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Figure 9. 1 BPA degradation in water by free and encapsulated ligninolytic enzymes
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treatments with free and encapsulated enzymes
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RESUME

Les industries de transformation des fruits générent des quantités énormes de déchets
solides qui représentent 35 a 40% du poids sec du total des fruits. Les déchets solides
générés de la transformation des pommes en jus, nommés (Apple pomace) possédent
une humidité élevée (70-75%) et charge organique biodégradable élevée (valeurs de
DBO et DCO élevées). Pour cette raison, ces déchets doivent étre gérés
covenablement. Au cours de la gestion de ces déchets par les différentes stratégies
comprenant, I'incinération, 'enfouissement, le compostage et la fermentation solide pour
produire des enzymes et l'alimentation animale, il ya une émission de gaz a effet de
serre (GES) qui doit étre prise en compte. Dans cette perspective, cette étude est la
premiére, qui traite de l'analyse des émissions de GES au cours de la gestion des
déchets agro-industriels (en particulier des déchets solides de jus de pomme) par
différentes stratégies de gestion des déchets. De plus, les répercussions de la
valorisation de ces déchets en enzymes sur Penvironnement ont été étudiées en utilisant
la méthode de I'analyse du cycle de vie (ACV). Les résultats de I'analyse indiquent que,
parmi toutes les stratégies de gestion des déchets solides de jus de pomme, la
fermentation a I'état solide pour produire des enzymes a été la méthode la plus efficace
pour réduire les émissions de GES (906,81 tonnes de CO2 éq. Par an). Par contre,
I'enfouissement de ces déchets a entrainé une hausse des émissions de GES (1841
tonnes de CO; équivalent par an). Les résultats de cette étude encouragent I'utilisation
de la fermentation, pour gérer les déchets solides de jus de pomme et d'autres déchets
agricoles, particulierement au Québec et également dans d'autres pays. Les valeurs des
différents parametres utilisés dans cette étude ont été tirées de diverses approches
analytiques et sources de données. Comme certaines données sont abscentes dans la
littérature, certaines hypothéses ont été posées afin de calculer les émissions de GES.
Ainsi, des études complémentaires expérimentales seront trés utiles pour calculer les
coefficients d'émissions de GES durant la gestion des déchets agro-industriels.

Mots-clés : gaz a effet de serre, apple pomace, enzymes, incinération, compostage
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ABSTRACT

Fruit processing industries generate tremendous amount of solid wastes which is almost
35-40% dry weight of the total produce used for the manufacturing of juices. These solid
wastes, referred to as, “pomace” contain high moisture content (70-75%) and
biodegradable organic load (high BOD and COD values) so that their management is an
important issue. During the management of these pomace wastes by different strategies
comprising incineration, landfill, composting, solid-state fermentation to produce high-
value enzymes and animal feed, there is production of greenhouse gases (GHG) which
must be taken into account. In this perspective, this study is unique that discusses the
GHG emission analysis of agro-industrial waste management strategies, especially
apple pomace waste management and repercussions of value-addition of these wastes
in terms of their sustainability using life cycle assessment (LCA) model. The results of
the analysis indicated that, among all the apple pomace management sub-models for a
functional unit, solid-state fermentation to produce enzymes was the most effective
method for reducing GHG emissions (906.81 tons CO, eq. per year), while apple
pomace landfill resulted in higher GHG emissions (1841.00 tons CO; eq. per year). The
assessment and inventory of GHG emissions during solid-state fermentation gave
positive indications of environmental sustainability for the use of this strategy to manage
apple pomace and other agricultural wastes, particularly in Quebec and also extended to
other countries. The analysis and use of parameters in this study were drawn from
various analytical approaches and data sources. There was absence of some data in
literature which led to consideration of some assumptions in order to calculate GHG
emissions. Hence, supplementary experimental studies will be very important to

calculate the GHG emissions coefficients during agro-industrial waste management.

Keywords: greenhouse gases, apple pomace, enzyme, incineration, composting
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I. INTRODUCTION

Agro-food industries generate Iérge quantities of liquid and solid wastes which must be
suitably managed before being directly discharged to the environment. In Canada, the
majority of fruit processing industries are concentrated in Quebec (about 35 %
contribution), Southern Ontario, and British Columbia [1]. One third of the total apple
production in Canada (449,190 ton/year, 20% contributed by Quebec) is processed to
produce juices, flavors and concentrates [2]. The end result of an apple processing
industry is a solid residue containing high moisture content (70%-75%) and
biodegradable organic load (high BOD and COD values) [3]. These wastes have low
nutritional value and their high biodegradability causes environmental problems. A
typical apple processing industry generates 30-40% apple pomace and 5-11% sludge
(liquid waste obtained after clarification). There are large quantities of solid wastes
(apple pomace) produced round the world, including 16200 tons in 2007 in Québec [1].
Apple pomace waste produced in Quebec was selected as the case study. These solid
wastes being highly biodegradable, their disposal represents a serious environmental
problem and presents many challenges [4, 5]. In Quebec, this waste is mainly used as a
source of crude animal feed by the farmers. Often only 20% is retrieved as animal feed
and the rest 80% goes to landfill or composting sites which results in release of
enormous quantity of greenhouse gases. Composting Council of Canada reported about
38% of Canada's methane emissions coming from organics decomposition in landfills
[6]. Other modes of management of apple pomace comprise landfiling, composting,
incineration and the innovative option of utilization of the apple pomace as a sole raw
material for production of high value-added products, such as enzymes, organic acids,
ethanol, among other products. In fact, the option of high value-added products
formation by solid-state fermentation has been tested as a resourceful option in our
laboratory as it is able to generate new bio-products and at the same time result in
value-addition and management of the wastes [7]. Apple pomace studied in this work
has been procured from a reputed juice transformation industry in Quebec. The distance
between this industry and management sites was considered to be 25, 200, 100 and 200
km in the case of landfill, incineration, composting, and enzyme production, respectively.
Meanwhile, in the case of animal feed, 20% of farmers were situated at 80 km distance
from the apple juice industry and 80% of farmers were situated at 50 km from the juice

industry.
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The management of wastes is a significant source of GHGs [8]. The contribution of the
waste management and disposal sector amounts to 4% of the various anthropogenic
GHG emissions [9]. Various stages of the management of solid wastes including,
collection, transportation, and disposal is generally followed by the release of GHG
gases, such as carbon dioxide, methane, and N, O. These gaseous components by
virtue of their physical properties contribute to the GHG effect. Meanwhile, the increase

in the concentration of these gases contributes to the global warming phenomenon.

In fact, there are various means to manage domestic or industrial wastes, where by the
GHG emissions vary according to the consumption of energy, transportation, and
technologies used for the process management [10]. To quantify The GHG emissions
during waste management by different strategies, the best way is to conduct a
comparative analysis through streamlined application of life-cycle assessment (LCA)
model [11]. LCA is an analytical framework for understanding the material inputs, energy
inputs, and environmental releases associated with manufacturing, usage, and disposal

of a given material [11].

Many studies on environmental performance, especially with regard to GHG emissions,
of various waste management strategies have been implemented for most developed
countries and some developing countries [12, 13, 14]. To the best of our knowledge,
there is no study reported till date which discusses the GHG emission analysis of agro-
industrial waste management strategies, especially apple pomace waste management.
The assessment and inventory of GHG emissions during solid-state fermentation was
carried out for the first time in this study to evaluate the repercussions of value-addition
of these wastes in terms of environmental sustainability. In the present study, LCA of
apple pomace management by different strategies was conducted with an impact
assessment limited to GHG emissions. Five apple pomace waste management
strategies were used in the present study, namely, apple pomace incineration, landfill,

composting, solid-state fermentation to produce high-value enzymes and animal feed.

The main objectives of this study were to develop the inventory of apple pomace
management scenarios (incineration, landfilling, composting, animal feed and enzyme
production) with details in methods section to assess and compare the environmental
impacts of related management scenarios and determine environmentally most

respectful scenarios of the environment.
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2. METHODOLOGY

2.1 Life cycle assessment

Environmental assessment of a product (apple pomace waste) over its entire lifecycle
can indicate the extent of the manufacturer's environmental responsibilities beyond the
boundaries of its own facilities, and it can help to identify appropriate management
options. Life cycle assessment (LCA) is a technique for assessing the environmental
aspects and potential impacts associated with a system (product system or service

system) by:
(i) compiling an inventory of relevant inputs and outputs of the system;

(i) evaluating the potential environmental impacts associated with those inputs and

outputs; and

(iii) interpreting the results of the inventory analysis and impact assessment phases in

relation to the objectives of the study [15].

This methodology has been already used in many studies to evaluate the
environmental impact during the management of different wastes such as municipal

waste, agricultural waste paper, glass, metal, and plastic materials [1 2,16, 17].

2. 2 The goal and scope

The goal of this study is to evaluate GHG emissions of the existing apple pomace
management systems based on life cycle perspective. Specifically, GHG emissions are
considered in this study as climate change is a priority area in Quebec particularly for

policy making.

2. 3 Systems boundaries and function unit

The system boundaries include collection and transportation of apple pomace from its
source (Apple juice industry) to be treated by various management methods in each
scenario. It should be noted that equal amount of the apple pomace waste (16209 tons/
year) of the same composition are treated in all scenarios. Besides, direct processes
relating to waste management systems, other relevant processes interacting with the
waste management systems are also included. Production of energy, i.e., electricity and
diesel are also included as such energy is directly used in waste management systems

and background systems. In animal feed scenario, the management of manure was not
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taken in account. The system was considered until enteric fermentation related to animal
feed. The energy recycling was taken into account only in the case of incineration as this
practice is more popular in Quebec for this scenario. Enzyme production system was
considered only until fermentation. Similarly, the composting system was considered

until composting process and the compost landfilling was not taken into consideration.

The functional unit (FU) providing a reference to which the inputs and outputs are related

is defined as “the total production of apple pomace in Québec at 2007 of 16209 tons”

2. 4 Emission categories
The GHGs from apple waste management using different scenarios are of distinct origin

which has been considered for the present study as follows:
(a) Transportation and collection of waste

(b) Landfilling of waste

(c) Composting of waste

(d) Incineration

(e) Animal feed

(f) Solid-state fermentation to produce enzymes

For the above waste treatment practices, the principal basis was for each 16209 tons of
apple waste produced (equivalent to total apple pomace production in Quebec in 2007).
For the selection of GHG types, the gases CO,, CH, and N,O which directly influenced
the greenhouse effect were selected for assessment. As each GHG differed in the
strength of their heat-trapping potential, the heat-trapping potential of CO, was used as
the basis to show the level of relative contribution to global warming of each gas. The
heat trapping potential of CH, and N,O are about 21 and 310 times more powerfUI than
carbon dioxide on a per molecule basis, respectively. The different scenarios of

management of apple pomace waste are presented in details in Figure 10. 1.

2. 4. 1 GHG emissions from the waste collection and transportation
GHG emissions from the waste collection and transportation mainly came from CO,
generated by the transport vehicles during usage of fuel. The actual emissions varied
with the vehicles’ engine model, fuel type (petrol and diesel), size and load [18]. The

total emissions could also be derived from the total mileage or fuel usage. In the case of
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animal feed, 20% of farmers were situated at 80 km distance from the apple juice
industry and 80% of farmers were situated at 50 km from apple juice industry. To
transport apple pomace from the industry to farmer, the vehicles used were 3 axle semi-
trailer. This type of vehicle was used to transport apple pomace waste in all
management scenarios. These semi-trailers generally transport 14.1 tons of
merchandise in Canada [19]. The different emission coefficients of GHGs relative to
various vehicles in Canada are presented in Table 10. 1. Further, the distance between
management sites and apple juice industry was considered to be 25, 200, 100 and 200
km in the case of landfill, incineration, composting, and enzyme production, respectively.
For GHG calculation, the number of vehicles transporting 16209 tons of apple pomace
was calculated. The vehicles used for transportation of apple pomace consumed 35 L of
diesel/100 km [20].

All calculations were carried out in Excel spreadsheet programme. The collection and
transportation component of GHG emissions during solid waste management was

therefore calculated using Equation 1:

_NXDxC  (Copy+Cyyp x 310+ Cpyy x 21)
100 1000

Et

(1)

Et =GHG carbon equivalence from collection and transportation of waste (kg CO,
equivalent/year);

N = nu_mber of vehicles

D= distance between the industry and management site

C= fuel consumption/100 km= 35 L/100 km

Ccoz= CO, emission coefficient (g of CO2/L of fuel);

Ccha= CH,4 emission coefficient (g of CH4/L of fuel);

Cn20= N2O emission coefficient (g of N,O/L of fuel);

310 = heat trapping potential of N,O / heat trapping potential of CO,

21= heat trapping potential of N,O / heat trapping potential of CO,
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2. 4. 2 Production of enzymes
When assessing GHG emissions during the use of apple pomace waste as substrate to
produce value-added products (enzymes) by Phanerocheate chrysosporium using solid
state fermentation method [24], three emission sources must be considered: (1) GHGs
emissions are primarily produced during the transportation of apple pomace from the
industry to the fermentation installation, these emissions were calculated as indicated in
the section 2.4.1, the distance between juice industry and the fermentation installation
was 200 km; (2) CO, produced during fermentation, O, was converted to CO;in the case
of aerobic fermentation; (3) GHG emissions related to consumption of electricity to

maintain the conditions of fermentation such as, temperature, agitation...

In order to calculate the GHG production during fermentation, which is primarily carbon
dioxide, the experimental set-up comprised of solid state fermentation under aerobic
conditions as illustrated in Fig. 10. 2. During the fermentation, there was continuous
production of CO,. To quantify CO, production, CO, was captured in 220 ml NaOH (5M).
CO; reacted with NaOH throughout fermentation to form Na,COj;. Consequently, at the
end of fermentation, unreacted residual NaOH solution was titrated against HCI (1M)
solution to quantify CO,formed during fermentation. Quantified CO, corresponded to 40g
of pomace. Thus, we were able to determine the emissions of CO, corresponding to
16209 tons pomace disposed per annum. This GHG emission corresponded to 684.83
tons of CO,/year.

The electrical energy consumed in in-vessel composting varies between 9 and 65 kWh

~ton™

waste [29, 30, 31, 32]. The electrical energy consumed during fermentation of
apple pomace was about 37 kWh/ton of waste. The quantity of pomace produced per
year is 16209 tons. Hence, the electrical energy consumed during fermentation of
- pomace translates to 599733 kWh. The indirect emission factor due to consumption of
electricity is 0.0014 kg CO, equivalent/kWh [33]. Thus, indirect GHG emissions related to
the consumption of electrical energy during fermentation of apple pomace was

calculated. All these calculations were performed in Excel spreadsheet programme.

2. 4. 3 Animal feed
The use of apple pomace for animal feed is one of the waste recycling categories. Apple
pomace, rich in sugar when fed as cattle feed becomes significant source of CH, and

N,O. When assessing GHG emissions by using apple pomace waste as cattle feed, two
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emission sources must be considered: (1) enteric fermentation in cattie; (2)
transportation from the industry to farmers, these emissions were calculated as indicated
in the section 2.4.1, the distance between juice industry and 80% of farmers was 50 km,
while 20 % of these farmers were situated 80 km from Lassonde, inc (Juice industry)
[28]. In this study, manure management was not taken into consideration. GHG
emissions produced during transportation were calculated as explained in part 2.2.1.
Each cattle could digest approximately 1 kg apple pomace waste each day. If 16209
tons of apple pomace were produced each year, the apple pomace waste could feed
around 44408 cattle a year. Apple pomace was considered to be supplemented with
other kind of diet each day to the cattle (Table 10.2).

Thus, apple pomace also resulted in the production of methane during enteric
fermentation of cattle. The contribution of pomace was calculated by taking into account
percentage of carbon present in pomace and percentage of carbon contained in the feed
ration of fattening cattle. For this calculation, the quantity of corn and soya was
calculated which was necessary to replace them by one kg of pomace in a standard
ration given to the fattening cattle comprising maize, soybean oil cake, mineral and urea.
The replacement was based on percentage of carbon and nitrogen in the feed. Table
10.2 represents the contributions of carbon and nitrogen in various feeds present in the
standard diet of fattening cattle. The standard ration corresponded to ration A and the
ration containing pomace referred to as ration B. Different emission coefficients of GHGs
during enteric fermentation of fattening cattle are presented in Table 10.3. These
coefficients were multiplied by the number of cattle fed per annum and the incorporation
of pomace, to determine GHG emissions during enteric fermentation. The number of
cattle was célculated by taking the ratio of quantity of pomace disposed per annum
(16209 tons) over 365 days.

2. 4. 4 Incineration
In Quebec, the majority of solid wastes are incinerated. As per the general incineration
process trends in Quebec, the collection trucks dump apple pomace waste in the waste

pit which is further crane lifted to be placed in the mouth of the four furnaces (boilers).

Calculation of GHG emissions during the incineration of apple pomace was carried out
using the method of Tchobanoglous et al. (1993) [21] prescribed in the Canadian
inventory of green house gases (1990-2002) [22]. GHGs produced during incineration
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were mainly CO, and N,O [23]. The calculations for the incineration GHG factors
included: (1) emissions of GHGs during transportation from the industry to incinerators,
these emissions were calculated as indicated in the section 2.4.1, the distance between
juice industry (Lassonde, inc) and the nearest incinerator was 200 km; (2) emissions of
N,O; (3) CO, produced while generating power instead of utilities; and (4) reduction in
emissions caused by energy consumption due to the recovery of non-combustible
metals for use in manufacturing. The efficiency of energy recovery during incineration

was considered to be 90 %.

CO, emissions during incineration were calculated by using Equations 2-5 as given

below:

available (Y) = (Waste Type) x (1 - % HumldltY) x % C Waste Type (2)

where :

Cavaiable (y) = available carbon by type of waste for a province y, in time t (year)
Waste type = quantity of the type of incinerated waste, in time t (year)

% humidity = percentage of moisture content by type of waste

% Cuaste yoe = percentage of carbon contained in fossil fuels for each type of incinerated

waste
% C in pomace: 14.3 % [24]
Quantity of pomace: 16209 tons

Cavailable = @190;(&= 2317888t (3)

Cavai]able(y) x PMCO2 _ 2317' 888 ﬁ

€02-2007(y) — M =

X
ne(y) PM,. 16209 12 (4)
=0. 52433 t of CO, / t of incinerated pomace

CE

where:

CEcoz2007y= coefficient of CO, emission in 2007 for the incineration of waste for a

province y, in time for CO,/ton of incinerated waste

. Cavaiable (y) = available carbon by type of waste for a province y, in time t (year)
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Miney) = total mass of incinerated waste in 2007 for a province y, in time t (year)
PMco., = molecular weight of CO,, 44 t/t-mol tons/ tons of moles

PMc = molecular weight of carbon, 12 t/t-moles
COuy = CBocp zin X Mgy pone ) = 0:52433 x 16209= 8498, 91 tons of €O, (5)

Emissions of N,O

Nitrous oxide emissions were calculated using Equation 6 used in the method of
Tchobanoglous et al. (1993) [21].

N,O emissions = IWi x EFi (6)
where:
N.O Emissions = emissions of N, O in the year of inventory, tons/year
IWi = volume of waste type i incinerated/burnt in free oxygen, tons/year
EFi = emission factor of N,O (kg N.O/Gg of waste) for waste of the type i

The emission factor for the solid waste of pomace was equated to paper waste and it
was taken as 10 g of N,O per ton of waste [25]. This factor was taken into account as

nitrogen content of the paper waste was similar to that of apple pomace.

2. 4. 5 Composting
GHG emissions during composting are of two types, CH, and N,O. CO, is produced
during windrow composting while turning the rows and also during transportation of the
waste to the composting site. GHG emissions during transportation were calculated as
indicated in the section 2.4.1, the distance between juice industry and the fermentation
installation was 100 km. Moreover, we did not take into consideration the production of
CH,4 during composting, as waste is generally maintained in aerobic medium, with a
small amount of oxygen leading to aerobic decomposition of materials. For this reason,
the release of methane gas was neglected. Production of N,O was also taken into
account. The emissions of N,O originating from composting were calculated using the
method suggested by GIEC [34]. Apple pomace was transported to a composting site
with a capacity of 38534 m®/year. The emissions produced by the retournor of windrow

composting were calculated using the consumption of diesel. The composting unit uses
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an automated turner for piles requiring a power of 75 kW consuming 12 L of diesel per
hour. The composting site is in operation for 261 days/year for a working period of
8h/day, considering an operation efficiency of 90%. The consumption of diesel is thus
equivalent to 0.6 L of diesel per cubic meter of composted solids. The quantity of
pomace to be composted is 16209 tons per year. This solid waste has a density of 444
kg/m®. Thus, the volume of apple pomace to be composted per year is equal to
36506.75 m®. The quantity of diesel consumed to turn over the apple pomace during
composting is thus equal to 21904L per year. Coefficients of emissions of GHG related
to the combustion of diesel by tractors [2] are 2730 g/L of CO,, 0.12 g/L of CHsand 0.1

g/L of N,O. Eventually, the total emissions are calculated.

2. 4. 6 Landfill
Landfilling is a mode of waste management where the wastes are stored under soil
which is almost deprived of oxygen. The anaerobic storage of waste is accompanied by
the decomposition'of organic residues thus producing methane gas, which is 21 times
superior to CO; in terms of greenhouse gas effects. The transportation of wastes from
the industry to the landfill site requires the use of fuel which inevitably produces GHGs,
in particular, CO,. The calculations for the landfilling GHG factors included: (1) emissions
of GHGs during transportation from the industry to landfill site, these emissions were
calculated as indicated in the section 2.2.1, the distance between juice industry and
landfilling site was 25 km; (2) emissions during the process of landfilling resulting from

decomposition of organic residues.

To calculate the GHGs produced during landfilling of pomace, a first-order-decay (FOD)
model was used [26]. The first-order-décay (FOD) model is generally recognized as
being the most widely used approach, as it is recommended by the Intergovernmental
Panel on Climate Change [18]. Landfill gas (LFG) formation from a certain amount of
waste is assumed to decay exponentially in time. The FOD model has been applied to
other developed models, such as Palos Verdes Model, Sheldon- Arleta Model, Scholl
Canyo Model and First-Order Model TNO (The Netherlands Organization of Applied
Scientific Research) used in this study. The first order model Netherlands (TNO), can be
described mathematically by the Equation 7. The TNO model is derived assuming the
amounts of degradable organic carbon. For the best results, preferably the same waste

composition should be used when using this model to predict LFG production on other
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sites. It makes the model less dependent on errors during estimates of waste
composition. To calculate methane production, the LFG production obtained with the
TNO model is multiplied with the methane concentration of 50% and volumetric mass of
714 g CH4.m™. This model enables calculation of GHG emissions in m3/year. The landfill
gases make up to 50% of CH,4 and 50 % of CO, [27].In order to calculate the quantity of
each gas in kg, it is necessary to multiply half of the gas volume by CO, density and
second half by methane density. The total emissions are thus calculated in kg equivalent
of CO..

—KIxT

GHG(t) = fx 1.87xAxC xk, xe (7)

Where;

GHG = production of landfill gas, at a given time, t (m® GHG/year)

f = factor of dissimilation (0.58)

1.87 = conversion factor (m® of landfill gas/kg C degraded)

A = quantity of wastes loaded into the incinerator (1000 kg)

Co = quantity of organic carbon in the waste (kg C/1000 kg of wastes)= 498 kg/1000 kg
of pomace

ki= constant of degradation, 0.094 (per annum)

t = time elapsed since the waste deposit (year)

Composition of landfill gases was taken as 50% of CH, and 50 % of CO, [27] with the

density of each of the gases being:
Density of CH, = 714 g.m>.
Density of CO, =1870 g.m™.

2.5 Major limitations

The analysis and use of parameters in this study was drawn from various analytical
approaches and data sources. These approaches have their research limitations.
Additionally, the analyses and assessment in this model framework is based on some
major assumptions. The major limitations in the study and various assumptions are listed

below:

* The net GHG pollutants produced by the incineration of waste can be reduced through

improvement in the efficiency of the incineration system.
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* The pollutant emissions from composting depended on the type/quantity of supporting
material as well as the temperature, water content and supply of oxygen during the
composting process. This led to a wide range of emission volumes. Hence, for the
analysis of emissions, it was considered that there was no production of CH, during

composting as the compost was properly returned and aerated.

-« The landfill analysis was based on GHG inventory of Quebec (1990-2002) [35], the
coefficients used were that of municipal waste considering the fact that characterization
data were same. There was no data available for apple pomace waste or fruit waste or
~ even any other agro-industrial or agricultural wastes. Lack of relevant data on CH,
emissions from the landfill surface and carbon storage meant there were a large number

of uncertainties involved.

* During the use of apple pomace as animal feed for cattle, the emissions of N,O during
- manure management were not taken into consideration as there was no data on N,O

emission by cattle in Quebec, unlike swine.

« The analysis of CO, emissions during fermentation were carried out in lab scale
fermentation system. The results could be changed during scale-up of the process by
carrying out fermentation using large scale fermentor where carbon dioxide analysis can
be performed automatically by using gas analyzer. In fact, it is assumed that at large

scale, the fermenters will produce less CO, due to optimal environmental conditions.

3. RESULTS AND DISCUSSION

GHGs produced during different modes of waste management of apple pomace can be
quantified by taking the sum of the results obtained during transportation and during the
actual management process. The net GHG emissions from various apple pomace waste
management options are presented in details in Figure 3 and GHG emissions during
different steps of each management scenario are presented in details in Table 4. The
total GHG emissions (Figure 10.3) were 1122; 1841; 906; 1273; and 963tons of CO, eq
per annum during incineration, landfilling, fermentation, composting and animal feed,

respectively.

As seen in Table 4, all scenarios considered during the course of evaluation of different

waste management options generate GHG emissions. The production of enzymes and
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animal feed were the least polluting scenarios of the environment in terms of release of

GHGs, followed by incineration, composting and landfilling.

3. 1 Production of enzymes

As per the results of life cycle analysis, the fermentation method to produce ligninolytic
enzymes is the most environmentally sustainable process (906.81 tons of CO, eq)
(Figure 10.3). This is due to the aerobic mode of fermentation. During aerobic
fermentation, the microorganisms use oxygen and transform the solid biomass into CO,
contrary to the anaerobic digestion where there is production of CH,. The global
warming potential of CO, is 21 times less than CH,. This very well proves the lower
emissions of GHG during fermentation. In addition to the environmental sustainability,
fermentation seems to be the most economic process for waste management as there is
a possibility of production of high-value products which encompass huge commercial
value. On the other hand, all other methods of waste management encumber high
process costs. For example, landfill needs the presence of landfill sites that are very
costly in contrary to solid state fermentation that can be performed in a simple tray

without sophisticated equipment.

3. 2 Animal feed

Lower GHG emissions were observed during apple pomace waste transformation usage
as animal feed (963.38 tons of CO, eq) (Figure 10.3). This fact may be related to the
point that management methods for manure produced by the cattle during the use of
pomace in animal feeds (N,O and CH, gases produced) were not taken into account.
The management of manure was not taken into account as there was no literature data
for the coefficients of emissions of N,O and CH, related to the management of manure
produced by cattle as compared to the management of manure by swine (Quebec
inventory on GHGs, 2004) [35]. The consideration of GHG - emissions during
management of manure will increase the total assessment of GHG emissions as global
warming potential of N,O is 310 higher than CO,. In other words, if the management
manure during this strategy was taken into account, the animal feed scenario will

become the most polluting with higher release of GHGs.

3. 3 Incineration
The total GHG emissions during incineration were 1122 tons of CO; eq per year (Figure

10.3). Inspite of the recycling of CO, produced during the process, incineration was the
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third most polluting management strategy. If the recycling of CO, was not taken into
account, it will become the most polluting with higher release of GHGs. This can be
explained by the fact that incineration mode of management completely destroys the
waste which is transformed into ash and gases. On the other hand, other modes of
waste management transform the waste into other products which is a simple
transformation and not complete destruction. Meanwhile, in the literature [36, 37], it has
been demonstrated that incineration is the most environmentally sustainable mode of
waste management. This can be explained by the fact that there will be value-addition of
burned wastes, in particular within the framework of the urban heating, similar to the
assumption fixed in this study. Chen and Lin [30] estimated that the total GHG emissions
produced were much higher in the case of animal feed as compared to incineration
which is contrary to the results produced in our study. This is explained by the fact that
the GHGs produced during management of manure produced by the cattle was not
taken into account as its management would lead to production of GHGs, such as CH,4
and N,O.

3. 4 Composting ,

GHG emissions during composting of apple pomace waste were 1273.00 tons of CO; eq
per annum (Figure 10.3). These emissions were much lower than those produced during
landfilling. This may be due to the fact that only small quantity of N,O was produced
during composting, which was related to lower nitrogen content present in pomace
waste. In addition, CH, emissions during composting have been neglected as the

process has been considered under strict aerobic conditions.

3. 5 Landfill

According the results of life cycle analysis shown in Figure 10.3, landfilling as a mode of
apple pomace waste management resulted in higher GHG releases. Other studies,
which were carried out to take into account the greenhouse gas balance for the
management of municipal solid wastes [36, 37] also demonstrated that landfiling was
the most polluting strategy leading to release of GHGs at elevated rate and hence global
warming. Higher GHG emissions during landfilling were necessarily due to landfill gases
produced during anaerobic digestion of apple pomace. During the landfill process,
wastes are disposed in a site by burial. In the landfill site, organic wastes are

decomposed by microorganisms in the absence of oxygen, this decomposition causes
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the production of a gas which is composed primarily of methane, a greenhouse gas
contributing to climate change. The global warming potential of CH, is 21 times higher
than that of CO,. This gives explanation for elevated GHG emissions as equivalent of
CO, during landfiling of apple pomace waste. There is another aspect of GHG
production during landfilling that GHGs produced during landfilling could be reduced if
CH, is trapped and further used for heating and production of electricity. According to
Spokas (2006) [38] and Bahor et al. (2009) [39], the efficiency of trapping of landfill GHG
gases can be between 35% and 85%. For this reason, if the value-addition of landfill
gases is taken into account, the total GHG assessment during landfiling will drop
considerably. The value-addition of the process was not considered during this study as
this mode will considerably increase the cost of management. At some landfills, it is
cost-effective to install gas recovery wells throughout the landfill and recover the gas for
its energy value. In addition to the wells that may be constructed along the landfill
perimeter for migration control, wells are placed in a grid pattern to recover gas that
might otherwise escape through the landfill cover. Thus, the cost of the process will
increase if the landfill gas will be trapped. A comprehensive techno-economic analysis
will be necessary to identify the most economic method of management of apple

pomace waste in this case.

The LCA of apple pomace management by different strategies: incineration, landfill,
composting, solid-state fermentation to produce high-value enzymes and animal feed
clearly showed that solid state fermentation is the most efficient strategy in terms of
greenhouse gas emission reduction. The results of the assessment during animal feed
showed lower values of GHG emissions unlike the results found in literature as
management methods for manure produced by the cattle during the use of pomace in
animal feeds (N20O and CH4 gases produced) were not taken into account. Thus, value-
addition of apple pomace by fermentation gave higher environmental performance in

terms of lower GHG emissions than animal feed.

The contribution to GHG emissions made by apple pomace waste management policy
can be clearly quantified through life-cycle assessment. The assessment and inventory
model used in this case can not only provide a reference for the central and local
government of Quebec in their waste management policy but also can be used by apple

juice industry to select the policy producing less greenhouse gases. Waste management
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strategy in Quebec has mostly favored incineration due to local considerations (difficulty
of land acquisition) and a policy of promoting energy recovery through maximizing
extraction of calorific value from waste. The results from the assessment indicated that
the fermentation of apple pomace waste to produce high value-products constituted a

new and efficient management method to reduce GHG emissions.

4. CONCLUSIONS

The greenhouse gases emissions produced during apple pomace waste management
were evaluated by taking into account five different scenarios. The different scenarios
evaluated were: a) incineration; b) landfill; ¢) animal feed; d) enzyme production by
fermentation and; e) composting. To determine the balance of GHG emissions, life cycle
analysis method (LCA) was adopted. The results obtained in this study showed that
enzyme production (906 tons of CO, equivalent per year) and animal feed (963.38 tons
of CO, equivalent per year) were the least polluting options of the environment in terms
of GHG emissions followed by incineration (1122 tons of CO, equivalent per year),
composting (1273 tons of CO, equivalent per year) and landfill (1841 tons of CO,

equivalent per year).

The assessment and inventory model used in this study can provide not only a reference
for apple pomace waste in their management policy but also can be used to select the
best management policy to manage other kind of organic wastes, in particular agro-

industrial wastes.
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Table 10. 1 GHG emission coefficients related to the combustion of fuels by semi-trailers

Coefficients of emissions by heavy commercial vehicles: Government of Canada

Coefficients of emission

Use COz CH4 Nzo
g/L gasoline g/L gasoline g/L gasoline
Gasoline Vehicles .
2 360 0.17. 1

- 3-way catalytic converter

2 360 0.29 0.046
- Non-catalytic system
2 360 049 0.08
- No cleansing system
Diesel Vehicles - Sophisticated cleansing system 2730 0.12 0.08
- Cleansing system of average efficiency - 2730 0.13 0.08
- No cleansing system 2730 0.15 0.08
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Table 10. 2 Feed rations of cattle and carbon and nitrogen contributions of different nutrients

Nutrition carbon % nitrogen% Ration A Ration B
Corn 43.8 1.0 14 kg 14 kg
ensilage

Hay 40 25 1kg 1kg
Maize 44 1.4 5 kg 4.862 kg
Soya 42 6 0.3 kg 0.107 kg
Minerals 0.100 kg 0.100 kg
Urea 20 46 0.050g 0.050 kg
Pomace 143 1.1 O kg 1kg
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Table 10. 3 Coefficients of emissions of CH, for enteric fermentation — for bovine cattle from 1990 to
2006 (adopted from Boadi et al., 2004)

Coefficients of emission, or CE ¢y, in kg CH, per animal, per year

Heifers
M; . Dairy for
 Year coli/lysng Bulls Cows heifers slaughter Cattle Calves
cattle
2006 135.2 73 92.9 84.8 75.3 67.0 60.4 48.3
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Table 10. 4 GHG emissions during different scenarios of apple pomace management

Scenario

' Enzyme .
Animal feed Landfill Incineration ‘ . Composting
(tons of CO; eq per year) production
GHG  emissions
. 62.15 27.75 221.98 221.98 110.99

transportation

CO; emissions not considered  201.13 8498. 91 684.83 57.79
not

CHj emissions 901.23 1612.69 not considered not considered
considered
not

N20 emissions not considered  not considered 50.24 . 1105
considered
not :

Energy recovery not considered  not considered 7649.01 . not considered
considered
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CHAPITRE VI
PARTIE 2

ANALYSE TECHNICO-ECONOMIQUE DU PROCEDE DE
PRODUCTION DES ENZYMES LIGNINOLYTIQUES PAR

FERMENTATION DE DECHETS SOLIDES DE JUS DE
POMME (APPLE POMACE)
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1. DESCRIPTION DES SCENARIOS DE SIMULATION
EMPLOYES POUR L'ANALYSE TECHNICOECONOMIQUE
DE LA PRODUCTION DES ENZYMES LIGNINOLYTIQUES

Dans le cadre de cette étude, I'évaluation de [lintérét technico-économique de la
production des enzymes ligninolytiques a été réalisée a partir d'une série de 4
scénarios. Les quatre scénarios sont présentés en détails dans la figure 11.1. Les trois
premiers scénarios tiennent compte de la fermentation de 10000 tonnes de déchets
solides de jus de pomme. Ce substrat détient une humidité qui est de 72% p/p.
Cependant, le quatriéme scénario tient compte de la fermentation de 10000 tonnes de
son de blé (humidité 72% p/p). Ce scénario est considéré comme un scénario de
référence car le son de blé est un milieu semi-synthétique trés utilisé dans la production
des enzymes ligninolytiques par Phanerocheate chrysosporium. Aprés la fermentation
du substrat, I'extraction des enzymes a été réalisée par centrifugation aprés ajout de
tampon de sulfate de sodium (10/1 v/p) (scénario 4 et 1) ou de I'eau (10/1 v/p) (Scénario
3). Par contre, I'extraction des enzymes a été réalisée par filtration aprés I'ajout du
tampon phosphate (10/1 v/p) dans le scénario 2. Les paramétres d’opération et les
hypotheses de base utilisés dans les 4 scénarios ont été présentés en détails dans le
tableau 11.1 et 11.2.

Tableau 11. 1 Paramétres d’opération de base

Scénario 1 Scénario 2 Scénario 3 Scénario 4
Substrat de Apple pomace Apple pomace Apple pomace Son de blé
fermentation
Méthode Centrifugation Filtration Centrifugation Centrifugation
d’extraction
Tampon Tampon phosphate Eau Tampon phosphate Tampon phosphate

d’extraction

Humidité du milieu

pH du milieu

pH 6,5

72 % (m/m)

4,5

72 % (m/m)

4,5

pH 6,5

72 % (m/m)

4,5

pH 6,5

72 % (m/m)

4,5
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Tableau 11. 2 Les simplifications utilisées dans les différents Scénarios (Gassara et al., 2010 ;

Gassara et al., 2011)

Scénarios Activité Capacité de Période Facteur Taux Durée de Temps entre les
enzymati  production d’opération d’efficacit récupératio fermentat périodes de
que U/gA MU/an CAP  parjourP é n ion fermentation |

d'opérati enzymes T  (jours)
on (%) F

1: Extraction 2900 812000 MU 350 90 90 10 0,25

par U/gss (3) /an

centrifugation 812 U/g

(Procédé de

référence)

2: Extraction 722 U/gss 202000 350 90 25 10 0,25

par filtration (1) 202
1U/g

IU/an

3: Extraction 2410 730800 MU 350 90 90 10 0,25

par l'eau U/gss /an
674,8 U/g

4: 2610 674800 MU 350 90 90 10 0,25

Fermentation U/gss (3) /an

dusondebié 812 U/g
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Figure 11. 1Scénarios utilisés dans I’analyse technico-économique

2. DIMENSIONNEMENT DES EQUIPEMENTS

Des calculs ont été effectués pour le dimensionnement et la détermination de la capacité
des principaux équipements impliqués dans la chaine de production des enzymes
ligninolytiques, la quelle comprend la fermentation, I'extraction, la récupération des

enzymes et la formulation.

Le dimensionnement du fermenteur a été réalisé en se basant sur les équations 1 et 2,

et les résultats ont été présentés dans le tableau 11. 3 :

Q x(I+D)x 1,2
d

Dimension du fermenteur(m?) = (Eq 1)

Q=(CAP)/(PxAxFxT) (Eq 2)

Avec

d : densité de apple pomace =0,44 Kg/L, densité du son de blé sec =0,24 Kg /L, la
densité du son de blé (72% d’humidité)=0,53
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| : Temps entre les périodes de fermentation en jours
D : Durée de fermentation (jours)

CAP : Capacité de production MU/an

A : Activité enzymatique U/g

F : Facteur d'efficacité d’'opération (%)

T : Taux de récupération des enzymes (%)

P : Période d’opération par jour

Le dimensionnement de l'unité d’extraction des enzymes par centrifugation a été fait en

se basant sur I'eq 3 et les résultats obtenus ont été présentés dans le tableau 3.

Ox10x (I + D)x1000 (Eq3)
8

Taille de la centrif (L/h) =

Tableau 11. 3 Dimensionnement du fermenteur et de la centrifugeuse, utilisés dans les quatre scénarios

Scénario 1 Scénario 2 Scénario 3 Scénario 4
Volume du 98,4 98.4 98,4 81,69
fermenteur m®
Taille de la 45100 45100 45100

centrifugeuse L/h

3. COUTS EN CAPITAUX

L'investissement total appelé aussi colts fixes en capitaux comprend le montant
d'investissement de base (codts directs), les frais d'ingénierie et de supervision ainsi que
les dépenses de construction (colts indirects), de méme que les frais de gestion et de

construction et les frais contingents.
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3.1 Les coits directs

Les colts directs en capitaux comprennent les dépenses dues a l'acquisition et
I'installation des équipements (achat et transport, installation et isolation, instrumentation
et contrdle, conduites et tuyauterie, systeme électrique), des batiments de procédés et

services, | ‘acquisition et | ‘aménagement du terrain, ainsi que les facilités et services.

Dans le cadre d'une évaluation préliminaire, I'estimation des colts en capitaux est
basée sur les le concept des facteurs de Lang (Castilho et al., 2000). Le point de départ
de tous les estimés de cette technique est la préparation de la liste de tous les
équipements majeurs requis, incluant le colt d’achat et de transport. Les colts
d’acquisition (achat et transport) des différents équipements ont été déterminés en se
basant sur différentes sources (Alibaba. Com Castilho et al., 2000, Zhuang et al., 2007)
et ont été modélisés de maniére a pouvoir étre estimés, par apport a différentes
conditions d’exploitation de l'usine de production des enzymes ligninolytiques. Les

facteurs de Lang utilisés dans cette étude sont présentés dans le tableau 11.4.
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Tableau 11. 4 Estimation du capital total par année d’une entreprise produisant des enzyme par
fermentation a I’etat solide : Facteurs de Lang (Castilho et al., 2000)

Item Pourcentage du colt des

équipements

Couts directs

Equipement acheté livré 100
Installation des équipements 39
Instrumentation et contréle 13
Tuyauterie ‘ 31
batiments (incluant les services) 29
Electricité (incluant installation) 10
Améliorations 10
Services et facilités 55
Terre si acheté 6
Total des couts directs 293

Couts indirects

Ingénierie et supervision 32
dépenses de construction 34
Total des couts indirects 66
Frais de I'entrepreneur 18
Contingence 36
Total des investissements en capital fixe 413
Le fonds de roulement 74
Total des investissements de capitaux 487

Le colt des équipements a été déterminé en fonction de leurs capacités. Le coit d'achat
a été augmenté de 5% pour tenir compte des frais de transport. Les co(ts aussi ont été
transformés en dollars canadiens (Taux de change : 1,02 $US/$Can)). L'équation 4 a
eté utilisée pour déterminer le colt d'acquisition des équipements (Remer et Chai.,
1990).

Coat =X * (CAP)’ x MSECI,/ MSECI, Eq 4
X : Constante de co(t pour I'équipement considéré

Y : Facteur de mise a ['‘échelle

MSECI, : Valeur actualisée de l'indice Marshall and Swift Equipment Cost Index

MSECI, : Valeur a l'origine de l'indice Marshall and Swift Equipment Cost Index
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Les colits d’acquisition des différents équipements sont présentés dans le tableau 11. 5.
Tableau 11. 5 Coflts d’acquisition des différents équipements

Appareillage Capacité :ja?lllf de IaNombre Cout ($ canadien)

Solid state fermentor 98,4 m® 1 331885

Sterilizing drum 98,4 m® 1 12208
Scenario 1 Apple pomace :Sterile conveyor 5 M 1 45716
Extraction des enzymes par
centrifugation centrufugeuse 45100 L/ 1 568089

Mixing tank 100 m° 1 316598

storage medium tank 100 1 40223

Colt total des

équipements 1,3M

Solid state fermentor 98,4 m° 1 331885

Sterilizing drum 98,4 m® 1 12208
Scenario 2 : Apple pomace :Sterile conveyor 5 M2 1 45716
Extraction des enzymes par'otary drum fiter 5,32 m 1 311728
filtration Mixing tank 100 m® 316598

storage medium tank 100 40223

Colt total des

équipements 1,05 M

Solid state fermentor 98,4 m° 1 331885

Sterilizing drum 98,4 m’ 1 12208
Scenario : 3 Apple pomace Sterile conveyor 5 M 1 45716
Extraction des enzymes parcentrifugeuse 45100 L/h 1 568089
leau Mixing tank 100 m® 1 316598

storage medium tank 100 1 40223

Colt total des

équipements 1,3M

Solid state fermentor 81,69 m° 1 289795

Sterilizing drum 81.69 m° 1 6153

Sterile conveyor 5 M 1 45716
Scenario 4 : centrifugeuse 45100 L/h 1 568089
Fermentation du son de blé  pjixing tank 100 m3 1 316598

storage medium tank 100 1 40223

Coat total des

équipements 1,27 M

3. 2 Les coits indirects

Les codts indirects des colts en capitaux comprennent les frais associés a I'ingénierie et
la supervision des travaux, ainsi que les dépenses de construction. Ces deux éléments
sont estimés a 'aide d'un facteur multiplicatif appliqué sur le co{t total d'acquisition des
équipements. Les colts d'ingénierie et de supervision comprennent les frais

administratifs d'ingénierie, les colts d'ingénierie de procédés, les frais d'architecture de
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communications de reproduction, les frais de consultations externes, le frais de voyage

et de représentation ainsi que les colts de supervision et d'inspection.

D'autre part, les dépenses de construction tiennent compte des colts de construction,
d'opération et d'entretien des facilités temporaire des bureaux, des routes, des aires de
stationnement, du systéme électrique d'appoint, de communication et d'installation
temporaire de clétures. De plus, cet item comptable prend en considération le co(t des
outils et équipements de construction, les frais de supervision de la construction, les

frais d'achat et d'expédition, les frais de sécurité médical des personnels ....

Pour les besoins de cette étude, un facteur de 32% a été utilisé pour les frais
d'ingénierie et de supervision et un facteur de 34 % pour les dépenses de construction.
lls correspondent aux facteurs de Lang employés couramment pour estimer ces deux
éléments économiques dans le cas d'usine de production d’enzymes par fermentation a
I'état solide (Castilho et al., 2000).

3. 3 Frais de gestion de construction et frais contingents

Les autres items comptables a considérer pour I'établissement des colts en capitaux
comprennent les honoraires de gestion de construction (frais de I'entrepreneur), ainsi
que les frais contingents. Il faut noter que les fonds de roulement ont été pris en
considération lors de la préparation du flux monétaire d’exploitation de I'entreprise. Les
facteurs d'estimation de Lang (Castilho et al., 2000) pour déterminer les frais de
l'entrepreneur, les frais contingents et les fonds de roulement. Les colts en capitaux ont

été calculés et présentés en détails dans le tableau 11.6.
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Tableau 11. 6 Colits en Capitaux

Item Scénario 1 Scénario 2 Scénario 3 Scénario 4

Colts directs

Equipement
acheté livré
1314722 1058362 1314722 1266576
Installation des
équipements 512741 412761 512741 493964
Instrumentation et
CHiEIS 170913 137587 170913 164654
Tuyauterie
407564 328092 407564 392638
Batiments
(incluant les
§ervices) 381269 306925 381269 367307
Electricité
(incluant
installation) 131472 105836 131472 126657
Améliorations
131472 105836 131472 126657
Services et
facilités 723097 582099 723097 696617
Terre si achete 78883 63501 78883 75994
Total des colts
directs 3852138.06 3101001 3852138 3711070
Colts indirects
Ingénierie et
supervision 420711 338675 420711 405304
Dépenses de
construction 447005 359843 447005 430636
Total des colts
indirects 867717 698519 867717 835940
Frais de
I'entrepreneur 236650 190505 236650 227983
Contingence 473300 381010 473300 455967
Total des
investissements
en capital fixe 5429805 4371036 5429805 5230962
Le fonds de
roulement 972894 783188 972894 937266
Total des
investissements
de capitaux 6402700 5154224 6402700 6168229
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4. COUTS DE PRODUCTION

L'évaluation des colts de production comprend les colits directs d’exploitation, les codts
indirects, les colts généraux, les frais de financement (intérét sur le capital investi),

Famortissement sur le capital et les royautés.

Les colts directs englobent les frais et dépenses liés a la production des enzymes
ligninolytiques comme les produits chimiques, la main d’ceuvre d’opération, la main
d’ceuvre de supervision et de bureau, les utilités (vapeur électricité, eau de procédé,
disposition des déchets), 'entretien et la réparation des installation et des équipements,

les matériaux courants et les frais du laboratoire.

Les codts indirects de production englobent les frais généraux de I'entreprise, les taxes
et les assurances. Par contre, les colts généraux tiennent en considération les
dépenses de I'administration, de la recherche et développement et la distribution des
ventes. D'autres éléments ont été considérés dans nos calculs. Ces éléments sont les
frais de financement, 'amortissement du capital fixe investi ainsi que les royautés

payables.

4.1. La consommation de produits chimiques nécessaires

La consommation de produits chimiques nécessaires a l'opération du procédé de
fermentation constitue une fraction notable du codt de production. Le tableau 11. 7
représente la consommation et les colts des produits chimiques utilisés dans les

différents scénarios.
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Tableau 11. 7 Consommation des produits chimiques

consommation g/kg

Matiére premiére ml/kg $/tonne prix total ($)
Fermentation
Son de blé 260 2600000

Apple pomace

CuSO, 2 mmole/kg 0,319 1400 4466
Veratryl alcool 2 mmole/kg 0,049 1100 546.92
Tween 80 0,1 % viw 1 1000 10000
Tampon phosphate de sodium 50mM pH 6,5 96,97 620 601214
NaOH 4 M (en poudre) 55 ml/4,5 kg 1,955 200 3910
Formulation
Gelatine en poudre 100 1000 1000000
PPG 1000 1,5 15000
tampon phosphate de sodium pH 7,2 0,2% 20 620 1,2M
Prix total des produits chimiques scénario 1 1,8 M
Prix total des produits chimiques scénario 2 1,8M
Prix total des produits chimiques scénario 3 1,2M
Prix total des produits chimiques scénario 4 43 M

4. 2 Estimation des codts liés a la production

Tous les colts liés a la production des enzymes ligninolytiques (colts directs
d’exploitation, les colts indirects, les colts généraux, les frais de financement (intérét
sur le capital investi), 'amortissement sur le capital et les royautés) ont été déterminés
en se basant sur des facteurs fournis par une entreprise de production d'enzymes par
fermentation a I'état solide (Castilho et al., 2000). Ces facteurs ont été présentés dans le
tableau 11. 8. Tous les colts liés a la production d’enzymes ligninolytiques par les

différents scénarios suggérés ont été présenté en détails dans le tableau 11. 8. La part
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de différents éléments a savoir les équipements, les produits chimiques, la main
d’ceuvre et le total des investissements en capitaux a été présentée en détails dans la
figure 11.2. D'aprés les résultats présentés dans la figure 11. 2, le coit de la matiére
premiére (son de blé) représentait 21 % du colt de production des enzymes dans le
scénario 4 (scénario de référence). Cependant, I'utilisation des déchets solides de jus de
pomme comme matiére premiére dont le colt est nul, permet la réduction du colt de
production. Ceci encourage I'utilisation des déchets agricoles comme matiére premiére
pour produire des produits a valeur ajoutée comme les enzymes, acides organiques,

biopesticides, alcool...

Tableau 11. 8 Facteurs utilisés pour I’estimation des colits de production

Item Y%

Colts de production directs

Main-d’ceuvre nécessaire a I'opération 15% du total des investissements de capitaux
Main-d’ceuvre de supervision 17,5% de la main-d’ceuvre nécessaire a I'opération
Utilités 15% du capital total

Entretien et réparation 6% du total des investissements en capital fixe
Matériaux courants 0,75% du total des investissements en capital fixe
Les frais de laboratoire 15% de la main-d’ceuvre nécessaire a l'opération
royautés 3% du total des investissements de capitaux

Charges fixes

Amortissement 10% du total des investissements en capital fixe
Taxes locales 2,5 du total des investissements en capital fixe
Assurance 0,7 du total des investissements en capital fixe
Frais généraux 10% du total des investissements de capitaux

Codt de production total

Colts généraux

Administration 4 % du total des investissements de capitaux
Distribution et vente 11 % du total des investissements de capitaux
Recherche et développement 5 % du total des investissements de capitaux
Financement 5 % du total des investissements de capitaux

Colts généraux

Colits total des produits
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Tableau 11. 9 Colts de production totaux des enzymes ligninolytiques

Item Scenario 1 Scénario 2 Scénario 3 Scénario 4

Colits de production directs

Produits chimiques 1759137 1759137 1157923 4359137
Main-d'oesuvre nécessaire a I'opération 960405 773134 960405 925234
Main-d’ceuvre de supervision 168071 135298 168071 161916
utilités 960405 773134 960405 925234
Entretien et réparation 325788 262262 325788 313858
Matériaux courants 40724 32783 40724 39232
Les frais de laboratoire 144061 115970 144061 138785
royautés 192081 164627 192081 185047
Charges fixes
Amortissement 542981 437104 542981 523096
Taxes locales 135745 109276 135745 130774
Assurance 38009 30597 38009 36617
Frais généraux 640270 515422 640270 616823
Codt de production total 5907676 5098744 5306462 8355754

Couts généraux

Administration 256108 206169 256108 246729
Distribution et vente 704297 566965 704297 678505
Recherche et développement 2910318 2342829 2910318 2803741
Financement 320135 257711 320135 308411
Co(ts généraux totaux 4190858 3373674 4190858 4037387
Colits total des produits ($) 10098534 8472418 9497320 12393141
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Figure 11. 2 Digramme de la participation des différents paramétres dans le cout de production des
enzymes (Scénario 4 : Scénario de référence)
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Figure 11. 3 Coit de production de 1 MU d’enzymes ligninolytiques ($) en utilisant différents
scénarios

D’aprés les résultats trouvés dans la figure 11. 3 et le tableau 11. 9, I'extraction des
enzymes par centrifugation permet la réduction du colt de production des enzymes
ligninolytiques de 70,36 % par rapport a la méthode d’extraction par filtration. Cet effet
aurait dd etre expliqué étant I'adsorption des enzymes sur le filtre, ce qui empéche leur
extraction. Par la suite, le rendement d’extraction par filtration est faible, ce qui va
diminuer la capacité de production des enzymes et augmenter leur cot de production
des enzymes. De plus, L'utilisation des déchets solides de jus de pomme comme

matiere premiére réduit le colt de production des enzymes de 32,30% par rapport au




procédé de fermentation de référence utilisant le son de blé comme matiére premiére.
L'utilisation de 'eau comme tampon d’extraction des enzymes a la place du tampon
phosphate a permis 'augmentation du colt de production des enzymes ligninolytiques
de 4 %. Ceci est d0 au rendement d’extraction par I'eau, qui est plus faible que celui
obtenu par le tampon phosphate. L'utilisation de I'eau comme milieu d’extraction a
diminué la productivité annuelle d’enzymes ligninolytiques engendrant ainsi une
augmentation de leur colt de production. Au final, d'aprés I'analyse technico-
économique réalisée, I'utilisation des déchets solides de jus de pomme comme milieu
de fermentation et 'extraction des enzymes ligninolytiques par centrifugation aprés
I'ajout de tampon phosphate réduit considérablement le colt de production des enzymes
ligninolytiques.
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ANNEXE 1

Table A. 1. 1 Viability of P. chrysosporium cultivated on wastes (Pomace, brewery waste, fishery
waste, pulp and paper industry sludge: P A P), inducer (copper sulphate, 3 mM). Viability was
determined using MPN method.

Viability (UFC/g)

Time (days) Pomace Brewery waste P AP Fishery waste
1 0.0E+00 0.0E+00 2.1E+04 0.0E+00
3 2.1E+04 1.0E+05 1.0E+07 0.0E+00
8 5.3E+09 5.3E+06 1.1E+08 0.0E+00
14 5.3E+05 4.1E+05 5.3E+07 5.3E+02
17 4.1E+04 4.1E+03 5.3E+05 0.0E+00

Table A. 1. 2 Viability of P. chrysosporium cultivated wastes (Pomace, brewery waste, fishery waste,
pulp and paper industry sludge: P A P), inducer (veratryl alcohol, 2 mM). Viability was determined
using MPN method.

Viability (UFC/g)

Time (days) Pomace Brewery waste P A P Fishery waste
0 0.0E+00 0.0E+00 0.0E+00 0.0E+00
1 5.2E+04 5.3E+04 2.4E+03 1.7E+07
2 1.1E+05 1.1E+05 1.2E+03 3.2E+07
3 1.1E+06 1.1E+06 3.2E+03 5.3E+07
4 2.4E+06 1.7E+06 3.2E+03 1.7E+08
11 1.1E+06 1.1E+06 0.0E+00 5.3E+07
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Table A. 1. 3 Viability of P. chrysosporium cultivated on wastes (Pomace, brewery waste, fishery
waste, pulp and paper industry sludge: P A P), without inducer. Viability was determined using MPN
method.

Viability (UFC/g)

Time (days) Pomace Brewery waste P AP Fishery waste
0 0.0E+00 0.0E+00 0.0E+00 0.0E+00
5 5.2E+04 5.3E+04 2.4E+04 0.0E+00
6 1.1E+05 1.1E+05 1.2E+05 0.0E+00
10 5.3E+05 7.2E+05 6.0E+07 6.0E+03
12 5.3E+04 5.7E+05 5.3E+07 5.5E+03
13 5.3E+04 5.3E+05 1.0E+07 0.0E+00
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ANNEXE 2

Table A. 2. 1 MnP production during solid state fermentation of apple pomace using different modes of agitation and aeration

MnP production (U/gds)

cl/dic agitation dicid Continious

aeration 1.66 VVM cldic aeration 0.83 VVM

Time Moyenne Ecartype Time Moyenne Ecartype Time Moyenne Ecartype Time Moyenne  Ecartype Time Moyenne Ecartype
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
12 0 0 12 0 0 12 0 0 12 0 0 12 0 0
24 0 0 24 0] 0 24 0 0 24 0 0 24 0 0
36 0 0 36 0 0 36 0 0 36 0 0 36 0 0
48 0 0 48 0 0 48 0 0 48 0 0 48 0 0
60 0 0 60 0 0 60 0 0 60 0 0 60 0 0
72 1.25 0 72 16.25 0 72 14 0.8 120 83.3333333 4.7 72 0 0
84 9.5 0.5 80 20 0.5 80 26.88 15 156 83.3333333 5.6 80 0 0
96 15 1.2 98 22.5 1.2 98 44 29 192 304.166667 17.8 98 0 0
120 27.5 1.6 105 275 1.6 105 103.7 7.9 242 479.166667 31.2 105 2.2 0.1
132 48.75 25 123 88.75 2.5 123 4446 26.8 266 468 29.1 123 4.7 0.3
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144

156

168

180

192

204

216

228

240

252

264

276

288

63.75 4.3 133 166.25 4.3
91.25 7.3 147 800 7.3
150 11 171 845 8.9
287.5 18 195 84433 11.2
412.5 32 219 845.7 123
600 37 243 843 14
650 39 250 8435 12
762.5 50 7 800 7.3
1030
1018.75
1013.75
1003.75
1000

133 675.3

147 1245.7

171 1678.9

195 1690.3

219 1640.3

243 1634.7

250 1637.3

147 1245.7

37.2

87.6

98.3

87.6

102.3

925

87.9

87.6

300

147

171

195

219

243

250

147

470

1245.7

1678.9

1690.3

1640.3

1634.7

1637.3

1245.7

29.7

87.6

98.3

87.6

102.3

92.5

87.9

87.6

133

147

171

195

219

243

250

288

324

65.5

167.7

246.2

324.6

322.6

323.9

325

2.3

5.2

11.2

16.2

21.2

19.2

18.3

16.5
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Table A. 2. 2 LiP production during solid state fermentation of apple pomace using different modes of agitation and aeration

Continuous agitation C/DIC agitation, 1.25 VVM D/CID agitation Aeration 1.66 VVM Aeration 0.83 VVM
Time Moyenne Ecartype Time Moyenne Ecartype Time Moyenne Ecartype Time Moyenne Ecartype Time Moyenne Ecartype
0 0 0 0 0 0 0
12 0 0 0 0 0 0 0 0 0 0 0 0 12 0
24 15.59139 1.3 12 0 0 12 0 0 12 0 0 12 24 15.59139
8 8
48 18.83960 1.2 24 0 0 24 0 0 24 0 0 24 48 18.83960
6 6
60 16.24103 0.9 36 0 0 36 0 0 36 0 0 36 60 16.24103
9 9
72 16.24103 1.2 48 0 0 48 0 0 48 0 0 48 72 16.24103
9 9
120 12.99283 0.8 60 0 0 60 1.75 0 60 0 0 60 120 12.99283
2 2
144 22.73745 1.2 72 1.375 0 72 6.125 0 72 0 0 72 144 22.73745
5 5
156 17.54032 1.2 84 2.625 0.1 80 12.5 0 80 5.3 0.4 80 156 17.54032
3 3
168 15.59139 0.9 96 3.75 0.2 98 18.75 0.1 98 87.4 39 98 168 15.59139
8 8
180 18.18996 0.6 120 6.125 0.3 105 25 0.2 105 122.5 8.6 105 180 18.18996
4 4
192 12.34319 0.8 132 12.5 0.5 123 275 0.3 123 154.9 10.2 123 192 12.34319
216 23.38709 14 144 325 14 133 31.25 0.5 133 167.9 11.4 133 216 23.38709
7 7
228 16.24103 1.1 156 52.5 31 147 37.5 1.4 147 387.9 143 147 228 16.24103
9 9
230 14.16218 0.9 168 91.25 7.6 171 43.75 3.1 171 385.45 18.2 171 230 14.16218
6 6
242 18.83960 11 180 103.75 8.2 195 117.5 7.6 195 382.9 16.9 195 242 18.83960
6 6
254 16.24103 0.8 192 150 11.3 219 116.25 8.2 219 382.3 17.6 219 254 16.24103
9 9
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266 33.13172 1.7 204 250 17.3 243 116.875 11.3 243 384 16.9 243 266 33.13172
300 32.48207 1.8 216 262.5 23.2 250 116.25 10.3 250 3841 17.8 250 300 32.48207
9 9
228 250 21 288
240 243.75 19.5 300
252 2375 19.9
264 237.5 18.9
276 231.25 211
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Table A. 2. 3 Laccase production during solid state fermentation of apple pomace using different modes of agitation and aeration

Laccase production (U/gds)

Continuous agitation

C/DIC agitation, 1.25 VVM

D/CI/D agitation

Aeration 1.66 VVM

Aeration 0.83 VVM

Time Moyenne  Ecartype Time Moyenne Ecartype Time Moyenne Ecartype Time Moyenne Ecartype Time Moyenne
0 0 0 0 0 0 0 0 0 0 0 0 0 0
12 0 12 0 0 12 0 0 12 0 0 12 0 0
24 0 24 0 0 24 0 0 24 0 0 24 0 0
36 0 36 0 0 36 0 0 36 0 0 36 0 0
48 0 48 0 0 48 0 0 48 0 0 48 0 0
60 0 60 0 0 60 0.5 0 60 0 0 60 0 0
72 0 72 1.25 0 72 0.75 0 72 0 0 72 0 0
84 0 84 1.5 0.01 80 0.875 0.01 80 0 0 80 0 0
96 0 96 1.875 0.1 98 1 0.1 98 46 0.2 98 0 0
120 0 120 3 0.18 105 1.125 0.18 105 12.3 0.8 105 0.7 0
132 0 132 3.625 0.12 123 1.25 0.12 123 18.9 1.5 123 1.2 0.1
144 0 144 12.5 0.9 133 16.25 0.9 133 89.6 6.7 133 3.9 0.2
156 0 156 16.25 08 147 15 0.8 147 187.7 11.4 147 9.7 0.4
204 19.90 168 15 1 171 62.5 1 171 297.3 15.5 171 14.4 0.9
228 37.03 180 37.5 2.1 195 112.5 12.1 195 689.3 43.2 195 36.2 241
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230

242
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300

91.04

86.41

89.50

92.59

91.04

192
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216
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225
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262.5

300

3125

2975

292.5

290

12.1

141

231

18.2

273

30.4

254

211

16.7

219

243

250

300

293.75

287.5

221

141

23.1

219

243

250

898.9

891.2

887.7

56.3

54.1

49.3
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ANNEXE 3

Table A. 3. 1 Ligninolytic enzymes production during liquid state fermentation of apple pomace
sludge and synthetic medium. Values are expressed as means of three replicates t standard

deviations.
laccase Ecartype MnP Ecartype LiP Ecartype

0] 0 0 0 0 0 0
18 0 0 0 0 0.95497312 0.02756196
24 0 0 0 0 1.03293011 0.02756196
30 5.55555556 0.3 46.25 10.6066017 0.98420699 0.01378098
38 10.6666667 0.76 73.75 17.6776695 1.04267473 0.09646685
55 8.88888889 0.7 111.25 10.6066017 1.00369624 0.04134294
60 9.72222222 0.56 66.25 8.83883476 0.98420699 0.15159077
67 22.2222222 2.54 80.625 2.65165043 1.06216398 0.12402881
78 31.9444444 4.3 100.625 0.88388348 2.04637097 0.13780979
84  43.0555556 4.2 110 3.53553391 2.24126344 0.13780979
88 38.8888889 2.6 121.25 1.76776695 4.96975806 0.13780979
96 33.3333333 3.32 201.25 8.83883476 6.04166667 0.27561958
108 36.1111111 1.2 166.25 5.30330086 3.9952957 0.13780979
114 31.9444444 1.4 156.875 9.72271824 3.70295699 0.27561958

Table A. 3. 2 Particle size analysis during liquid state fermentation of apple pomace sludge and
synthetic medium.

D50 median D43 mean
size D10 D90 size

0 54,064 12.11 125.006 86.2
18 57.79 12.22 165.132 74.71
24 36.31 4.91 96.39 44.92
30 30.66 2.93 84.76 39.97
38 20.32 2.83 79.65 35.67
55 76.129 12.26 524.197 178.31
60 547.04 42.61 681.805 467.64
67 532.2 371 598.5 420.14
78 453.24 344 579.3 387.14
84 312.13 25.71 512.13 321.54
88 279.12 211 413.87 235.56
96 178.56 18.14 376.12 212.7
108 168.89 14.83 361.34 198.13
114 143.56 12.34 324.56 176.98
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ANNEXE 4

Table A. 4. 1 Thermal stability of MnP inside different hydrogelformulations

Temperature

(°C) 4 20 40 50 60 75
free enzyme 404 512.5 500.1 412 239 321
pec 0.01% 514 525 524 523 512 501
pec 0.02% 532 537.5 537 536 518 504
pec 0.05% 477 487.5 487 476 471 465
gel 0.01% 496 500 498 495 491 482
gel 0.02% 523 525 523 521 517 513
gel 0.05% 513 512.5 509.3 508 505 501
cmc 0.01% 384 387.5 385 381 370 254
cmc 0.02% 232 250 249 247 236 212
cmc 0.05% 172 175 174 169 161 154
Table A. 4. 2 Thermal stability of LiP inside different hydrogelformulations

Temperature

(°C) 4 20 40 50 60 75
free enzyme 36 50.67 47 32 7 0
pec 0.01% 48 49.50 49 48 47 46
pec 0.02% 53 53.40 53 52 49 48
pec 0.05% 37 38.19 38 36 34 32
gel 0.01% 49 50.28 49 48 45 43
gel 0.02% 43 45.60 45 43 41 40
gel 0.05% 37 42.48 42 38 35 34
cme 0.01% 42 47.16 46 45 42 41
cmc 0.02% 35 37.80 36 34 32 32
cmc 0.05% 31 33.91 33 31 28 27
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Table A. 4. 3 Thermal stability of laccase inside different hydrogelformulations

Temperature

(°C) 4 20 40 50 60 75
free enzyme 69 79.16 68.4 34.8 13 0
pec 0.01% 86 88.88 88.2 87.5 86 84
pec 0.02% 76 79.16 79 78 76 74
pec 0.05% 75 77.77 76 75 74 73
gel 0.01% 86 87.5 87 86.5 84 82
gel 0.02% 81 81.944 81 80 75 73
gel 0.05% 79 80.27 79 78 73 70
cmc 0.01% 56 58.33 56 54 49 48
cmc 0.02% 43 44.44 43 42 39 39
cmc 0.05% 28 29.16 29 27 25 23

Table A. 4. 4 Polyphenol reduction during juice treatment by different ligninolytic enzymes
formulations

pectin gelatin cMmC Free enzyme Juice
0.01%  73.580786 57.2052402 65.2838428
0.02% 61.1353712  79.0393013  52.1834061
0.05% 62.2270742 59.1703057 81.5502183

46.5065502 4.58

Table A. 4. 5 Particle size analysis during juice treatment by different ligninolytic enzymes
formulations

pectin gelatin cMC
0.01% 51.08 7.2 53.33
0.02% 59.92 443.64 6.03
0.05% 802.93 622.55 6.67

331







