomass can be properly co-used with fossil fuels, where technology

is already mature; while 100 % biomass systems at small scale can be appropriate

for residential uses and rural electrification in emerging countries. Notwithstanding,

in the long term it is foreseen that there will not be a single technology or renew-

able source with massive implementation, but a combination of various conversion

technologies to meet the energy demand. The alternatives to centralised and conven-

tional sources of energy should be sustainable in the time, which implies a responsi-

ble resource exploitation, by balancing source availability with electricity demand,

and therefore with the plant capacity Puigjaner et al. (2015).

Common challenges facing biomass to become a viable option are:

∙ Energy generation: Affordable biomass conversion technologies for fuel or energy

production

∙ Sourcing: Conflict with agriculture (land and water use) and other uses of waste

∙ Link between technologies and site of use: Efficient supply-distribution network

Biomass can provide a larger energy share than the one that represents nowadays.

For that to become a reality, technological, economic and social barriers need to be

overcome. As a result, efforts are concentrated on developing integrated frameworks

to support the associated decision-making process. This chapter explores the interac-

tions between technology energy efficiency, consumption, environment, and social

impact to help identify pathways toward a sustainable biomass-based energy system.

In particular, we review holistic models developed to support decisions regarding the

network configurations required to move towards approaches that address simulta-

neously the multiple dimensions of the de-carbonisation problem. This chapter is

principally focused on gasification and combustion technologies.
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Fig. 24.1 PSE approach to bioenergy systems

As we shall see, a Process Systems Engineering (PSE) approach, depicted in

Fig. 24.1, provides tools to address most of the aforementioned challenges. The first

two blocks are related to developing process technologies for biomass exploitation;

while the third one deals with the efficient supply-distribution networks needed to

deploy such technologies. The focus of this chapter is on the latter block.

In the following, and after a brief literature review of the state of the art, this

chapter focuses on the necessary integration of the entire supply/delivery chain for

efficient and sustainable design of these emerging biomass energy systems, which

includes the assessment of economic as well as social and environmental impacts.

Moreover, emphasis is given to a rigorous approach that uses Process Systems Engi-

neering, mathematical programming. First, a holistic framework is presented for

modelling the energy and biomass, which contains a generic mathematical model.

As motivating example is considered the supply chain for pure hydrogen genera-

tion from solid biomass. Then, biomass supply chains in developing economies are

considered. The mathematical programming approach is applied to bio-based sup-

ply chains that use locally available biomass at or near the point of use in order to

produce electricity or other bio-product. Here, a social impact metric is introduced.

Next, biomass supply chains are examined in development economies. Here, the

model considers the supply chain long-term strategic decisions, such as the selec-

tion of biomass sources, establishment of pre-treatment units and their location, and

disposition of distribution centres, including an estimation of the potential of woody

residues to supply the coal power plants that exist in the country. This model consid-

ers the possibility of collecting biomass/intermediates with different properties along

the supply chain. To approach the computational expense of medium scale problems
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is the focus of the following section, where the mathematical model is supporting the

decision-making associated with the strategic and tactical design of biomass supply

chains.

As conclusions and outlook of this chapter, further work is also underway to

devise efficient strategies to decrease computational time and to add the additional

constraints in the objective functions in order to tackle the mono-objective optimiza-

tions required in the multi-objective case.

24.2 State of the Art

Mathematical programming is a promising tool to assist in the quantitative evalua-

tion of new approaches in the area of electricity generation. It is especially adequate

for bio-based systems where sites of biomass generation may be far from consump-

tion or demand points, biomass available locally may not match the biomass demand,

and different generation/pre-treatment technologies may be available. Bio-based sup-

ply chains can be whether regional, i.e. concerning a community or small area with

local needs to be fulfilled, or they can be global, i.e. when biomass to be supplied is

required to satisfy the needs of a centralised energy system. In the medium and short

term, the use of waste, which entails disposal problems, may be a continuous source

of organic matter for power production Puigjaner et al. (2015).

Modelling and optimisation of SC’s is becoming more popular, not only for bio-

mass. Any type of industry or process can take benefit of this approach. Laínez

and Puigjaner (2012) reviewed the application of SC optimisation in the chemi-

cal process industry. SC modelling derives from classical approaches that only con-

sider operations, and goes a step forward by integrating business functionalities or

market/operation dynamics. Supply chain decision-making tools, and tailor made

approaches, will allow to appropriately exploiting the potential of biomass in power

generation, heat and cooling applications, and as a transportation fuel. The optimisa-

tion of bio-based supply chains encompasses various decisions such as raw materials

selection, facility location, selection and sizing of pre-treatments, products to be syn-

thesised, and connectivity in the supply/delivery network, among others.

The biomass SC problem may be addressed using a wide range of decision-maker

outlooks. As example, Caputo et al. (2005) evaluate the net present value (NPV) of

100 % biomass projects, focusing on transportation. Bowling (2011) look for an opti-

mal SC for a biorefinery, considering overall sales and costs optimization to discern

between a distributed or centralized structure with special attention on transportation

costs. Ayoub et al. (2009) focus on costs and environmental impact through emis-

sions to air, water pollutants and solid wastes. Damen and Faaij (2006) perform a life

cycle inventory to compare co-combustion and combustion of only coal and Perry

and Rosillo-Calle (2008) focus on CO2 emissions along the whole SC. A more recent

work from Mele et al. (2011) combines the use of mathematical programming with

LCA, to perform a multi-objective optimization based on the NPV and the LCA, to

produce bioethanol from sugar cane in Argentina. Environmental evaluations often
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take into account a LCA Cherubini and Stromman (2011). Other attempts have been

recently done to add the social criterion to the economic and environmental points of

view, as the creation of places of job You et al. (2012). The bio-based works combine

multi-objective optimization and mathematical programming (MILP, mixed integer

non-linear program, MINLP, with and without uncertainty and risk consideration)

or scenario-based optimization with geographic information systems (GIS) for spa-

tial data analysis. The literature review from An et al. (2011) exposes that bioen-

ergy is approaching to an important growth and needs to integrate strategic, tacti-

cal and operational decisions (i.e. the operations research point of view) to enhance

and secure their viability, even if planning models have not been fully required (and

therefore, developed) yet. Different works can be found that go in depth into a spe-

cific SC echelon: (i) feedstock production (growing, harvesting and collection), or

waste generation, (ii) biomass pre-treatment, (iii) storage, (iv) biomass treatment, (v)

electricity distribution and (vi) electricity consumption.

The work by Yue et al. (2014) reviews the major pathways for biomass to bioen-

ergy and biofuel products. Biorefineries and carbon capture and storage are also

included. The concept of superstructure is also exploited for the selection of the

best technologies. The authors point out the challenges of including sustainability

and uncertainties into the optimisation of the supply chain. The review by Cambero

and Sowlati (2014) remarks that the use of biomass has an important potential to

substitute fossil fuel, while all three aspects of sustainability (economic, environ-

mental, and social) have to be considered in the optimisation problem. Uncertainty

has been increasingly considered when modelling biomass supply chains: in Osmani

and Zhang (2014) a stochastic mixed-integer linear program (MILP) model is devel-

oped which considers uncertainty in the supply of biomass-to-bioethanol, demand

of biofuel, biomass and biofuel prices. The purpose of this model is to determine

the location and the efficiency of the biorefineries, storage sites and selling points of

bioethanol. Gebreslassie et al. (2012) also develop a stochastic MILP to address the

optimal design of a biorefinery supply chain under supply and demand uncertainties.

Miret et al. (2016) in their design of a bioethanol supply chain took into account the

optimisation of a superstructure of first and second generation biomass conversion

technologies.

High complex and computational demanding programs are resulting from the

development of MILPs for the evaluation of biomass related supply chains, thus

calling for decomposition methods that can attenuate the heavy computational load

that is needed for the solution of stochastic programs. For example, Balaman et al.

(2014) designed an anaerobic digestion supply chain, under cost and environmen-

tal criteria optimisation. Their model considers uncertainties by employing a Fuzzy

multi-objective MILP. Osmani and Zhang (2014) employed a decomposition based

on the Sample Average Approximation method. Gebreslassie et al. (2012) utilised

the Multicut L-shaped method, while the work by Shastri et al. (2011) employed a

decomposition scheme together with a distributed computing approach.
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24.3 Energy/Biomass Supply Chain Modelling

This section describes the generic problem associated with the optimal design and

operation of Biomass SC networks. In general, the SC strategic level determines the

network through which the final product is manufactured/generated and distributed

to finally reach the final consumer. The goal of a SC network design problem is to

determine the optimal sourcing, manufacturing and distribution configuration for the

different product lines of an enterprise. The most common approach is to formulate

a large-scale Mixed Integer Linear Program (MILP) that captures the main revenue

channels as well as the relevant fixed and variable operating costs for each facility and

each major product Graves and Tomlin (2003). Specifically, a Biomass SC network

consists of a number of potential geographical locations where either a conversion/

pre-treatment site and/or distribution centre can be opened, and suppliers at fixed

locations which have available biomass with different properties. The characteristics

of the biomass can be changed by using the pretreatment units (e.g., drying or tor-

refaction) so that the treated biomass meets the characteristics required to be used in

further steps. Even more, such pre-treatments increase the energy content and bulk

densities of the biomass. Material flows between any facilities may appear if select-

ing such flow allows improving the performance of the SC. A market demand may

be served by more than one site.

The mathematical model supports managers on planning decisions such as:

∙ The active SC nodes and links among them;

∙ The facilities capacity expansion in each time period;

∙ The product portfolio per plant, production amounts, utilization level, and trans-

portation links to establish in the network alongside with material flows;

∙ The amount of final products to be sold in each market;

∙ The environmental impact associated to each SC node or activity.

A general schematic of the biomass energy SC is shown in Fig. 24.2. Notice that

it is comprised by four blocks: (i) sourcing, (ii) pretreatment, (iii) generation, and

(iv) distribution. The sourcing block consists in collecting the different biomass that

may be available from different regions and suppliers. Each type of biomass has

its own characterizing properties such as moisture content and heating value that

determines its energy conversion efficiency. The pretreatment block considers those

activities that modify the quality (primarily moisture content) and/or shape of the

biomass. Examples of this kind of processes are the chipping, pelletising, drying,

and torrefaction. These activities may be necessary, provided that there may be a

technology in use which requires feeding material having a maximum moisture con-

tent and/or some shape requirements. The generation block converts the biomass

into energy or any biofuel. Finally, the distribution block comprises those activities

aiming at delivering the final product to the consumption points.

In a first approach, the SC decisions will be taken such that an economic indicator,

i.e., Net Present Value (NPV), and an environmental impact metric, are optimized at

the end of a predefined planning horizon.
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Fig. 24.2 General schematic of the biomass SC

The environmental metric selected for this model is the IMPACT 2002+ Humbert

et al. (2005). This methodology proposes a feasible implementation of a combined

mid-point/damage-oriented approach. It relates all types of Life Cycle Inventory

results via 15 mid-point impacts (e.g., human toxicity, respiratory effects, iphoto-

chemical oxidation, aquatic ecotoxicity, terrestrial ecotoxicity, global warming) to

four end-point categories (human health, ecosystem quality, climate change-global

warming potential and resources).

24.3.1 The Mathematical Formulation

The mathematical formulation of the biomass-based SC problem is briefly described

next. This is a MILP formulation based on the works of Laínez-Aguirre et al. (2009)

and Bojarski et al. (2009). In this chapter, the most relevant parts of the formulation

are briefly explained. The interested reader is referred to the previous references for

the complete formulation. The variables and constraints of the model can be roughly

classified into three groups. The first one concerns process operation constraints.

The second one deals with the environmental model, while the third refers to the

economic formulation.

24.3.1.1 Operations Model

The design-planning model selected is adapted from the work of Laínez-Aguirre

et al. (2009). This model translates the State-Task-Network (STN) formulation

Kondili et al. (1993) to the SC context. This facilitates the consideration of
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pretreatment activities and their outputs. The SC material balances can be modelled

by means of a single equation set for all materials and echelons. This is possible

since the formulation is centred around tasks i in contrast to the traditional product-

based formulations. Thus, the most relevant variable of the model is Pijff ′t, which

represents the magnitude of a particular task i, performed using technology j during

period t, whose origin is location f and destination is location f ′. In the case of pro-

duction activities, they must receive and deliver material within the same location

(Pijfft), while a distribution activity have different facilities f and f ′. This mathemat-

ical formulation assumes that an activity consumes and produces certain materials

with determined properties and can be performed in different equipments.

Mass balance is one of the main building blocks of the formulation and must be

satisfied at each node of the network. The expression for the mass balance for each

type of material s (raw material, pre-processed biomass, final product) processed at

each potential site f in every time period t is presented in Eq. (24.1). Parameter 𝛼sij is

defined as the mass fraction of material s that is produced by task i using technology

j. Ts is a set that refers to tasks that produce s, while 𝛼̄sij and ̄Ts sets, are associated

with tasks which consume s.

Ssft − Ssft−1 =∑

f ′

∑

i∈Ts

∑

j∈(Ji∩̃Jf ′ )

𝛼sijPijf ′ft −
∑

f ′

∑

i∈ ̄Ts

∑

j∈(Ji∩̃Jf )

𝛼̄sijPijff ′t∀s, f , t (24.1)

For biomass SC, it is particular important to include an energy balance equa-

tion. If we considered that biomass properties are fixed along the different process in

the network, the energy balance is satisfied directly by the definition of the streams.

However, we would like to relax this assumption. For that purpose, we defined the

set of activities (̄I) for which it is convenient to let the model specify the mixture of

inputs required in order to achieve a given value of a specific biomass property; for

instance, a specific moisture content. For such activities, the combination of feed-

stock and, therefore, the proportion of each feedstock is variable. In order to model

this feature, the mass balance is modified as shown in Eq. (24.2). Note that Eq. (24.1)

is a particular case of Eq. (24.2).

Ssft − Ssft−1 =∑

f ′

∑

i∈Ts

∑

j∈(Ji∩̃Jf ′ )

𝛼sijPijf ′ft −
∑

f ′

∑

i∈ ̄Ts

∑

j∈(Ji∩̃Jf )

𝛼̄sijPijff ′t

+
∑

i∈(Ts∩̄I)

∑

j∈(Ji∩̃Jf ′ )

Pvsijft −
∑

i∈( ̄Ts∩̄I)

∑

j∈(Ji∩̃Jf ′ )

Pvsijft ∀s, f , t

(24.2)

With regard to the variables Pijff ′t [kg] and Pvsijft, the former is used in the mass

balance (Eq. (24.2) coupled with the parameter 𝛼sij or 𝛼̄sij which specify a fixed pro-

portion of material produced or consumed for a task i. On the other hand, Pvsijft
is modelling flexible tasks which allow the proportion of the material produced or
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consumed to vary so as to provide more degrees of freedom for biomass mixing to

the model. Consequently, Pvsijft is not multiplied by such parameters in Eq. (24.2).

The energy balance for “flexible” activities is represented by Eq. (24.3). Here,

HVs [MJ/kg] is the heating value of material s. Each type of biomass has a different

heating value. A specific activity changes the heating value of the output stream if (i)

it is a pre-treatment task that modifies explicitly the calorific value of the biomass,

or (ii) it is a task whose main objective is the change of shape, but it is fed with a

mixture of biomasses.

∑

s∈Ts

HVsPvsijft =
∑

s∈ ̄Ts

HVsPvsijft

∀i ∈ ̄I, j, f , t
(24.3)

In case the flexible activities must be fed by an input stream with a given moisture

content (MC), constraint (24.4) is enforced. The parameters Waters and Watermax
ij

represent the MC for material s, and the maximum MC allowed for task i performed

in equipment j, respectively.

∑

s∈Si

WatersPvsijft ≤ Watermax
ij

∑

s∈ ̄Si

Pvsijf ′t

∀i ∈ ̄I, j, f , t
(24.4)

The previous equations are the most relevant for biomass SC models compared

to a traditional supply chain. The complete operations formulation includes capacity

and market related equations that are common to most strategic network configura-

tion models which can be found in Laínez-Aguirre et al. (2009).

24.3.1.2 Environmental Formulation

The application of the life cycle assessment (LCA) methodology to the SC model

allows the implementation of the environmental formulation, which uses the IMPACT

2002+ as metric. Here, environmental interventions for each activity i are translated

into metrics related to impact as end-points or mid-points metrics by the usage of

characterisation factors. Equation (24.5) calculates ICaft which represents the mid-

point environmental impact a associated with site f , as a consequence of carrying

out activities in period t. In turn, 𝜓ijff ′a is the a characterisation factor of the environ-

mental category impact for task i performed using technology j, receiving materials

from node f and delivering them at node f ′.

ICaft =
∑

j∈̃Jf

∑

i∈Ij

∑

f ′
𝜓ijff ′aPijff ′t ∀ a, f , t (24.5)
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Equation (24.6) introduces DamCgft [points], which is a weighted sum of all mid-

point environmental interventions. They are combined using g end-point damage

factors 𝜁ag [adim.], normalised with NormFg factors. Moreover, Eq. (24.7) calculates

g normalised end-point damage along the SC (DamCSC
g [points]).

DamCgft =
∑

a∈Ag

NormFg𝜁agICaft ∀ g, f , t (24.6)

DamCSC
g =

∑

f

∑

t
DamCgft ∀ g (24.7)

Equation (24.8) aggregate the end-point environmental damages for the whole SC.

Impact2002overall =
∑

f

∑

g

∑

t
DamCgft (24.8)

For further details regarding the environmental formulation the interested reader

is referred to Bojarski et al. (2009).

24.3.1.3 Economic Formulation

The expressions required to compute the operating revenue, the operation costs, the

total capital investment, and NPV are included in the economic formulation.

For instance, the operating revenue is expressed in Eq. (24.9) as the product sales

during period t.

ESalest =
∑

s∈FP

∑

f∈Mkt

∑

f ′∉(Mkt∪Sup)
Salessf ′ftPricesft ∀t (24.9)

General speaking, the operating costs include fixed (FCostt) and variable

(EPurchet) costs. The latter usually includes the cost of purchases from supplier,

transport cost and production cost. Another important piece of the economic formu-

lation is the total capital investment on fixed assets (FAssett), which must consider

the investment made to expand the technology’s capacity j in facility site f in period t.
Equation (24.10) represents the profit in period t, as operating revenues minus

fixed and variable operating costs. The NPV can be calculated as in Eq. (24.11).

Profitt = ESalest − (FCostt +
∑

e
EPurchet) ∀ t (24.10)

NPV =
∑

t

(
Profitt − FAssett

(1 + ir)t

)
(24.11)
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The overall optimisation problem can be posed mathematically as follows:

Min
X ,Y

{
−NPV , Impact2002overall,−SoC

}

subject to

Operations, Environmental and Economic formulation;
X ∈ {0, 1};Y ∈ ℝ+

where, X denotes the binary variables set, while Y corresponds to the continuous

variable set.

24.3.2 A Hydrogen Supply Chain

This case study illustrates the basic concepts behind the biomass SC design-tactical

model outlined in the previous section and was first presented in Laínez et al. (2011).

It compares the generation of electricity and H2 from two different kinds of feed-

stock: (i) different biomass wastes and (ii) coal.

24.3.2.1 Case Study

A simplified potential network is proposed and restricted to Spain (see Fig. 24.3).

Lugo (F1), Ciudad Real (F2) and Burgos (F3) are considered to be possible facil-

ities location nodes. The feedstock is supposed to be available at Cordoba (LA),

Lugo (LB), Cuenca (LC), Santander (LD) and Oviedo (LE). This last site is the

one supplying coal. Hydrogen is supposed to be sold at three market places located

at Madrid (M1), Valencia (M2) and Barcelona (M3), while electricity is fed to the

Spanish electricity network at their respective generation places. Different biomasses

are modelled considering that each of them possesses different energy content and

humidity. Here, coal has been considered as a dry material which does not require

any pretreatment.

The biomass may be pretreated before being finally processed. Figure 24.4 depicts

the different pretreatment processes that may be applied to the biomass (BM) so that

it achieves the adequate shape and properties (energy content and humidity) for later

processing. In this case study bulk density has not been considered for the sake of

simplicity. The pretreatment options considered here are: chipping, drying, torrefac-

tion and pelletising. It is assumed that the condition for biomass to pass through

torrefaction is to have a LHV lesser than 15 MJ/kg, while to be pelletised biomass

must have a humidity equal to or lower than 7 %. The parameters associated with the

pretreatment processes are listed in Table 24.1.

The technology that is employed to provide the final product is gasification and

a gasification plant with Carbon Capture and Storage (CCS) for the H2 genera-

tion. Efficiencies of 40 % and 30 % are assumed for each plant respectively. Other
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Fig. 24.3 Location map for the potential SC network

Fig. 24.4 STN representing the pretreatment activities for a generic biomass

relevant information concerning these technologies is presented in Table 24.2. In

order to assess the environmental impact associated with the energy SC, the available

LCI values were retrieved from the LCI database EcoinventV2.0 using SimaPro 7.1.6

SIMAPRO (2004) and converted directly to the IMPACT 2002+ mid-point indica-

tors. For those activities which were not available, the impacts were assumed based

on similar products or activities. The project is evaluated along a planning horizon
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Table 24.1 Pretreatment processes and their main modelling assumptions

Activity/

equipment

Moisture

losses (%)

Dry matter

losses (%)

Operating

cost

(EUR/t)

Capacity

(t/h)

Investment

(1× 106

EUR)

Electricity

consump-

tion

(MWh/t)

Chipper 0 0.17 2.5 30 0.37 5

Dryer 88 0.08 55 100 5 20

Torrefactor 55 19 40 20 0.1 37

Pelletizer 0 0 3.5 6 0.485 30

Table 24.2 Parameters for the processes for electricity and H2 generation

Technology Operating cost

(EUR)

(1× 106EUR)

Capacity Investment Product price

(EUR)

Total monthly

demand

Electricity 34.2/MWh 300 MW 860 0.151/ kW-h 75000 MWh

H2 1880/t 33.6 t/h 1500 3/kg 650 t

of 25 years, considering monthly planning decisions. The model was implemented

in GAMS which is algebraic modelling software.

24.3.2.2 Results

Figure 24.5 shows the obtained dominant biomass based SC that maximises NPV. It

is found that the three potential locations are considered and on each one of them a

facility is opened. All pretreatment technologies are installed in location F1 besides

the required equipment to produce H2. From this site H2 is delivered to all mar-

kets. F1 is collecting all the forest wood residues (FWR) for which larger mass flows

are required due to their low LHV. By establishing F1, which is near to the FWR

collection site, significant savings in transportation are obtained. The electricity is

generated in site F2. In this site; equipments to perform chipping, drying and pel-

letising are installed. The electricity demand of each market is satisfied from site F2.

Site F3 is used just as a distribution centre for pre-treated biomass. Equipment for

chipping and drying is installed in such a site. For this configuration there are some

inter-site flows, clearly showing the capabilities of the model to tackle with inter-

site distribution tasks. For instance, forest wood residues which have been dried and

torrefied are being sent from site F1 to F2. By having materials flows of pre-treated

biomass the transportation cost is reduced due to their higher bulk density.

The optimal configuration for the environmental impact has also been obtained.

Figure 24.6 shows the minimum IMPACT 2002+ configuration for the biomass

based SC. This supply chain fulfils with the same demand as the one obtained by

optimising NPV. For this case the location F3 is not considered, and all biomass is
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Fig. 24.5 Optimal NPV network configuration for the biomass based SC

sent from the collection sites to locations F1 and F2. This configuration is satisfying

the demand of electricity from both locations F1 and F2, whereas H2 is delivered

from site F2. This allows to slightly reduce the environmental impact associated

with transportation. Recall that we introduce a “flexible” task to account for those

tasks for which we would like the model to decide how to better mix different bio-

masses so as to achieve a given specified biomass property. We have assumed that

the pelletizer is one of such tasks for this case study. To give an example, there are

periods in which the model proposes to make the following mix: 1.4 % forest wood

residues, 30.3 % dried and torrefied forest wood residues, 10.5 % dried pine waste,

14.4 % dried almond tree prunings, and 43.5 % chipped olive pomace (mass basis).

This mixture is then fed to the syngas production plant. The values of humidity corre-

sponding to these materials are 10.0 %, 6.0 %, 7.0 %, 7.0 % and 7.5 %, respectively. It

can be proved that the humidity of this mix is 7.0 % which is the maximum humidity

allowed for the pelletiser input.
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Fig. 24.6 Optimal IMPACT 2002+ network configuration for the biomass based SC

Fig. 24.7 Distribution of environmental impacts for single objective optimization solutions,

according to different SC activities
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Table 24.3 Environmental impacts arising from the optimisation results [Impact 2002+ pts]

End point impact

category

Impact 2002+

optimisation

NPV optimisation 100 % coal-based SC

Human health 16255.29 17267.21 109640.5

Ecosystem quality 3375.79 3610.96 11077.16

Climate change 90383.37 90950.66 95334.48

Resources 5292.64 5852.73 140605.9

Impact 2002+ 115307.1 117681.6 356658.1

By deploying the SC configuration corresponding to the more profitable SC con-

figuration, a NPV equal to 228.51 M EUR is obtained. This value is reduced by

3 % when the environmental friendly configuration is established. The main differ-

ence between these two configurations is the investment required for installing the

proposed capacity in the different sites. With regard to environmental interventions,

electricity generation and H2 production are the most important factors contribut-

ing to the overall environmental impact in both single objective optimization cases;

while biomass sourcing is the least impacting aspect (Fig. 24.7). This clearly shows

that activities to reduce environmental impact should be focused on improving the

technologies used to produce energy and H2.

For comparison purposes the optimal SC based on coal was also obtained. An

NPV improvement of 219 % can be gained by utilizing coal as feedstock when com-

pared to the Biomass based SC. The main difference is from the production cost

which is due to the pretreatment activities that are required in the biomass based SC.

This fact also makes the investment increase in the Biomass SC. However, the Impact

2002+ is increased in 203 % compared with the biomass based SC (Table 24.3). It is

noteworthy that the impact associated with the climate change category is very sim-

ilar for both cases. We have to bear in mind that CO2 is still emitted when using a

Biomass SC, however this biomass is regenerated faster than fossil fuels. Neverthe-

less, the other categories are significantly increased in the coal based SC, specially

for the resources and human health. This fact emphasizes the significance of having

an overall impact indicator instead of a partial indicator such as CO2kg.

24.3.3 Biomass Supply Chains in Developing Economies

This second case study contemplates a specific rural area of a developing country,

Ghana (Africa) which has been presented in Pérez-Fortes et al. (2012).
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24.3.3.1 Case Study

Nine communities in Atebubu-Amantin district, in the Brong Ahafo Region (see

Fig. 24.8) are part of the analysis. The selected communities form a region with a

main characteristic: they are equipped with a multi-functional platform (MFP) that

currently supplies the electricity needs; cell phone’s battery charging, water refriger-

ation, lighting, radio, TV, computer and maize mills and cassava graters. Those com-

munities are therefore used to pay for the electricity service. Data for the SC char-

acterisation was provided by the Energy Center, in Kwame NKrumah University of

Science and Technology (KNUST), and the NGO Kumasi Institute of Technology,

Energy and Environment (KITE) (Ghana). The MFP’s project in Atebubu district

has been executed in collaboration with KITE and the local NGO called Women and

Children Support Organisation (WACSO).

The electricity demand has been estimated on the basis of references from previ-

ous experiences on rural electrification projects, in West Africa and South American

communities conducted by Arranz-Piera et al. (2011) and the company Trama Tec-
noambiental Vallvé et al. (2007); Arranz-Piera (2008). The highest estimated gross

demand is 448.65 kWh/day in Kumfia community, while the lowest is 21.17 kWh/day

in Nwunwom community. Such figures take into consideration the LV microgrid

losses. Figure 24.10 depicts the nine communities represented by their relative energy

demands (in blue), in a square grid that represents their relative distance in km. Black

points mark potential locations for pre-treatment and treatment units; all the commu-

nities and four more intermediate sites are considered as potential locations.

Cassava rhizome is the biomass waste considered in this study. Cassava is a well

extented tropical crop in the country, mainly used as food (in the form of fufu or

gari). Agriculture is the most important economic sector, with cassava, yam and

maize as basic products. The cassava is planted once a year, in April, during the

rainy season and does not need any special care. A 66.5 % of the tubercle is cassava

rhizome Pattiya (2011). As the produced wastes have no current alternative use, the

cost of acquisition is considered negligible. Table 24.4 summarises the cassava main

Fig. 24.8 Location of Atebubu district, in Ghana
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Table 24.4 Feedstock properties

Biomass Cost ($/t) LHVar
(MJ/kg)

MC (% wt) Seasonality Yearly

available (t)

Cassava waste 0 10.61 42.50 June–October 1666.13

Fig. 24.9 Pre-treatment activities layout

properties. The last column shows the total amount of cassava waste produced by

the 9 communities. This value has been calculated by considering that from the total

amount produced in Atebubu district, only a 20 % can be taken for electricity pur-

poses. According to Serpagli et al. (2010), 264649 t of cassava has been produced

during 2009 in the whole Atebubu district, representing 17667.6 GJ/yr.

Inlet biomass can be fed to a gasifier, however it must be chipped and have 20 % or

less of MC. It is supposed that the only possible biomass storage is carried out before

chipping and gasification using on-field storage which is the cheapest and simplest

option. Figure 24.9 shows the layout of the different pre-treatment options applied to

the biomass (BM). MC, DM, shape and LHV change along the network.

The most important parameters in the biomass gasifier are the amount of inlet air

(i.e., the equivalence ratio, ER) and the MC. See the main system’s parameters in

Table 24.5. The gasification units range between 5 and 100 kWe. Table 24.6 lists the

parameters required for cost estimation of the pre-treatment units, the G-ICE plant

and transportation. The diesel price is assumed as $1133.31/t.
1

With regard to the environmental formulation, Impact 2002+ metric is used to

evaluate the environmental impact in points (pts). LCI values are retrieved from

LCI database Ecoinvent-V1.3 (2006) using SIMAPRO (2004), and they are directly

converted into Impact 2002+ mid-point indicators in the so-called LCIA step. The

impact of the gasification has been adapted from a large scale gasification plant

impact, an IGCC, considering the efficiency difference in energy terms between the

two plants.

One important aspect considered in this case study is the social impact. The

approach proposed to quantify this criterion consists in the number of demand sites

that have a treatment or pre-treatment system installed. The aim is to install as many

as possible to promote working places in the widest range of communities or demand

1
On-field data.
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Table 24.5 Principal output values

Parameter Values

Tgasif (
◦
C) 702.00

Producer gas composition (on a mole basis)

CO 23.93

CO2 10.49

N2 37.07

H2 20.88

CH4 3.58

H2O 4.03

Flowrate (kg/h) 35.33

LHV (MJ/kg) 6.32

CGE (%) 68.00

Power (kWe) 15.80

𝜂 (%) 17.00

Table 24.6 Economic parameters for pre-treatment units, G-ICE plant, transportation and utilities

consumption. Data from Hamelinck and Faaij (2002), Hamelinck et al. (2003), TRAMA (2008),

Ankur Scientific Energy Technologies Pvt. Ltd., KITE and WACSO

Base scale Base

investment

O and M (% of

investment)

Utility

consumption

Lifetime (yr)

Drying 100 t/h M$10.5 3 0.06 ⋅ tH2Oev
(t diesel)

15

Chipping 80 t/h M$1.2 20 Bond law 0.15

⋅ t input (kW)

15

G-ICE system 20 kWe M$0.05
1

4 7

Transportation

biomass

Tractor full

$0.32/km ⋅ t

Loading and

offloading

$1.32/t

MV network
2

$5000/km

1
LV network costs are included here

2
Transformer cost is $1000

sites. Therefore, the social criterion SoC should be maximised (see Eq. 24.12). This

criterion assigns a value of 1 to each unit installed per site f . If V is the binary variable

that characterises the number of units installed per site, this metric can be expressed

as follows:

SoC =
∑

j

∑

f

∑

t
Vjft ∀ j, f , t (24.12)
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24.3.3.2 Results

Three scenarios are obtained by optimizing the individual metrics: NPV, Impact

2002+ and SoC. The optimal networks are represented by four types of matter flows

that connect the different sites. Those flows are: raw material from harvesting, stored

raw material, dried matter and chipped matter, characterised by different colours in

Fig. 24.10. Flowrates are obtained in tons/month. All networks distribute dried mate-

rial. The chipped biomass is the most used alternative. Since it has been assumed that

cassava waste is produced into each community, proportional to the population, there

is no need to employ a MV microgrid and use intermediate sites. Moreover, the high

investment costs associated with an intermediate site prevent their use. The simplest

network comes out from the environmental impact minimisation, with only chipped

matter being generated. Table 24.7 lists the calculated capacity for the equipments

installed at each site for each scenario.

Table 24.8 summarises the three criteria evaluated for each optimal network. If the

most environmental friendly option is selected, the decision maker should be willing

to compromise around 60 % of the optimum NPV which implies just a 2 % improve-

ment in the environmental metric. In order to decrease the environmental impact,

there is a necessity of more decentralised units. This requires a significant greater

investment in comparison with the NPV optimum alternative. Notwithstanding, the

gain in the environmental impact only results from a reduction in transportation. The

environmental impact for the social SC network is closer to the optimal environmen-

tal impact. The maximum value for the social criterion is 27, installing 3 units per

site. In this case the capacity of the installed units is adapted to match the demand of

each community. However, a certain degree of centralisation is needed in network

to ensure its financial sustainability.

The needed amount of biomass to satisfy the electricity demand is 1526 t/yr. An

8.4 % of the total available cassava rhizome is not used and can be employed for other

purposes. The most important differences among the three selected criteria concern

transportation and investment. Due to the cassava waste disposition, which is present

in all the communities, no MV microgrid is installed. The smallest communities

whose demands are far from the biggest ones, such as Seneso or Nwunwom, are the

communities that show more variability along the different scenarios. The largest

variability comes from the chipper and dryer installations, since those are the units

used to adjust the social factor during the search of optimal scenarios. Even though

there is enough biomass to be self-sufficient, biomass from other communities is

processed to supply the demand of small communities. By doing so, the investment in

pre-treatment technologies is reduced. Such a reduction has a major contribution than

the savings in transportation that would be gained if the biomass were pre-treated

locally for these small communities. It is also relevant to notice that transportation of

raw biomass is carried out from some small communities to other ones with installed

pre-treatment capacity in order to face biomass seasonality. Also, it is important

to highlight that this type of models can be used to explore the sensitivity of the

solutions to important parameters. For example, the effect of the electricity price

($0.233/kWh) on the optimal NPV network can be analysed. It is found that if the
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Fig. 24.10 Optimal network

configurations for the three

selected criteria. See in

brown the non-stored raw

matter flow, in green, the raw

matter flow, in orange the

dry matter flow and in purple
the chipped matter flow.

a Optimal NPV network

configuration. b Optimal

Impact 2002+ network

configuration. c Optimal

social network configuration

(a)

(b)

(c)
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Table 24.8 Economic,

environmental and social

aspects for the individual

objective functions optimised

networks

NPV optimisation ($) 89895.95

Impact 2002+ (pts/yr) 113.46

Social criterion 17.00

NPV ($) 36867.21

Impact 2002+ optimisation (pts/yr) 110.94

Social criterion 27.00

NPV ($) 45155.60

Impact 2002+ (pts/yr) 111.43

Social optimisation 27.00

electricity price falls below $0.2/kWh and equipment investment remains the same

then the viability of the network breaks down, i.e. the NPV becomes negative.

24.3.4 Biomass Supply Chains in Developed Economies

This last case study is a retrofitting proposal for coal combustion power plants in

Spain that contemplates the use of biomass to replace a fraction of coal. It was first

presented in Pérez-Fortes et al. (2014).

24.3.4.1 Case Study

Provided a set of biomass collection sites and the current list of power plants in Spain,

the SC model assists on the decisions associated with the technology allocation prob-

lem and the flows of materials between sites, while quantifying the performance of

the proposed configuration in terms of NPV and environmental impact, IMPACT

2002+.

The types of biomass waste used in this case study are forest wood residues (FWR)

and agricultural woody residues (AWR) from Gómez et al. (2010a, b). The amount

of biomass available in collection areas is estimated by an approach that integrates

physical, geographical and technical limitations, providing an upper bound for the

potential availability Gómez et al. (2010b). It is assumed that no transportation cost

is charged for biomass assembly inside the collection areas. Table 24.9 sums up the

main characteristics of FWR and AWR used for modelling purposes.

The technology considered for biomass usage in a combustion plant is co-firing.

According to Basu et al. (2011), the investment is around 192e/kWth for this tech-

nology. Operation and maintenance (O&M) costs represent 4 % of the investment

Gómez et al. (2010a). The type of coal used into each plant is specified in López-

Vilariño et al. (2003). See Tables 24.10 and 24.11 for further detail about the power

plants, their coal origin and power produced.
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Table 24.9 Feedstock characteristics Gómez et al. (2010b)

Biomass

waste

MC

(%wt)

LHVar
(MJ/kg)

BD

(kg/m
3
)

Yearly

available

(kton)

Adjusted

availabil-

ity

(kton)

Seasonality Cost

(e/ton)

FWR 30 12.5 140 7,748 1,162 None summer 56

AWR 40 10.8 100 3,883 2,718 and winter 52

Table 24.10 Types of coal used in the Spanish power plants. Data for 2010 ENERCLUB (2010);

López-Vilariño et al. (2003); REE (2010)

Type Origin LHVar (MJ/kg) Cost (e/t)

Coal 1 Sub-bituminous 1 Local 12.57 85

Coal 2 Sub-bituminous 2 Local 17.81 85

Coal 3 Bituminous 1 Local 22.63 85

Coal 4 Bituminous 2 Imported 27.03 80

Biomass storage is allowed after harvesting/collection and after pre-treatment

sites. This case study considers open air covered storage for raw material. MC

decreases due to natural drying and DM is reduced due to degradation: losses of

2 % MC and 0.25 % DM can be accounted Rentizelas et al. (2009); Maciejewska

et al. (2006).

Figure 24.11 shows the general network configuration considered in this case

study. After being collected, the biomass waste may be transported to different sites

to be stored. Following, there are two mandatory processes before biomass pre-

treatment to obtain the mandatory conditions of MC and shape: chipping and drying.

Thereafter, torrefied biomass (TOR), torrefied pellets (TOP), pellets (PEL), bio-oil

(OIL) or bioslurry (SLU) are produced before being stored if needed, and processed

in the power plant. Trucks, adapted to carry solids or liquids are used biomass dis-

tribution.

Table 24.12 summarizes investment, O&M costs and utilities consumption for

pre-treatment units, storage and transportation echelons. Utilities cost are 1,393 e/t

MITYC (2010) for diesel and 0.04463 e/kWh CNEL (2010) for electricity. The elec-

tricity sold is bought at 0.03701 e/kWh OMEL (2011).

24.3.4.2 Results

We are going to focus on two scenarios to demonstrate the capabilities of the biomass

SC optimization in the context of developed economies. They are proposed to eval-

uate the trade-offs among the state -of-the-art (SOTA) pre-treatments, i.e. torrefac-

tion, pelletisation, pelletisation of torrefied biomass, fast pyrolysis and fast pyrolysis

combined with char grinding:
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Table 24.11 Spanish thermal power plants characteristics ordered by region. Installed power

(MW) and used capacity (GWh) for 2010 López-Vilariño et al. (2003); REE (2010)

Model name Name Power (MW) Energy (GWh) Type of coal

m1 Puentes García

Rodríguez

1,468 4,955 Coal 1

m2 Meirama 563 856 Coal 1

m3 Aboño 916 3,663 Coal 3

m4 Lada 513 698 Coal 3

m5 Soto de la Ribera 604 927 Coal 3

m6 Narcea 595 1 Coal 3

m7 Anllares 365 0 Coal 3

m8 Compostilla 1,171 209 Coal 3

m9 La Robla 655 29 Coal 3

m10 Guardo 516 63 Coal 3

m11 Pasajes de San

Juan

217 487 Coal 4

m12 Cercs 162 516 Coal 2

m13 Escatrón 80 0 Coal 2

m14 Teruel 1,102 1,793 Coal 2

m15 Escucha 159 156 Coal 2

m16 Litoral de

Almería

1,159 4,409 Coal 4

m17 Los Barrios 589 2,489 Coal 4

m18 Puertollano 221 255 Coal 3

m19 Puentenuevo 324 590 Coal 3

Total 11,379 22,096

∙ Scenario A (SCNA). This option considers as alternatives all the proposed pre-

treatments. The model is forced to select at least one SOTA pre-treatment.

∙ Scenario B (SCNB). This alternative optimizes the SC considering as SOTA pre-

treatments only the use of fast pyrolysis and fast pyrolysis with char grinding.

Figures 24.12 and 24.13 illustrate the optimum networks obtained for each cri-

terion and scenario. With regard to SCNA, Fig. 24.12a, b show that the difference

between the NPV and IMPACT 2002+ optimisation results is around the distribu-

tion among sites. The environmental optimisation does not suggests transportation of

intermediates between sites which indeed contributes to reduce the overall impact.

Moreover, this is achieved by installing pre-treatment unit in each collection area.

Meanwhile, the NPV takes advantage of economies of scale by suggesting equip-

ment of higher capacity at fewer locations.

Figure 24.13a, b depict the optimum networks for fast pyrolysis combined with

char grinding. Both networks are very similar. There is mostly transportation of

raw biomass from suppliers to intermediate sites despite the biochar being more
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Fig. 24.11 Properties for a FWR stream along the SC. LHV is on ar basis. The efficiency (Eff ) is

defined in terms of LHVar

Table 24.12 Economic parameters of pre-treatment and storage units and transportation

Hamelinck et al. (2003); Magalhaes et al. (2009); Uslu et al. (2008)

Base scale Base

investment

O and M (%

of investment)

Utility

consumption

Lifetime (yr)

Chipping 80 t/h 0.7 Me 20 Bond law

0.15 ⋅ tinput
(kW)

15

Drying 100 t/h 6.9 Me 3 0.06 ⋅ tH2Oev
(t diesel)

15

Torrefaction 40 MWthin
6.2 Me 5 92 kWh/tinput 10

Torrefaction +

Pelletization 40 MWthin
7.5 Me 5 102 kWh/tinput 10

Pelletization 40 MWthin
5.9 Me 5 129 kWh/tinput 10

Fast pyrolysis 40 MWthin
10.5 Me 4 75 kWh/tinput 25

Fast pyrolysis +

char grinding 5 t/h 4.9 Me 5 95 kWh/tinput 25

Open air covered

storage

0.53

e/m
3
month

Silo storage 5000 m
3

0.45 Me 3 25

Tank storage 2272 m
3

1.11 Me 3 25

Transportation 130 m
3

0.69 e/m
3

solid 1.16 e/km

Transportation 33 m
3

0.69 e/m
3

liquid 1.70 e/km
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(a)

(b)

Fig. 24.12 Optimal network configurations for the two selected criteria and mandatory SOTA pre-

treatments (SCNA). a Optimal NPV network configuration for SCNA. b Optimal Impact 2002+

network configuration for SCNA

dense. However, observe that liquid product transportation is carried out by trucks of

smaller capacity. From the size of the fast pyrolysis plants installed and also consider-

ing the efficiencies of chipping and drying (as for example calculated in Fig. 24.11),

it can be observed that the minimum capacity available for chipping and drying (for
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(a)

(b)

Fig. 24.13 Optimum network configurations for the two selected criteria and production of liq-

uid fuel (SCNB). a Optimum NPV network configuration for SCNB. b Optimum Impact 2002+

network configuration for SCNB

both scenarios) is larger than input demand. On the other hand, fast pyrolysis units

are installed in around 70 % of the candidate nodes at its maximum capacity.

Due the its higher bulk density, liquid biomass is adequate for long distance trans-

portation and for storage in smaller places. Nevertheless, fast pyrolysis is still in a
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Table 24.13 Revenues increase to cover the biomass SC

EcO-SCNA EnvO-SCNA EcO-SCNB EnvO-SCNB

Revenues

increase

15.30 % 20.66 % 21.71 % 23.24 %

pre-commercial state and therefore, is more expensive than other alternatives. In

addition to that, according to the data for this specific case study, trucks to move liq-

uid biomass are smaller and more expensive than trucks used to transport solid bio-

mass. Under the considered data assumptions, we can concluded that to make liquid

biofuels attractive their distribution cost should drop by 30 %, or from another point

of view, the distances to be covered should increase by a factor a 1.4–1.5 to justify

the conversion into biochar. By comparing the (i) consumed biomass (i.e. efficiency

of the process), (ii) overall cost and (iii) investment for the same networks, liquid

fuel results in a needed global expense decrease of 5 % to be similarly “attractive”.

If this reduction is to come only from technology investment, this should decrease

by 15 %.

Other type of outcome from this analysis is listed in Table 24.13. It shows the

needed increment in electricity price to afford the investment and operation along

10 years for each of the optimal proposed networks. This increase oscillates between

9 and 23 %.

24.4 Conclusions

This chapter has emphasised some of the insights that an optimisation approach

for biomass supply chains can provide. These may result useful to move efficiently

towards the goals established in the horizon up to 2050. The approach consists of

a MILP formulation that considers long-term strategic decisions such as selection

of pre-treatment trains of units and their respective location, selection of biomass

sources, location of processing sites, and distribution centres. The problem has been

formulated with multiple objective functions: the net present value, the Impact2002+

metric to quantify the overall environmental impact, and a surrogate social metric

that considers the processing units installed in each location. The latter is especially

significant when addressing problems in developing economies, as the electrification

problem presented for the communities in the Atebubu-Amantin district in Ghana.

Another two distinctive features of the described approach are (i) the model’s capa-

bility of combining feeds and determining the optimal proportions of each input for

the energy generation activity and (ii) the consideration of passive drying during stor-

age. However, further analysis is necessary for determining the benefits of providing

these additional degrees of freedom in contrast to assuming a unique source with

average properties. For cases where such benefits are significant, exploring the exten-

sion of this flexibility to other activities included in the biomass supply chain, such
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as storage and pre-treatment, may prove worthy. Further work is devoted to envis-

aging decomposition strategies to reduce the computational cost of solving this type

of problems. The capabilities of the mathematical modelling approach were pointed

out through the different case studies. These have demonstrated that this formulation

can be adapted to address different contexts (e.g., centralised and decentralised, rural

or state-wide networks).

Finally, we would like to underscore that efforts to consolidate the research car-

ried out related to pre-treatment/conversion technologies into a repository, which

would be available to the PSE community, could facilitate the feasibility evaluation

of biomass-based-energy projects.
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