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Abstract

In the UK, half a million tonnes of spent coffee ground (SCG) waste are generated annually.
Current SCG management practices of landfill and energy-from-waste (EfW) facilities either
underutilise its valuable constituents or have negative environmental impacts. This study
investigates the prospects of SCG-based biorefineries by assessing the impact of biorefinery size,
location and products on economic and environmental performances. Two biorefinery design
configurations are proposed. Configuration | produces biodiesel and electricity whilst Configuration
Il produces biodiesel and high-value chemicals. From these configurations, four biorefinery
scenarios are analysed at a 10% discount rate with 2019 as the reference year. Configuration | using
SCG from London coffee establishments yields a negative net present value (NPV) of —£3.9 million
and 22% greater greenhouse gas (GHG) emissions than conventional rapeseed biodiesel production.
Changing the SCG source to a coffee factory increases biorefinery size by 2.3 times but still
produces a negative NPV. Using Configuration Il to process SCG from coffee shops significantly
improves NPV. However, without on-site energy generation, its GHG emissions are greater than
those from conventional production methods of the high-value chemicals. An on-site Configuration
I using SCG from the coffee factory yields the best performance. It produces a NPV of £3.1 million
and GHG emissions 85% and 13% lower than that of SCG landfilling and conventional biodiesel.
Overall, these findings demonstrate the potential of extracting value from SCG waste using a
biorefinery approach, revealing a strong likelihood that future SCG biorefineries will be large scale

and on-site of SCG production.
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Nomenclature

AD Anaerobic digestion

CEPCI Chemical Engineering Plant Cost Index
EfwW Energy-from-waste

f.o.b Free on board

FFA Free fatty acids

GHG Greenhouse gas

HEN Heat exchanger network

HMF Hydroxymethylfurfural

IEA International Energy Agency

OPEX Operating expenditure

PHB Polyhydroxybutyrate

SA Succinic acid

SCG Spent coffee ground

CcC Annualised capital cost (E/y)

Ccars Carbon costs from plant’s net CO> produced (£/y)
Cs Cash flow in a particular year (£)

COSTy Equipment cost at base size and base year (£)
COST;¢ Equipment free on board cost at base year (£)

Cr Equipment cost at reference year (£)

CREe Emissions credit from electricity exported to grid (kg CO-eq./t SCG)

CRF Capital recovery factor

Crwm Cost of raw materials (E/y)

CRp Emissions credit from displaced use of conventionally produced products (kg CO.-eq./t
SCQG)

Cu Cost of utilities (E/y)

Cwr Waste treatment costs (£/y)

dr Discount rate (%)

Ecoms Emissions from combustion of biodiesel product (kg CO2-eq./t SCG)

Eenercy Emissions from energy consumed (kg CO»-eq./t SCG)
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EP Economic potential (£)

Ep Net direct CO2 emissions of plant (kg CO2-eq./t SCG)
Erm Emissions from raw materials used (kg CO2-eq./t SCG)
Etran Emissions from SCG transport (kg CO2-eq./t SCG)
Ewr Emissions from waste treatment (kg CO--eq./t SCG)

h Annual number of operating hours (h)

v CEPCI Index value

Nequip Total number of equipment

Np Total number of products

NPV Net present value (£)

OoC Annual operating cost (£/y)

p Base unit price of product (£/kg)

PL Plant production lifetime (y)

r Hourly production rate (kg/h)

R Scaling exponent

SIZEp Equipment base size (units depend on equipment type)
SIZE+ Equipment current size (units depend on equipment type)
TCC Total capital cost (£)

VAR Annual variable operating costs (£/y)

ATmin Minimum temperature difference (°C)

A% Percentage change in product price (%)

1 Introduction

Coftfee is one of the world’s most popular beverages. With a global daily consumption of 2.25
billion cups, its beans are second only to petroleum as an internationally traded commodity (Giller
et al., 2017). Coffee consumption generates large amounts of waste, with the UK alone producing
an estimated half a million tonnes of wet spent coffee ground (SCG) annually (Recycling Magazine,
2019). Currently, most SCG produced worldwide are disposed in landfills, where its decomposition
releases greenhouse gas (GHG) emissions into the atmosphere and acidic leachate containing
ecotoxic compounds (Kookos, 2018; Park et al., 2016). SCG is also treated via energy-from-waste
(EfW), which allows for energy recovery (Schmidt et al., 2020) but leaves the rich variety of

valuable organic compounds found in SCG severely underutilised. Energy recovery from SCG is
3
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done by a company known as Bio-bean, which processes the waste into pellets or logs to be sold as

renewable solid fuel (Bio-bean, 2021).

Insoluble lignocellulosic material (lignin, cellulose and hemicellulose) constitutes almost 70 wt% of
dry SCG, while proteins and oils make up 11% and 15%, respectively (Obruca et al., 2015). Most
SCG studies considered lignin as a fuel to deliver energy requirements (Mata et al., 2018; Saratale
et al., 2020). The only SCG study found to isolate lignin was performed by Lee et al. (2019),
utilising the Organosolv pre-treatment. The sugar monomers of SCG cellulose and hemicellulose
have been recovered for use in microbial growth and the production of chemicals or materials
(Kourmentza et al., 2018). Obruca et al. (2015) and Wang et al. (2010) found that concentrations of
fermentable sugars in SCG hydrolysate can be increased through combining dilute acid hydrolysis
and enzymatic digestion. Chiyanzy et al. (2015) investigated the application of steam explosion pre-
treatment as an effective method to reduce the enzyme dosage required in the ensuing enzymatic
hydrolysis of SCG. However, Mayanga-Torres et al. (2017) found that temperature above 150°C
rapidly increases the formation of toxic sugar degradation products such as hydroxymethylfurfural
(HMF) and furfural, which inhibit microbial activity in subsequent fermentation processes.
Kovalcik et al. (2018) suggested that the removal of toxic co-contaminants present in SCG
hydrolysates via detoxification steps may increase utilisation of the waste. Using different
microorganism strains, the fermentation of recovered SCG sugars can yield a wide range of
products, such as bioethanol, bioplastics and high-value platform chemicals (Kourmentza et al.,

2018).

On average, SCG contains around 15% oil (Kondamudi et al., 2008). Synthesis of biodiesel from
SCG oil via transesterification has been demonstrated (Al-Hamamre et al., 2012; Kondamudi et al.,
2008), where transesterification is the reaction between triglycerides and lower alcohols. These
studies used solvent extraction methods to isolate the oil from SCG. To eliminate the need for a
separate oil extraction process, the in-situ transesterification of SCG has been investigated, where

simultaneous extraction and transesterification produced biodiesel (Tuntiwiwattanapun et al., 2017).
4
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However, this procedure has been criticised for its high energy consumption (Kookos, 2018). One
of the challenges of SCG oil transesterification arises due to its high free fatty acid (FFA) content,
which reacts with alkali catalysts to form soap (Tuntiwiwattanapun et al.,, 2017). To avoid
significant soap formation and the deactivation of the alkaline catalyst in transesterification, the
SCG must be of less than 3 wt% FFA (Trejo-Zarraga et al., 2018). To address this, Caetano et al.
(2014) performed acid esterification and alkaline transesterification on SCG oil, resulting in a 37%
increase in biodiesel yields when compared against the direct transesterification of SCG. Typical
yields of biodiesel from esterification and transesterification have been found to be around 0.84 kg
biodiesel/kg oil (Abdelaziz et al., 2020, 2019). Energy recovery from SCG has been explored
extensively in literature. Various studies showed that dried SCG has a lower heating value (18.8
MJ/kg at 10% moisture) greater than or comparable to conventional biomass (16.3-17.6 MJ/kg for
wood pellet with 7-10% moisture) but lower than fossil fuels (25-42.5 MJ/kg), and thus it is suitable
to be used as a fuel in direct combustion (Kang et al., 2017; McNutt and He, 2018; Mayson and
Williams, 2021). However, using pure SCG as boiler fuel may cause unstable combustion, leading
to lower boiler efficiency and elevated levels of toxic gas and particle emissions (Allesina et al.,
2017; Kang et al., 2017). These issues can be minimised by blending SCG with sawdust, resulting
in combustion parameters similar to that of wood pellets (Limousy et al., 2012). Li et al. (2014),
Kelkar et al. (2015), and Choi et al. (2017) investigated SCG valorisation via fast pyrolysis, which
involves the thermochemical decomposition of biomass into bio-oil, char, and non-condensable gas
at high temperatures and in an oxygen-free atmosphere. These studies demonstrated high SCG
conversion, with Kelkar et al. (2015) reporting SCG conversion rates of 60%, 17.7% and 20.4% for
bio-oil, char and pyrolysis gas when treated at 500°C and 32 seconds. A recent study by Kibret et al.
(2021) achieved a 95% carbon conversion at 900°C via gasification of SCG in steam and CO», a
process which also involves biomass decomposition under high temperatures. Besides that, studies
on the anaerobic bacterial decomposition of SCG to methane rich biogas have been performed since

the 1980s. This process is known as anaerobic digestion (AD). Lane (1983) and Dinsdale et al.
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(1996) found SCG to have limited application as a mono-substrate of AD, failing to achieve stable
biogas production due to inhibitory compounds. To circumvent this, studies such as that by Kim et
al. (2016) have investigated the co-digestion of SCG with various co-substrates. As environmental
and resource security issues continue to rise, there has been increasing policy focus on the adoption
of a circular economy. Circular economy concept aims to promote reduction of resource
consumption and waste to landfills through reusing, recycling or converting waste materials into
more useful products (Department for Environment, Food and Rural Affairs (DEFRA), the
Department of Agriculture, Environment and Rural Affairs (DAERA), the Welsh Government and
the Scottish Government, 2020; Ng et al., 2019). The International Energy Agency (IEA)
highlighted the importance of implementing a biorefinery approach (i.e. facility with integrated
processes that convert biomass into value-added products) to achieve higher value generation and
sustainability (Ng et al., 2017; van Ree et al., 2012). It also identified the main driver of biorefinery
development as the efficient, cost-effective production of transportation biofuels. Furthermore, the
IEA proposed the production of high-value products alongside biofuel products as a promising

approach to reduce biofuel production costs within biorefineries (Sadhukhan et al., 2014).

SCG has been found to have great potential as a feedstock for the production of a wide range of
chemicals and materials, including biofuels (Massaya et al., 2019). However, few studies have
investigated the techno-economic performance of SCG biorefineries. Giller et al. (2017), Kookos
(2018) and Thoppil and Zein (2021) performed economic evaluations on small-scale biodiesel
production plants without the incorporation of high-value products. Kookos (2018) highlighted the
importance of large plant scales to achieve competitively priced biodiesel from SCG. The study also
mentioned that large scale would involve economical and practical difficulties, such as increased
logistical challenges and costs for SCG collection. Thoppil and Zein (2021) emphasised that
sensitivity analyses using different product price scenarios are needed to rigorously assess the
viability of producing biodiesel from SCG. There is thus a lack of literature evaluating the

economic and environmental performance of SCG biorefineries. These assessments are vital for

6
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informing the commercial viability of SCG biorefineries and thus their future prospects (Karmee,

2018).

This study addresses the gap in literature by investigating how the economic and environmental
performance of SCG biorefineries are affected by the following key factors: (a) plant size; (b)
valorisation routes; (c) plant location relative to SCG source. Factors (a) and (b) have been selected
due to their significant influence on plant economics (Kookos, 2018; van Ree et al., 2012), whilst
(c) has been chosen to assess biorefinery economics when SCG collection costs of a large
biorefinery is removed by locating the plant within an instant coffee factory site. Four biorefinery
scenarios of different scale, valorisation routes, and locations have been analysed. The process
configurations focus on biodiesel production as transportation biofuels are the main drivers of
biorefinery development and there is a substantial amount of literature material available regarding

SCG valorisation to biodiesel.

The performances of these biorefinery systems have been compared against that of conventional
SCG management practices and biodiesel production processes. Additionally, the GHG emissions
and costs of the biorefineries have been analysed to help identify what future research efforts should
focus on to improve the economic and environmental performance of SCG biorefineries. The
novelty of this research lies in the creation of innovative conceptual biorefinery designs for SCG
valorisation that incorporate resource efficiency enhancement features such as multiple product
generation and energy integration, followed by detailed techno-economic and environmental impact
evaluation on different scenarios that consider plant size, valorisation routes and plant location. As
environmental pressure from food waste and urgency to decarbonise transport fuels escalates, this
research is timely and crucial to identify the most economically and environmentally compelling

strategies to both tackle SCG and provide society with low-carbon advanced biofuel.
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2 Methodology

Literature review was performed to gain a holistic view of the SCG valorisation routes explored in
previous studies. The market values of the products from these routes, chemical composition of
SCG and its availability in the UK were gathered. Two biorefinery configurations were proposed.
As the transportation sector is a crucial driver of biorefinery development, both configurations
aimed to produce biodiesel. Configuration | was based on a well-researched SCG valorisation
pathway (i.e., transesterification) combined with current practices (i.e., incineration with energy
recovery). Configuration Il also aimed to maximise value extracted by incorporating more novel
valorisation methods for the production of high-value chemicals. Four biorefinery scenarios were
generated, with different combinations of biorefinery size, design configuration, and location
relative to the SCG feedstock source. For each scenario, process simulation modelling and heat
integration were performed. Technical, economic, and environmental performances were then
evaluated using energy and mass flow data from the simulations. The key indicators used to
compare the scenarios include biodiesel yield, economic potential, net present value, cost of

production per litre of biodiesel and greenhouse gas emissions.

Process Simulation Modelling: Aspen Plus V11 software was used to simulate the mass and
energy flows of each system. Overall process flow diagrams were developed, with operating
conditions and reaction pathways established based on experimental results from literature. The
non-random two-liquid (NRTL) thermodynamic property method was used as non-ideal solutions
were simulated (Gomez-Rios et al., 2019). Distillation columns were simulated via Aspen RadFrac
models with partial-vapour condensers. Pinch analysis was used to analyse the process heat
recovery potential and establish targets for minimum utility consumption. The mass flowrate,
enthalpy change, initial and final temperatures of hot and cold streams were extracted from the
Aspen Plus simulation results and input into Aspen Energy Analyser V11 software, along with a
specified global minimum temperature difference (4 7min). Using this data, a heat exchanger network

(HEN) design was generated and its heat exchangers used in capital and operating cost evaluations.
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Economic assessment: The economic analysis involved the evaluation of capital expenditure,
operating expenditure (OPEX), and profitability. An exchange rate of 1GBP = 0.72 USD was
applied. The total installed capital cost (TCC) of a plant was categorised into direct and indirect
costs. The direct costs included the free-on-board (f.0.b.) purchase and installation costs of the
biorefinery equipment. Indirect capital costs included costs for site engineering, designing, and
building. To estimate TCC, the Lang’s method was used. Equipment f.0.b cost was calculated and
updated to the reference year using the CEPCI index. This is shown in Equations (1)—(2), where
COST,, and COST; are the equipment base and purchase costs; SIZE, and SIZE are the size capacities of
the base and current systems; R is the scaling exponent; C; is the cost; IVr and IV;, the index values
of the reference year (2019) and base year (Davis et al., 2013). Finally, TCC was calculated using
Equation (3), where Nequip is the total number of equipment and 5.03 is the Lang factor of a solid-
fluid processing biorefinery (Sadhukhan et al., 2014). This method of estimating capital investment
gives a 30% accuracy. However, it must be noted that the investment required for a new plant on an
undeveloped site will be larger than on an existing, developed site. The annualised capital cost (CC)
was obtained by spreading TCC over the plant’s lifetime (PL) of 20 years at a discount rate (dr) of
10%, which is similar to the discount rates used in previous biorefinery economic analyses
(Zetterholm et al., 2020). CC was estimated by using a capital recovery factor (CRF) as in

Equations (4)—(5) (Ng and Martinez-Hernandez, 2020).

R
COST; _ (SIZEC) 1)
COST, \SIZE,
v,
= T i 2
C,=COS f(IVb) (2)
n:Nequip
TCC=5.03 x § C.; 3)
i=1
L
CR F:M 4
(+dr )PL-1
CC=TCCxCRF (5)
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OPEX included fixed and variable operating costs. Fixed operating cost comprised of the costs of
labour, supervision, laboratory, plant overhead, maintenance, local taxes and insurance (see
Appendix B, Table B.1). The number of personnel needed per shift was calculated by multiplying
the number of plant processing steps with the number of personnel required per step. The annual
cost of labour was calculated using Equation (6). The annual variable operating cost of the plant
(VAR) [£/y] was calculated using Equation (7), where Crm [E/y] represents raw material cost, Cy
[E/y] the utilities cost, Cwr [£/y] the waste treatment costs and Ccars [£/y] the carbon costs based on
the plant’s net flowrate of CO... Economic viability was measured using key performance
indicators such the economic potential (EP) [£], net present value (NPV) [£] and payback period.
EP and NPV were calculated using Equations (8)—(9), where h [h] is the number of operating hours
annually; ri [kg/h] and pi [£/kg] are the production rate and base unit price of product i respectively;
Np is the total number of products; OC [£/y] is the annual operating costs and Cs [£] refers to the

cash flow in a particular year (Ng et al., 2013).

Cost of personnel (£/year) = Number of personnel per shift X 5 shifts x 40 hours/week x (6)
52 weeks/year x Hourly wage
VAR = Cgrm + Cu + Cwr + Ccars (7
i=Np
EP=h E rp,— CC—OC (8)
i=1
n=PL
_ § G (9)
NPV = (rd)
n=0

Environmental impact assessment: The system boundary was defined (see Figure 1) and

inventory analysis was performed.

10
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Figure 1. System boundary for the SCG biorefinery.

Input and output stream data were compiled from simulation results. CCaLC2 (a life cycle
assessment software developed by the University of Manchester) was used to estimate the GHG
emissions of these input and output flows. Using 1ISO 14067 standards (International Organization
for Standardization, 2018), the net GHG emissions of the SCG biorefinery was calculated using
Equation (10), where Erm, Ep, Ecoms, Eeneray, ETran, Ewt are the emissions from the raw materials
used, the plant processes, the combustion of the biodiesel produced, the energy consumed, SCG
transport, and waste treatment. Emission credits (GHG removals) for the electricity exported to the
grid (CRg) and displacement of conventional production of the products generated from SCG (CRp)

are applied.

Net GHG = Egys + Ep + Ecomp + Egnerey + Etran + Ewr — CRg — CRp (10)

Sensitivity analysis: Price sensitivity analysis was performed on all scenarios using methodology
outlined by Ng et al. (2013). A percentage change in price (A%) was defined and three sets of prices
were generated for each product: the base price (subscript 0), a price A% lower than the base price
(subscript —A%), and a price A% higher than the base price (subscript +A%). For Np number of
products, there are n possible combinations of prices. MATLAB was used to calculate the revenues
of each of these combinations using the equation shown in Equation (11), where the price scenarios

matrix was multiplied by production rates (r) to give n revenue scenarios. The capital and operating
11
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costs (assumed to be fixed) were subtracted from each element of the revenue column vector

produced in Equation (11) to give the EP for each price scenario.

An economic risk is a change in revenue due to change in the combination of product prices.
Classes of economic risks were defined in terms of the percentage change in EP relative to the EP
calculated from base prices. The probability of a class of economic risk occurring is the ratio of the
number of combinations that produce that class of economic risk to the total number of

combinations.

+ .+
Py Py Pp.o 7| [ Pro’t ™ T Prnpo"Np ]
Prinw Poinave 7 Prpia% "2 _ |p1,+A%”1 T TPy cav!Np | (11)
Praw Prave 7 Prp-av . {Pl,-A%r 1+"'+pr,-A%rNPJ|
. . . n><Np Np prl H <1

3 SCG Biorefinery Configurations: Modelling and Integration
This section details the two biorefinery configurations proposed. Process description and mass and
energy balances are presented. Detailed stream tables, process flowsheets and the specifications

used in Aspen Plus process models are provided in Appendix C.

3.1 Proposed SCG Configurations

In the biorefinery configuration descriptions, a wet SCG plant input of flowrate 5767 kg/h at 20°C
was employed based on SCG produced by London coffee establishments (see Section 3.2).
Configuration | produces biodiesel from extracted SCG oil, with electricity generated as a co-
product due to the combustion of defatted SCG. Heat from the combustion is exported to a heat
network. Configuration Il produces biodiesel as well as succinic acid (SA), aromatics (vanillin,
vanillic acid, guaiacol, acetovanillone), carboxylic acids (formic acid, acetic acid) and
polyhydroxybutyrate (PHB) bioplastic. In contrast to Configuration I, no combustion is performed.

Heat integration in both configurations uses a A7min of 15°C.

12
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3.2 SCG Feedstock

SCG feedstock composition: SCG feedstock was modelled with a moisture content of 66%
(Caetano et al., 2014). Dry mass compositional data and their representative Aspen Plus
components are presented in Table 1 (Obruca et al., 2015). Further details about the component data

used in the simulations can be found in Table A.1 of Appendix A.

Table 1. Chemical composition of SCG dry mass and the representative components adopted in
Aspen Plus (Obruca et al., 2015).

Content @
SCG Component Representative component adopted in Aspen Plus  (wt%o)
Cellulose Cellulose 10.95
Hemicellulose Cellulose 31.83
Lignin Vanillin 27.00
Oil (triglycerides) Triolein 11.35
Oil (free fatty acids) Oleic acid 3.65
Protein (V) Glutamic acid ™ 10.70
Polyphenol Caffeic acid (" 2.50
Caffeine Caffeine 0.02
Ash V) Calcium Oxide 2.00
Moisture Water 66

Note:

O Al components are in wt% of dry mass except for water.
(i Glutamic acid found to be major component of SCG protein (Martinez-Saez et al., 2017).
(i) Caffeic acid identified in SCG (Panusa et al., 2013).

() Protein and ash treated as insoluble compounds and did not partake in any chemical reaction (Humbird et al., 2011).

SCG feedstock availability: The SCG used in the scenarios was obtained from either London
coffee establishments or Nestlé’s coffee factory in South Derbyshire, UK. The parameters used to
calculate the amount of SCG produced in London coffee shops are summarised in Table A.3 of
Appendix A. The total amount of wet SCG produced in London coffee establishments was
calculated using Equation (A.1), giving a value of 46,136 t/y. On the other hand, the annual wet
SCG production rate from Nestlé’s coffee factory was calculated as 105882 t/y using Equation

(A.2) and the parameters in Table A.4.

13
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3.3 Biorefinery Scenarios

This section outlines four SCG biorefinery scenarios based on Configurations I and Il, described in
Sections 3.5 and 3.5. The biorefinery plants in Scenarios A, B and D were taken to be 70 km away
from their SCG source, based on the average distance between the centre of Greater London and its
perimeter. Other parameters used for SCG transport are included in Table A.2 in Appendix A.
Besides this, input SCG feedstock of these 3 scenarios enters the biorefineries at 20°C. Scenario A
is considered the base case scenario. Here, Configuration | processes all the SCG generated in
London coffee shops, producing biodiesel and electricity. The parameters used in Scenario B are
identical to those of Scenario A except for the use of all the SCG produced from the Nestlé coffee
factory. On the other hand, Scenario C assumes the biorefinery of Scenario B is located within the
coffee factory site and that the SCG is delivered directly from the factory’s coffee brewing process,
entering the biorefinery at 80°C. SCG transportation is excluded in Scenario C and the SCG
feedstock is thus obtained at no cost. Scenario D uses parameters identical to that of Scenario A

apart from the use of Configuration II.

3.4 Configuration I

The flow diagram is illustrated in Figure 2.

14
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Figure 2. Flow diagram of SCG biorefinery Configuration I.
SCG drying and oil extraction: Wet SCG (stream Al) is dried at 102°C to reduce moisture

content from 66% to 0%. As moisture reduces oil solubility in the hydrophobic solvent, the absence
of water is crucial to achieve high oil extraction yields in the following process (Najdanovic-Visak
et al., 2017). Solvent extraction of the SCG oil content (FFAs and triglycerides) is performed on dry
SCG (stream A2) at 60°C, with process parameters summarised in Table C.1 of Appendix C
(Najdanovic-Visak et al., 2017). n-hexane is used as it has been found to give the highest yield of
oil (Somnuk et al., 2017). The liquid solvent/oil mixture and the solid defatted SCG are separated
via centrifugation and the solvent is removed in a flash vessel at 0.1 bar and 80°C. The separated
solvent is recycled for further use in oil extraction. The defatted SCG (stream A3) and waste solvent
stream from the recycle loop purge (stream A4) are combusted whilst the extracted coffee oil

(stream A5) is used in biodiesel production.

Biodiesel production from SCG oil: Oil (stream A5) enters a two-step process to produce
biodiesel (Efthymiopoulos et al., 2018; Hochegger et al., 2019; Saratale et al., 2020). Esterification
is performed before transesterification to esterify the FFA and minimise soap formation. Table C.2
summarises the process parameters used. During the esterification process described in Equation

(12), methanol (CH3OH) reacts with FFA (C1sH3402) to form biodiesel (C19H3602) with sulphuric
15
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acid as the catalyst. The products of esterification undergo sodium hydroxide (NaOH) catalysed

transesterification where biodiesel and glycerol (CsHgO3) are formed, as shown in Equation (13).

Cs7H,0404 + 3CH;0H 2 3CoH;40, + C3HgO; (13)

The transesterification products enter a flash vessel at 162°C and 1 bar to recover methanol for
recycling. The bottom products of the flash vessel are washed in acidic water to neutralize the base
catalyst used in transesterification. Next, centrifugation separates biodiesel, methanol, and hexane
from the other denser liquids. Two flash vessels at 0.1 bar and 167°C and 270°C purify the
biodiesel, producing biodiesel (stream A6) to EN14214 European standards (Tsoutsos et al., 2019).
The crude glycerol produced from transesterification, methanol recycle-loop purge and other waste

organic streams consisting of unreacted oils (stream A7) are combusted.

Combustion of defatted SCG and waste streams: The combustion of streams A3, A4 and A7 was
modelled using a stoichiometric reactor at 500°C and 1 bar. Flue gas exiting the combustion
chamber at 500°C is used to pre-heat boiler feed water from 20°C to 102°C, reducing the gas
temperature to 112°C. The heat from combustion reactor is used to generate steam of 480°C and
135 bar from the pre-heated water. The steam drives a turbine of 90% isentropic efficiency and a
pressure drop of 107.5 bar, generating a total of 1085 kW of electricity. Of this, 788 kW is used by
plant processes and the remaining 297 kW is exported to the grid. Heat from the steam leaving the
turbine (247°C and 27.5 bar) and the flue gas (112°C) is extracted and exported to a heating
network. The flue gas contains 3528 kg/h of CO», of which 86% is due to the combustion of SCG

material.

Validation of simulation results: In this configuration, 5767 kg/h of SCG at 66% moisture
produces 283 kg/h of oil and 243 kg/h of biodiesel product. This corresponds to a yield of 0.86 kg
biodiesel per kg coffee oil, which is in close agreement with the average of yields found from

literature, i.e. 0.84 kg biodiesel/kg oil (Abdelaziz et al., 2020, 2019).
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322 3.5 Configuration Il
323  The process block diagram was illustrated in Figure 3.
Growth media + Acid + Bases Water + Biomass + Furfural
6925 kg/h |E§94 kg/h
Acid + Water
Mannose + Galactose + Water Sucoinic Acld Succinic acid
17217 kg/h ' 14934 kg/h Production -m 277 kg/h
E::i::;:| solids Dilute Acid 66 kg/h_] 654 kg/h
Pretreatment co Salts
Growth media + Base CO,
3668 kg/h | Cellulose + Water r’
1602 kg/h 112 kg/h
Acid catalyst [ B2 | B7 - 3082 kg/h
e Enzymatic PHB PHB
1241 kg/ Hydrolysis Production 45 kg/h
Glucose + Water
4849 kg/h
Wet SCG ! kgLI Se0keh l—» %99 kgLI 237 kgh Water + Cell debris
Cellulase Residual solids Water —«—— )
Organosolv Glucose (to cellulase production)
5767 kgh Methanol + Acid + Base  Hexane + Methanol + Glycerol + Water
22 kng W& kg/h
Biodiesel + Triglycerides + n-hexane -
13435 kg/h Biodiesel
EQ B4 Transesterification B 7oz ko
Methanol + Hexane 6334 kg/h
2 kg/h ——— Vanillin
Centrifugal Water —I L B12 [Z3%gnm
Liquid mixture Separation Air + Water ————= Vanillic acid
19058 kg/h 25412 kg/h 1 B13 |53 kg/h
A " 514 Formic acid
12724 kg/h romatics 103 kah
LBSj and Acids Acetigc acid
Lignin + Methanol + Water Production B15 ITkgh
e 1 Guaiacol
Water + Methanol + Lignin + N, + CO, L B0 | 22 kg/h
37884 kg/h 817 1 Acetovanillone
324 L——T10kgh
325  Figure 3. Flow diagram of SCG biorefinery Configuration I1.
326  Pre-treatment: To isolate lignin, Organosolv pre-treatment was selected as it is the only
327  experimentally validated technique of SCG lignin isolation found in literature (Lee et al., 2019).
328  The process conditions used are adopted from said study. The wet SCG feedstock (stream B1) does
329  not undergo pre-drying as the high moisture content promotes solvent penetration into SCG during
330  pre-treatment, therefore increasing delignification rates (Hochegger et al., 2019).
331  Solvents n-hexane and methanol are added to a reactor at 161°C and 1 bar, along with sulphuric
332  acid as the catalyst. Under these conditions, lignin dissolves in methanol, while triglyceride and
333  FFA are simultaneously extracted into n-hexane. The sulphuric acid catalyses the esterification of
334  the extracted FFA, forming biodiesel. The solid residues consisting of mainly hemicellulose and
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cellulose fibres are removed using a filter, forming stream B2. The remaining liquid mixture
(stream B3) is separated into stream B4 (containing solubilised lignin) and stream B5 (containing
mainly biodiesel and triglycerides) via centrifugation. Lignin and biodiesel recoveries of 56% and
62.4% are obtained from the Organosolv reactor (Lee et al., 2019). Oil extraction yield was taken as

78 wt% (Efthymiopoulos et al., 2018).

Dilute acid pre-treatment and enzymatic hydrolysis: The solid residues of stream B2 are slurried
in dilute sulphuric acid and treated at 163°C and 1 bar (Mussatto et al., 2011). Under these
conditions, hemicellulose is converted to its monomeric sugars. After pre-treatment, the solid
cellulose and hemicellulose hydrolysate are separated via centrifugation, after which the solids are
washed with water to remove any residual soluble sugars and fermentation inhibitors (sugar
degradation products). The water stream from this washing stage is merged with the hemicellulose
hydrolysate and the resulting stream is detoxified using a granular activated carbon column to
remove HMF and furfural formed (Nieder-Heitmann et al., 2019). The column output stream is sent
to a neutralisation reactor (38°C, 1 bar) where calcium hydroxide neutralises the remaining acid.
The resulting salt is precipitated and filtered out, leaving a hemicellulose sugar-rich stream (stream
B6) utilised in SA production. On the other hand, the solid cellulose residues (stream B7) from the
dilute acid pre-treatment are subjected to enzymatic hydrolysis at 48°C. Here, cellulase enzymes
convert the cellulose fibres into glucose monomers and small traces of soluble gluco-oligomers.
Solid residues of unreacted lignin, proteins, cellulose, and other compounds are removed from the

aqueous glucose stream (stream B8) via centrifugation.

SA production from hemicellulose: The detoxified, neutralised aqueous solution of hemicellulose
sugars (stream B6) is utilised in SA production using the bacteria Actinobacillus succinogenes
(Nieder-Heitmann et al., 2019). Like PHB production, growth and synthesis reactors are used. Both
reactors operate at 38°C. With 10% of stream B6 directed to the growth reactor, the remaining is
sent to the synthesis block, after passing through flash drums to concentrate the hydrolysate stream

to 200 g/L of sugars (Nieder-Heitmann et al., 2019).
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The products of the synthesis reactor are filtered to remove cells and the liquid product stream sent
to an adsorption tower. An adsorption tower using resin NERCB 09 is used due to its high SA
selectivity and average recovery of 96% (Li et al., 2009). After adsorption, the adsorbent is easily
regenerated using NaOH solution. As SA reacts with the base to form sodium succinate, sulphuric
acid is added to the reactor, forming sodium sulphate and SA. A patented process involving
selective precipitation of sodium sulphate is applied to recover the SA (Fujita and Wada, 2008).

Finally, a distillation column removes water, producing the SA product stream B9.

PHB production from cellulose: A fraction of the glucose-rich stream B8 is diverted as feed for
the cellulase production plant at a rate of 3.9 kg/h of glucose per kg/h of cellulase required
(Humbird et al., 2011). The remaining glucose is used for PHB production. Although there exists a
variety of microbes with the ability to produce PHB intracellularly, the use of recombinant E. coli
was chosen as it produces PHB during both growth and synthesis phases, resulting in lower
residence times and capital costs (Nieder-Heitmann et al., 2019). The PHB production process
consists of growth and synthesis phases, product separation and purification. The glucose stream
from the enzymatic hydrolysis of cellulose is split into two streams, with 9.5% sent to the growth
reactor and the remaining to the synthesis reactor. Before these glucose streams enter the reactors,
they are either mixed with water or undergo evaporation to achieve glucose concentrations of 20
g/L and 700 g/L for the growth and synthesis reactors, respectively. The growth reactor produces a
population of microorganisms from a stock dormant culture, sugar, and ammonia for use in PHB
production in the synthesis reactor. The microbial cells are sent to the synthesis reactor, where
concentrated glucose (700 g/L) is fed for continued bacterial growth and intracellular PHB
production. A centrifuge separates the cells containing PHB from the fermentation broth. After a
water wash at 30°C, the cells are lysed in a blending tank at 30°C containing a 0.2 M NaOH
solution to release the PHB within the cells. The PHB crystallises upon exposure to the solution

(Nieder-Heitmann et al., 2019). Finally, the crystalline PHB is subjected to a final water wash and
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centrifugation to remove any residual cell material before being atomized into particles using a

spray dryer, forming stream B10.

Biodiesel production from oil: Stream B4 is subjected to identical transesterification and biodiesel
purification processes as in Configuration I. However, n-hexane is first separated from the lipids

using a flash drum at 75°C and 0.06 bar. Biodiesel (stream B11) is produced.

Production of aromatic compounds and acids from lignin: The soluble lignin of stream B5 is
precipitated out via the addition of water and the solid lignin formed is separated using a filter. This
lignin and compressed air enter an oxidative depolymerisation reactor (160°C, 8 bar) (Fujita and
Wada, 2008; Li et al., 2009) where lignin reacts with oxygen to produce vanillin, vanillic acid,
formic acid, acetic acid, guaiacol, and acetovanillone (streams B12-B17), along with CO..
Unreacted lignin is removed via filtration and recycled back to the depolymerisation reactor to
maximise production of the high-value chemicals. The products in the liquid stream are isolated
using a novel hydrophobic membrane separator that has been shown to achieve perfect separation of
organic and aromatic compounds from agqueous mixture (IEA Bioenergy, 2021; Phillips et al.,
2019). The membrane unit thus was modelled using a separator block with perfect separation of
organic compounds. The products in the organic phase output stream of the membrane separator are
separated using a series of distillation columns under vacuum conditions to give product streams

B12-B17 of 98-99% purity.

4 Results and Discussion

The parameters and assumptions used in the scenarios were outlined in Section 4.1. Performance
analyses explored the influence of size, location and products on the economic and environmental
performance of a biorefinery, presented in Section 4.2. The biorefinery GHG emissions were

compared against that of conventional SCG management practices. Biorefinery performances were
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also compared against that of conventional biodiesel. Section 4.3 provides insights on the future

prospects of SCG biorefineries and recommendations for future studies.

4.1 Parameters and Assumptions for Scenarios

Parameters for performance evaluation: To determine economic performance, h was taken as
8000 hours. For labour cost calculations (Equation (6)), Configuration I involved 3 processing steps
and was considered automated, requiring one personnel per step. Configuration Il had 6 processing
steps, with 3 personnel required per step due to the complexity of the plant design. The EP and NPV
were calculated using Equations (8)—(9), where the values of Np were 3 and 9 for Configuration |
and Il respectively. Price sensitivity analysis was performed (see Section 2) with price fluctuations
(A%) of 10%. The unit product prices are summarised in Table D.1 of Appendix D. The cost of

production of biodiesel (E/L) was calculated using Equation (14).

Total annual production cost Biodiesel revenue (14)

Biodiesel cost = Litres of biodiesel produced annually Total revenue

Net GHG values were calculated using Equation (10) and net heat and electricity consumptions
were calculated by subtracting heat and electricity consumed from that produced by SCG
combustion.

4.2 Performance Analysis

The parameters and key performance indicators of each scenario are summarised in Table 2, where
negative values of net heat or electricity consumption represents net generation and subsequent

export to heat networks or the electrical grid.

Table 2. Parameters and key performance indicators of the scenarios analysed.

Scenario A ScenarioB  Scenario C  Scenario D

Brief Description Config | Config | Config | Config 1l
London London
SCG Factory SCG Factory SCG SCG
Off-site Off-site On-site Off-site

Parameters
Configuration I I I 1
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SCG feedstock source London Nestlé Nestlé London

shops factory factory shops
SCG transport distance (km) 70 70 - 70
SCG feedstock temperature (°C) 20 20 80 20
SCG feedstock flowrate (t/y) 46136 105882 105882 46136
Technical Performance Indicators
Biodiesel yield
(kg biodiesel/t SCG processed) 4210 42.10 4210 33.60
Net heat consumption

— 3392. —3501. —3522.2 7575.
(MJ/t SCG processed) 3392.93 3501.58 3522.28 575.38
Net electricity consumption

—185. —195. —1095. 144.84
(MJ/t SCG processed) 185.12 195.01 195.01 8
Economic Performance Indicators
Economic potential, EP (million £/y)  —0.46 0.12 0.62 2.97
Net present value, NPV (million £) -3.90 —-0.42 3.07 15.19
Payback period (y) 16.6 8.0 6.3 6.2
Cost of biodiesel production (£/L) 1.02 0.81 0.72 0.69
Environmental Performance Indicators
GHG emissions (kg CO2-eq./t SCG 81.21 80.93 7861 2233.00

processed)

Figure 4 presents the economic and environmental performance of the scenarios. The cumulative
cash flows of the scenarios are illustrated in Figure 4 (a), where TCC is evenly divided between
years —2 to 0. Positive and negative NPV values indicate profitable and loss-making projects,
respectively. The payback periods of Table 2 are the number of years required to recover the TCC
investment. These are represented by the x-axis intercepts on Figure 4 (a) and are a measure of the
plant’s attractiveness as an investment. Revenues are categorised by product sales in Figure 4 (b)
and cost breakdowns of the scenarios are shown in Figures D.1—D.3. The results of the price
sensitivity analysis are illustrated in Figure 4 (c), with the legend indicating the classes of economic
risk. For example, ‘0 to —20%" economic risks referred to price combinations that resulted in a 0 to
20% decrease in EP relative to the EP generated from base prices. For Scenario A, none of the price
combinations resulted in a positive value for EP, while all the price combinations of Scenarios C

and D generated positive EP.
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Figure 4. Economic and environmental performance of scenarios analysed. (a) Cumulative cash
flows for the plant’s 20 years of operation; (b) Classification of revenues by product sales; (c)
Likelihood of different classes of economic risk; (d) Classification of GHG emissions per tonne of
SCG processed; and () GHG emissions per tonne of biodiesel produced.

Plant size: The impact of increasing biorefinery size was investigated by comparing the
performances of Scenario A and B, with SCG feedstock flowrates of 46136 and 105882 tly,
respectively. Scenario A generates a negative NPV value of —£3.9 million, implying that this
scenario is not economically compelling. Increasing the plant size by 2.3 times to that of Scenario B
still resulted in an economically unviable plant, with a NPV of —£0.42 million (Table 2). However,
the increase in NPV along with the reduction in payback period from 16.6 to 8.0 years (Figure 4 (a))
indicates that Scenario B is a more attractive investment than Scenario A. The cost of biodiesel
production was reduced by 18% from 0.88 to 0.72 £/L (Table 2). This improved economic
performance aligns with previous hypotheses that larger scale of SCG biorefineries is required to
result in an economically viable production (Giller et al., 2017). Besides that, a price sensitivity
analysis of both scenarios (Figure 4 (c)) reveals that Scenario B has a 11% greater likelihood of
>0% economic risks when product prices fluctuate from their base levels. A >0% ecnomic risk
refers to an increase or no change in EP relative to the EP generated at base prices, thus requiring

no modification to the biorefinery processes. The likelihood of < —50% economic risks rose from
25
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0% (Scenario A) to 33% (Scenario B). This type of economic risk would greatly reduce NPV and
thus would require plant process modifications to minimise its large negative economic impact.
Generally, the greater the likelihood of < —50% economic risks, the higher the economic risk of the

scenario. Thus, increasing the biorefinery size results in an overall rise in the plant’s economic risk.

On the other hand, environmental performance (see Figure 4 (d)) does not improve by increasing
biorefinery size, with the GHG emissions of Scenario B a mere 0.3% lower than that of Scenario A.
Biodiesel yield per tonne of SCG processed is not affected while the net heat and electricity

generated per tonne of SCG increase with biorefinery size.

Biorefinery location: Scenarios B and C were compared to examine the impact of biorefinery
location relative to the SCG source. Locating the biorefinery within Nestlé’s Derbyshire coffee
factory site results in significant improvement in economic performance, with NPV growing by 9.3
times to £3.1 million, a 1.7-year reduction in payback period and a 11.1% reduction in biodiesel
production cost. These findings demonstrate the significance of a centralised processing facility on
the economic performance of SCG valorisation, as concluded by Kookos (2018). Economic risk
also decreases, with around a tenth of price combinations generating economic risks of 0% to
—20% instead of —20% to —50%. However, there remains a 33% likelihood that 10% product price
fluctuation results in < —50% economic risk, indicating that the economic viability of Scenario C is
still vulnerable to market price fluctuations. Besides that, the omission of SCG transport results in a
30% reduction in raw material cost and a 3% reduction in GHG emissions. While biodiesel yield
and net electricity consumption remain unchanged, net heat generated increases slightly by 0.5% as

the SCG feedstock enter at 80°C, resulting in lower SCG drying heat requirements.

Biorefinery products: The impact of producing high-value chemicals was assessed by comparing
Scenarios A and D. Scenario D has excellent economic performance, with a NPV of £15.2 million
and a payback period of 6.2 years. The cost of biodiesel production decreases by 4% from 0.72 £/L

to 0.69 £/L due to biodiesel comprising a much smaller proportion of total revenue and use of
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Equation (14). This result supports the IEA’s proposition that producing high-value products
alongside biofuels would lower biofuel production costs (van Ree et al., 2012). As illustrated in
Figure 4 (b), almost 90% of the annual revenue generated by Scenario D is evenly distributed
between sales from vanillin, vanillic acid, guaiacol, acetovanillone, SA and PHB. This even
distribution of revenue across many products leads to the reduced economic risk seen in the results
of the sensitivity analysis in Figure 4 (c). In contrast, Scenario A has much higher economic risk
due to biodiesel sales constituting 93% of its revenue. Thoppil and Zein (2021) also found the NPV
of SCG biorefinery to be highly sensitive to product prices when products are of limited range and

low value.

However, the economic performance of Scenario D is at the cost of greater environmental impact,
with GHG emissions increasing by 27.5 times to 2233 kg CO»-eq./t SCG (Figure 4 (d)). Steam
generation and electricity usage constitute 52% and 18% of the total emissions from the plant,
respectively. These emissions have been grouped and labelled as ‘energy consumption’ in Figure 4
(d). For its GHG emissions/t SCG to match that of Scenario A, the energy consumption of Scenario
D would have to be reduced by at least 22%. As Scenario D does not involve on-site energy
recovery via combustion, it results in net electricity and heat consumption 3.2 and 1.8 times that of
Scenario A. Besides that, Scenario D results in a biodiesel yield around 20% less than Scenario A

due to the lower biodiesel yields of the Organosolv pre-treatment.

Conventional SCG management practices: The environmental impacts of Scenarios A and D
were compared against that of the two most widespread SCG management practices in the UK:
EfW and landfilling. Schmidt et al. (2020) found the GHG emissions of SCG EfW and landfill
facilities with energy recovery to be —435 kg CO.-eq./t SCG and 525 kg CO.-eq./t SCG,
respectively. Neither Scenario A nor D have GHG emissions as low as EfW practices. Scenario A
produces around 85% less GHG emissions than landfilling while Scenario D produces more than 4
times the GHG emissions of landfilling. Note that Scenarios B and C were excluded from this

comparison due to the similarity of their GHG emissions with that of Scenario A.
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Conventional biodiesel production: The GHG emissions of Scenarios A to D were compared
against that of conventional biodiesel production in Europe. Rapeseed oil is the dominant feedstock
for EU biodiesel production, constituting 39% of total production in 2018 (Phillips et al., 2019).
The GHG emissions generated from rapeseed biodiesel produced via esterification was reported by
Pehnelt and Vietze (2012), whose study excluded emissions from the transportation of the biodiesel
product to the consumer, biodiesel combustion and waste treatment. A functional unit of 1 tonne of
biodiesel production was used. Adopting identical system boundaries and functional unit, the GHG
emissions generated by biodiesel production was calculated by summing the emissions from SCG
collection, Organosolv pre-treatment and transesterification. For the collection and pre-treatment,
the GHG emissions generated from biodiesel production were calculated using Equation (15),

where ‘Process GHG’ refers to the total GHG emissions of each process.

Biodiesel revenue (15)

GHG from biodiesel production = Process GHG X
Total revenue

The GHG emissions of the scenarios were compared against that of rapeseed biodiesel as shown in
Figure 4 (e). The GHG emissions in Scenario C (1900 kg CO2-eq./t biodiesel) are 29% lower than
that of Scenario B (2678 kg CO»-eq./t biodiesel) as it excludes transportation of the 23.8 tonnes of
SCG required to produce 1 tonne of biodiesel. Besides that, Scenarios C and D produce GHG

emissions that are 13% and 17% lower than rapeseed biodiesel.

The relatively low emissions of Scenario D are due to the exclusion of waste treatment emissions
(which constitute 18% of total GHG emissions/t SCG) and use of Equation (15) (as biodiesel
revenue represents just 7% of total revenue). Although the GHG emissions/t biodiesel appear
promisingly low, Figure 4 (d) shows that total GHG emissions generated by Scenario D are 7 times
greater than the emissions credited from displacing the use of conventional products. Thus,
producing these high-value chemicals (e.g., vanillin, PHB) via the SCG biorefinery results in

greater GHG emissions than conventional production methods.
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According to the IEA, the production cost of conventional biodiesel ranges from 0.66—0.86 £/L
(International Energy Agency, 2012). All the scenarios apart from Scenario A result in biodiesel
production costs that are within this range. The results from this comparison indicate that SCG

biorefineries could potentially be used to meet growing biodiesel demands.

4.3 Insights and Recommendations

From the economic and environmental evaluations performed in Section 4.2, Scenario C was found
to be the most promising SCG biorefinery strategy. Although its NPV of £3.1 million is around 5
times lower than that of Scenario D, its GHG emissions (79 kg CO2-eq./t SCG processed or 1900 kg
COo-eq./t biodiesel) are 28 times lower than Scenario D, 7 times lower than SCG landfilling (525
kg CO.-eq./t SCG) and 13% lower than that of conventional rapeseed biodiesel (2191 kg CO.-eq./t
biodiesel). It also has a biodiesel cost of production of 0.72 £/L, which is within the range estimated
by IEA (0.66—0.86 £/L). Furthermore, a practical advantage of using SCG from a coffee factory is
a more consistent feedstock flowrate and composition than SCG from coffee establishments,
resulting in fewer changes in operating conditions and product output. However, the economic
viability of Scenario C is sensitive to product price fluctuations, with 55.6% and 33.3% likelihoods
of >0% and < —50% economic risks, respectively (Figure 4 (c)). Nonetheless, a positive EP is

maintained for price fluctuations within 10% of the base price.

Theoretically, the supply of the net heat generated to heat networks would represent an opportunity
to further reduce the biorefinery’s carbon emissions through application of carbon credits. However,
the Derbyshire coffee factory considered in this study is one of more than 20 Nestlé coffee factories
worldwide currently incinerating the SCG it produces to meet the factory’s heat energy
requirements (“Grounds for sustainability: coffee for energy, fuel and a cleaner world,” 2013).
Future studies on the valorisation of SCG from instant coffee factories must thus account for the
economic and environmental impact of diverting SCG to a biorefinery and away from combustion
to generate the heat requirements of the factory. Including this in the analysis would likely have

negative implications on both the economics and emissions of the SCG biorefinery. However, the
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biorefinery strategy could still represent a more profitable method of utilising SCG waste than
combustion. As size was found to be an important factor affecting the economic performance and

risk of a SCG biorefinery, different coffee factory sizes should be explored in these studies.

Additionally, the environmental evaluations of this study only considered GHG emissions. The
environmental performances of the scenarios may differ upon assessment of other categories such
as acidification potential and human toxicity potential. Other environmental impact categories
should also be evaluated in future studies for a more holistic view of SCG biorefinery

environmental performance.

Oil extraction and PHB production were identified as the processes with the largest costs in
Scenarios A and D (see Figure D.3 of Appendix D). n-hexane and cellulase represent 25% and 17%
of the total annual costs of Scenarios A and D, respectively. Thus, further studies on biodiesel and
PHB production from SCG should aim to reduce usage of n-hexane and cellulase to maximise
potential cost reductions. The technologies used in Scenario C must also be scaled to pilot plant
levels to verify technical feasibility of the SCG biorefinery strategy. The accuracy of this study’s
results depends heavily on the financial investments and engineering capability required to scale

these processes up economically.

5 Conclusions

This study investigates the future prospects of SCG biorefineries by assessing four SCG biorefinery
scenarios in terms of their economic and environmental performances. The parameters altered
between scenarios include biorefinery size, design configuration and location relative to the SCG
source. SCG was either obtained from London coffee establishments or a coffee factory in
Derbyshire. Two biorefinery configurations were used, with one producing biodiesel and electricity

(Configuration 1) and the other biodiesel with a range of high-value chemicals (Configuration 11).
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Overall, the results of this study indicate that future SCG biorefineries are likely to be of large scale
and located on the site of an instant coffee factory. Heightened growth in demand for advanced
biofuels coupled with pressures to reduce factory emissions mean that the waste-to-fuel biorefinery
pathway could be regarded as an economically and environmentally attractive additional value
chain for coffee factories. Provided that the relevant technologies can be successfully scaled up,
production of multiple high-value chemicals is likely to be incorporated into SCG biorefineries due
to attractive economic returns. Implementation of sustainable on-site energy generation will be
crucial to minimise the high GHG emissions of the plant. Finally, SCG biorefineries have the
potential to meet growing biodiesel demand, with similar production costs and lower GHG

emissions when compared to conventional biodiesel.
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