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ABSTRACT

A linear programming was incorporated into the calculation algorithm for the estimation of
environmental impacts from products or activities. This allows a simple management of the complicated
interaction between various components from the different life cycle stages. To further simplify the calculation,
this algorithm was encrypted into life cycle impact assessment software where the impacts are evaluated based
on the local national life cycle inventory database. The users have the options to specify their own
characterization factors to eliminate the subjective concerns regarding the significance of the impacts.
Transportation, usage, and disposal stages are also included as options in the calculation for the products with
specific usages pattern. However, the environmental impacts regarding these stages must be supplied by the
users.

Keywords: life cycle assessment, mathematical program, linear programming, software, algorithm

1. INTRODUCTION

Life cycle assessment (LCA) is a protocol for the estimation of environmental burdens created from
specific products or activities. The assessment involves the calculation of environmental loads derived from
various life cycle stages of such products or activities of interest. Therefore the boundary of the evaluation has
to be extended both forward and backward to include stages such as usages, recycle/disposal, transportation and
material acquisition, etc. This protocol is particularly useful as a potential tool for the preliminary assessment
and location of the stages of life of products or activities with significant environmental concerns. The results
from LCA can then be used as a guideline for the effective planning of resources needed for the prevention and
mitigation of pollution problems, especially for the authorities who are directly responsible for this aspect.

The complication of the life cycle inventory is in the complex dependency of the material and energy
flow network within the boundary of the system. More often than not, this prevents a simple sequential linear
calculation, but rather needs a set of interrelated equations that has to be solved simultaneously. To clarify this
point, the following two simple examples are proposed:

(i) System with simple sequential interaction from one stage to the others
Fig. 1 illustrates the production of product P which requires the usages of raw materials R1 and R2.
Raw material Processes I and II are connected in series and therefore the quantities of R1 and R2 can

be proportionally calculated from the quantity of final product P (or often known as functional unit or
basis of calculation) as follows:

Natural

Resources ial | R1 ial | R2 3
Raw material Raw material Manufacture ——
Process | Process Il

Figure 1 Simple one way material flow system
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R2= f(P) (1)
RI=f(R2) =1(P) 2)

where P is the quantity of the final product of interest, R/ and R2 the quantities of the raw material R1
and R2, respectively.

As a common practice in LCA calculation, the relationship between the input and output from each
single process is assumed to be linearly proportional. It is realized that this linear relationship
assumption is over-simplified, however, the calculation in LCA often involves a large number of
input/output data and it is often not practical to include such non-linear relationship in the calculation.
For this work, the assumption of linear relationship between input/output is still maintained as
conventionally suggested, and therefore Eqs. (1) and (2) are reduced to:

R2=0oP ?3)
RI=pR2 4)
where « and [ are constant.

The environmental load is subsequently calculated from such quantities. Again, a linear relationship

between the production capacity and the environmental loadings are assumed, i.e. constant emission
factors:

E=AM (5)

where E represent the vector (number of environmental indicators 1) of environmental problems
(such as those indicated in [1, 2]), A amatrix (number of environmental indicators X number of

emission parameters) of emission factors, and M the vector (number of emission parameters x 1) of
the emission parameters released from the system (e.g. CO,, SO,, CFCyy, BOD, NO;3, POy, heavy
metals, etc.). These three quantities are mathematically written as:

| Global warming potential, kg CO, i
Ozone layer depletion, kg CFC11
Acidification, kg SO
E =| Photochemical oxidation, kg C,H 4 (6)
Eutrophication, kg PO 4
Heavy metals, kg Pb
L other... |
GWP GWPy, — GWP; ... GwPy |
ODR ODP, ODPy
B ADPR, ADP, ADPy,
A= PhotoOx;  PhotoOx, PhotoOx y N
EP EP, EPy
Metal; Metal, Metal
| others ]
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where GWP; is the global warming potential, ODP; the ozone depletion layer, ADP; the acidification
potential, PhotoOx; the photochemical oxidation potential, EP; the eutrophication potential, Metal; the
heavy metal conversion factor of emission parameter i. There might be other environmental indicators

as needed, practitioners just have to include that in the vector E , and corresponding matrix A must be

defined for each pollutant.

In this case, the calculation is straightforward, and it is rightly to start the calculation from the basis of
calculation, i.e. the quantity of product required and a back-calculation is performed to find R2 and R1

and their associated environmental loadings.

(ii) System with material flow complex between stages

In several circumstances, simple calculations as shown in the above example are not applicable as the
flows of materials within the system are complicated. Fig. 2 demonstrates, perhaps, the simplest form

of this case. The product P is required from the system, and this requires that R1 is fed to the

manufacturing stage. However, some of the product, e.g. AP, is needed for the production of R1.

Therefore the absolute quantity of product from the manufacturing stage must be P + AP, where AP

have to be calculated from the following procedure.

AP =Rl
RI=p(P + 4P)

©)
(10)

Egs. (9) and (10) comprise two unknown variables, i.e. R] and AP, resulting a complete set of equation

with zero degree of freedom, and can be solved simultaneously. Actual applications involve a

significantly more complicated network of material flows within the boundary of the system and this

creates a large set of linear equations. In all cases, after these quantities are evaluated, the
environmental impacts associated with them can be determined from Egs. (5) — (8).

The formation of such relationships can be quite complicated by its own right and therefore this article

proposes a novel method on the general procedure for the calculation of the life cycle inventory from the

national life cycle inventory database system, which is currently under the development by Chulalongkom

University, Thailand Research Funds, and National Metal and Materials Technology Center.
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2. CALCULATION ALGORITHM

In this article, the calculation algorithm starts with the description of the functional unit of the product
of concern. This is followed by the construction of linear material conservation matrix which is solved using the
direct substitution method. The contribution from transportation is included in the matrix to ensure the accuracy
of the life cycle evaluation especially for cases where long transportation could introduce major impacts to the
overall environmental issues. Two separate modules are provided as options for the estimation of inventory
associated with the usage and disposal stages of the products. With this algorithm, it is possible to evaluate the
life cycle assessment under the basis of both “cradle to gate” and “cradle to grave” principles.

2.1 Formation of material flow equations

Fig. 3 illustrates the network of material flows where the boundary starts from the product and is
extended backward to include all the raw material acquisition stages. The quantity of the product must firstly be
specified (as often regarded as a functional unit), and in this case, this takes the value of “P”. Some of the
product could be required for the productions of other raw materials in the matrix and therefore the total
quantity of product being produced must be equal to the sum of the functional unit and all the other
requirements, and this quantity is equal to “4,”. The first step in the calculation is to identify all the raw
materials involved in the boundary specified in Fig. 3. With the attainment of the linear relationship assumption,
and if there are a total of “N” steps in the manufacturing structure, the following set of linear equations can be
formulated:

A1:P+a12A2+C(13A3+...+a]NAN (11)
where the equations for the raw materials, i.e. 4, — Ay, can also be formulated in similar fashion:

A3:a21A1+a23A3+...+0/2NAN ]
As= a5 Aj+ az A+ oo+ aay Aw _ (12)

Av=ow A+ aws As + ..o + awpeyy Anar

This set of equations can be written in a common form as

N
A= apd; (i=2,3,..,N) (13)
Jj=1

where ¢ are specific requirement of raw material / in the production of raw material j, and these are equal to
zero when i =.

These sets of equations can be solved using common linear equation techniques such as the direct
substitution, or a common LU decomposition. This is widely available in commercial mathematical softwares.

The next step is to evaluate for the environmental impacts. This can simply be achieved by using Egs. (5) to (8)
as described above.

2.2 Transportation stage

The environmental impact associated with the transportation can be evaluated but it is required that the
practitioners can identify the mode of transportation, e.g. road, railway, marine vessels, or air freight. In addition,
to make sure that the evaluation is as accurate as possible, detail of transportation should also be revealed, e.g.
the distance of each type of transportation, the total weight during the trip, etc. There are a certain number of
emission factors that could be applied for the evaluation of environmental burdens from transportation.
References given by [3] should be consulted.

Complications occur with mass transport such as marine vessels, trains, and air freights. These modes
of transportation often involves a large number of products and one will need to do allocation to determine the
fraction of environmental loads being contributed by the product of interest. Although there are a few types of
allocations that can be applied for the fractionation of environmental loads, the allocation for this transportation
should be performed based on the mass of the materials being transferred to the total transferring mass at that
specific trip (excluding the mass of the transporting mediums).

When all the detail information on the transportation is ready, one can evaluate for the specific
quantities of fuels required for the transportation, which is equal to the mass of fuel per one unit mass of
materials being transferred. These specific quantities are subsequently included as variables in Eq. (13) to
calculate the total actual amount of fuel required in the transportation.
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Figure 3 Flow diagram of the various components in the life cycle of the product (Cradle to gate basis)

2.3 Usages and disposal stages

Most of the intermediate products, one cannot correctly predict their usage pattern as they might be
used in various applications. Therefore the life cycle assessment for such product should finish at the
manufacturing stage, and such evaluation is often termed as a “cradle to gate” assessment. For those end
products with a certain usage pattern, it is possible that the environmental impacts associated with the usage
stage are evaluated. There are differences in the determination of environmental impacts in this stage to the one
described in Section 2.1. One of the most obvious is on the identification of the environmental problems. All
environmental burdens occurred during the usages and disposal stages of life are considered to be the
contribution of the usage and disposal of the products whereas those occurred during the production stage will
be distributed to the specific manufacturing location where the problems are generated. For instance, if
electricity is consumed in the usage of electrical appliances, the environmental impacts from the generation of
electricity is considered to be the contribution of the usage stage. On the other hand, the impacts associated with
the generation of electricity in the manufacturing stage are considered to be the contribution of the power plant.

The difference in the evaluation of problem makes it difficult to include the impact during the usage
and disposal stages in the set of equations derived above. Hence, it is recommended that separate calculation
sections are formulated for these two stages. Practitioners are required to estimate the various input/output

information during each of these two stages. Egs. (5) — (8) are then applied to the attained information to
determine the environmental loadings related with such activities.

3. EXAMPLE OF CALCULATION

A simple example of electricity production was given here to demonstrate the calculation algorithm.
The functional unit in this case was assumed to be 1 kW-h of electricity. It was assumed further that this specific
power plant generates electricity from two types of fuels: (i) coal (lignite) and (ii) natural gas. The following
input/output table is employed for the calculation in this section. With such detailed information, the
interconnection between the various components in the life cycle can be outlined. Let’s further assume that any
raw materials with relatively low consumption are neglected from the calculation, and in this case, the
lubricating oil and fuel oil are classified in this category and they are not considered in the matrix. The
interconnection between various life cycle stages can therefore be achieved and this is illustrated in Fig. 4.
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Table 1 Input/output data for the electricity production

Product Quantity Raw materials Quantity
Electricity 1 kW-h Lignite 0.21 kg
Natural gas 7.20 cu.ft
Lignite 1 kg Electricity 1.63E-03 kW-h
Lubricating oil 8.83E-05 kg
Fuel oil 7.08E-03 kg
Natural gas 1 cu.ft Electricity 3.70E-02 kW-h
i AE1
Coal ————— Coal plant
. Electricit
Power Plant | b —— y
Natural gas — | Naturalgas
Plant |, AE2

Figure 4 Simplified life cycle of electricity production

Eq. (11) can then be formulated as:

Total electricity production = 1 + ¢y, Coal + ;3 Natural gas (14)
Eq. (13) becomes:
Total coal = a;; Electricity (15)
and
Total natural gas = a3, Electricity (16)

where «;; are obtained from the last column in Table 1.

The solution of these equations is fundamentally the inventory for the production of electricity for this
specific case, and they are reported in Table 2.

Table 2 Inventory for the production of 1 kW-h of electricity

Product Total production ~ Consumption in matrix ~ Net production ~ Unit
Electricity 1.363 0.363 1.0 kW-h
Coal 0.288 0.288 0 kg
Natural gas 9.82 9.82 0 Cu.

Provided that the emission factors for each manufacturing process are known, the emissions for such processes
can then be evaluation using information in Table 2 and Eq. (5).

4. SOFTWARE DEVELOPMENT

At the time when this manuscript was prepared, the Thailand Research Funds (TRF), the National
Metal and Materials Technology Center (MTEC), together with researchers/LCA practitioners from various
educational institutes were working towards the development of national life cycle inventory database which
will provide input/output information for the various local products/activities necessary for the life cycle
assessment. Along with this development of database, local LCA software was also being developed to
incorporate the assessment as indicated in this article (Egs. (1) — (13)) using the information from the so-
developed database. The software also allows the assessment for the transportation as detail in Section 2.2,
where emission factors elaborated from local transportation modes will be employed. The usage and disposal
stages are included in the software as separate modules as described in Sections 2.3.
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In the future, this database along with the software will be an important driving force for the evaluation
of environmental problems through the life cycle of each product or activity. The plan for the maintenance of
this database and the software are still being discussed among the stakeholders and should soon be finalized.

5. CONCLUSION

The estimation of environmental burden from a life cycle of product or activity could be complicated
involving complex interactions between each of the components in the various life cycle stages. The algorithm
proposed in this article could significantly facilitate the mind mapping of such complication and lead to a more
accurate evaluation results. At this time of presentation, this algorithm is being encrypted onto user friendly
software which will provide an easy alternative for the evaluation of environmental impacts based on the life
cycle of any product or activity. This software will incorporate the national life cycle assessment database
containing input/output data from various industrial sectors. This will then further enhance the accuracy of the
evaluation results and will also allow future simple amendments to the database. Although data regarding
transportation and disposal in Thailand are still sparse and no reliable conclusion could be employed for the
evaluation at the time this manuscript was written, the software allows the options for transportation and
disposals. These specific options await the input from users who are specialized in such areas, and the

environmental impacts will be evaluated from such inputs. This provision will maximize the level of accuracy of
the evaluation results.
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ABSTRACT

Bagasse is mostly utilized for steam and power production for domestic sugar mills with a leftover
bagasse mainly remained unused. There have been a number of alternatives on the management of bagasse that
could well be applied to this remaining bagasse, such as pulp production, biogas and electricity production. The
selection of proper alternative depends significantly on the appropriateness of the technology both in technical
and environmental points of view. A simple model was proposed in this work based on the application of life
cycle assessment (LCA) to evaluate the global warming potential of such alternatives. Three scenarios of
bagasse waste managements are evaluated within the scope of this work, i.e. landfill with utilization of landfill
gas, incineration for power generation and pulp production. With generally reported methane collecting
efficiency, GWP from landfill could be significantly high and should be avoided. Converting bagasse to
electricity in the power plant was found to give a better environmental performance than landfill. However, the
alternative with a smallest global warming potential was the utilization of bagasse as a raw material in pulp mill.

Keywords: Life cycle assessment, Waste management, Material recycling, Electricity, Pulp, Bagasse

1. INTRODUCTION

In the year 2000, 60 million tons of sugar cane was harvested in Thailand, for which approximately 17
millions tons of wet bagasse was produced. Bagasse is mostly utilized for steam and power production for
domestic sugar mills. This conversion of bagasse to electricity might seem to add on CO, in a much greater
extent when compared with the usages of other fuels such as natural gas or fuel oil. However, under the concept
of Life Cycle Assessment (LCA) methodology, bagasse is regarded as one of the renewable resources for
electricity production, and as it is a part of global carbon cycle, the combustion of bagasses, as often the case in
local power plants, is not considered a contributor to global warming problems. Janghathaikul and Gheewala [1]
investigated the possibility of using bagasse for power and electricity production. Due to low sulfur content, SO,
formation from bagasse was lower than that from fossil based fuel. In reality, such usages of renecwable
resources could alleviate the CO, emission. For instance, the consumption of sugarcane in the bioenergy
systems for electricity was reported to reduce the total CO, emission by as much as 1.08-1.14 kg CO,/kWh
depending on cane-residue utilization [2]. There are other options for the management of bagasses and one of
them is the landfill. Landfill of agricultural wastes like bagasses often produces combustible anaerobic
decomposition gases such as methane, and this can also be utilized as a source for electricity. Chaya and
Gheewala [3] investigated and compared these two energy production schemes, i.e. incineration and anaerobic
digestion for municipal solid waste (MSW) in Thailand, and reported that anaerobic digestion of MSW was
preferable to incineration as it was capable of producing higher energy output than the incineration. In addition,
there have been a number of alternatives on the management of bagasse such as ethanol production for vehicle
fuel and pulp production. However, such evaluation for environmental impacts particularly the global warming
problem is yet to be examined. In this study, different bagasse utilization schemes, i.e. landfill with utilization of
landfilled gas for electricity production, incineration with energy recovery, and pulp production were

investigated in a system analysis and compared based on their global warming loads. This was to determine the
most environmental benign option for bagasse utilization.

2. METHODOLOGY

The evaluation was based on LCA methodology which consists of four phases: (1) defining goal and
scope, (2) gathering inventory data, (3) assessing for impact and (4) interpreting the results.
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(b) System Boundary

The system boundary of each scenario started when sugar was extracted from cane, giving out bagasse
as waste (see Fig 2). It is worthy to note that as bagasse was considered as a waste (no financial value),
environmental impacts during cane cultivation, transportation and sugar production were responsible
for by sugar product and not by bagasse by-product. Emissions associated with plant construction
(electricity recovery, pulp production) and transportation were assumed to have insignificant impacts
when being distributed throughout the life-span of such plant, and therefore were not accounted for in
this study.

2.2 Inventory Analysis

Energy consumption and emission to air from the various stages of life cycle (CO,, CH4 CO, SO,, NO;,
NHs;) were evaluated. The quantity of landfill gas was estimated from theoretical anaerobic decomposition using
correction factors available from literature. Bagasse incineration for electricity production was based on the data
reported by Janghathaikul and Gheewala [1]. Input-output data on the pulp production from bagasse pulp mill
were obtained from actual anonymous pulp mills in Thailand with a total pulp production capacity of approx.
100,000 ton per year. Inventory of conventional, local power plants was obtained from Thailand Environmental
Institute [4] where most of them were operated based on gas, coal and fuel oil.

2.3 Impact Assessment

Air emission from the bagasse management system and those conventionally supplementary systems
were characterized using global warming potential (GWP) as a single indicator. It should be noted that CO,

emission from biomass was considered as carbon neutral (as stated in the introduction), and the environmental
impact from CO, emission are only caused by fossil fuel consumption.

3. CASE SCENARIOS

3.1 Landfill with Utilization of Landfilled gas (LFG) in Power Generation
LFG is the product of organic material degradation. During the anaerobic decomposition, assuming a
conversion of organic waste to CO, and CHy, the following reaction is taking place in the landfill [5]:

C.H,O.N, +(4a—b—42c+3dezo K\

(4a—b+2c+3d}

CH4 +

(4a+b—20—3d) CO, +aNH; -

According to the properties of Thai bagasse [6] as shown in Table 1, Eq. (1) could be estimated as:

C,seH,550,5, N +15H,0 — 95CH, +93CO0, + NH, @

Table 1 Properties of Thai bagasse used in this study

Moisture content LHV Component (wt %, dry and ash free basis)
(wt %) (MlJ/kg) C H (6] N S
53 132 42 6.58 51 0.26 0.16

Several US landfills reported that actual generation of LFG was only about 50% of the calculated
theoretical value [7] whereas Aye and Widjaya [8] reported only 40% of the total gas generation could be
captured and utilized. Hence, it was assumed that only 40% of methane being generated could be captured for
electricity generation. The conversion of methane to electricity was carried out at the rate of 4.86 kWh/kg of
methane being combusted [8]. It should be noted that NH; generated were assumed to be collected with the
same as methane collecting efficiency. Uncollected CH4 and NH; were considered in environmental impact,
while CO, generated from both anaerobic digestion and CH, combustion were considered as a carbon neutral.
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Table 2 Detail on electricity and pulp productions from various management options

OptionI  OptionII  Option III

Electricity fromBMS ~ (MWh)"  0.276 0.460 -
Pulp from BMS (ton)” ) - 0.995
Electricity from CSS (MWh) 0.724 0.540 -
Pulp from CSS (ton) 1.000 1.000 0.005

" from 1 ton of dry bagasse

3.2 Incineration for Electricity Production
' The data on incineration of bagasse for electricity production were based on the study at Ratchasima
Sugar Mill Factory in Nakorn Ratchasima, Thailand [1]. The energy of bagasse combustion was utilized in the
boilers to produce steam for power generation using turbine generator with induced draft fan. Electricity can be
recovered at the capacity of 0.460 MW/ dry ton of bagasse without heat recovery.

3.3 Pulp Production
The data on pulp product was based on the site study data of anonymous pulp mill, Thailand, where the

production of unbleach pulp from bagasse was approx. 985 adt/month and the unbleach pulp from Eucalyptus at
4,270 adt/month.

4. RESULTS AND DISCUSSION

4.1 Comparison between electricity and pulp productions from various management options

Table 2 demonstrates the attainable electricity and pulp from the utilization of 1 ton of bagasse, along
with the requirements for supplemental electricity and pulp from other conventional processes. The column
“Option I” 1s the summary of the results from the landfill of bagasse where only 0.276 MWh of electricity could
be obtained from the combustion of the landfill gas [8]. Therefore there was a need for an additional 0.724
MWh of electricity from CSS. Similar to “Option I”, the “Option II” or the direct utilization of bagasse in the
power plant could provide electricity, but in a much greater extent. Literature revealed that electricity from such
option could be twice as much from the landfill. This is attributed to the well designed technology for specific
purposes. In this case, 1 ton of bagasse could produce 0.46 MWh of electricity [1] where the remaining 0.54
MWh was from CSS. Pulp in “Option I” and “Option II” was obtained from the pulp process using eucalyptus
as raw material. In “Option III”, bagasse was used to produce pulp and 1 dry ton of bagasse gave about 0.995
ton of pulp. The remaining pulp of 0.005 ton was from eucalyptus pulp mill.

4.2 Global Warming Potential (GWP)

Fig. 3 shows the comparison between the total emission (full bar) on GWP from different scenarios.
The total emissions were obtained from both BMS and CSS. It was obvious that landfill was the greatest
contributor for GWP with a total generation of 4,000 kg CO, equivalent. This was followed by incineration
(2,000 kg CO, eq.) and pulp production (1,000 kg CO, eq.). In this option I or the landfill option, CO, loading
was derived mainly from the emission of greenhouse gas from the landfill itself, and this accounted for as much
as 50% of the total CO, being released to the atmosphere. Note that the greenhouse gas from landfill was
composed of several components and the two most significant were methane and carbon dioxide. Most of the
methane produced from landfill was collected and utilized as an supplementary fuel, however, there were some
that could not be captured and this was released as fugitive emission to the atmosphere. The reporting value in
Fig. 3 was therefore the equivalent CO, which included the contribution of CH, where the global warming
potential of CH4 was about 25 times that of CO, [9, 10]. The rest of CO, from this option was from the
supplementary facilities, .g. power plant and pulp mill.

In “Option II”, the effect of incineration of bagasse on global warming potential was only marginal. In
this BMS option, the calculation was based on the assumption of dry bagasse with low water content. Therefore
there was only slight demand for the addition fuel. In addition, the extra requirement of fuel could be even lower
with a better pre-dried technology such as the use of solar energy or the use of more efficient technique, e.g.
fluidized bed cyclone combustor [6]. CO emission could also be decreased with a more complete combustion
chamber design with pre-dried bagasse. With all these assumptions, it is noted, henceforth, that the results could
be different if the assumptions are not held true. In any case, the carbon dioxide produced from the combustion
(to produce electricity) was not considered as global warming contributor as it was a part of carbon cycle and
therefore was carbon neutral. The GWP was therefore derived from the requirement of fossil fuel in heating the
boiler and some additional fuel to supplement the bagasse as the main raw material to the boiler. In this option,
most of the global warming problems were generated from CSS, i.e. pulp production. The actual contribution
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from CSS from this option was almost the same as those in Option I but the difference was that, in Option I, the
contribution of BMS was also significant. Hence, it was concluded here that the use of bagasse as fuel
supplement in the boiler of the power plant was a significantly better choice for the management of bagasse
waste than the landfill option.

“QOption III” or the use of bagasse as raw material in pulp mill was demonstrated to give the lowest CO,
emission. In this case, BMS (pulp mill) itself produced a greater CO, emission than that from Option II. This
was because the conversion of bagasse to pulp, at the capacity of 1 ton, required a relatively high energy input in
the form of fossil fuel when compared with the energy requirement in the 1 MWh power plant as was in Option
I and the CO, emission was lower as a result. This could imply that such power plant was more environmental
friendly than the pulp process with the specific production capacities as assumed in this case, and the results in
Fig. 3 confirm just that. In other words, the CO, contribution from the CSS in Option III, which was mainly
from the power plant, was in a much smaller extent than those from Options I and II. It should be mentioned that
the efficiency of the conversion of bagasse to pulp was very high and the requirement for additional pulp source
(eucalyptus) was very small. Hence, the contribution of CO, from eucalyptus pulp mill in CSS in this option
was only marginal and most of the CO, was generated from the activities of the power plant (1 MWh capacity,
fed by natural gas, coal and oil based process according to the data on electricity grid mix in Thailand [4].

In conclusion, “Option HI” or the use of bagasse as a raw material for pulp mill was considered to be
the most favorable in terms of global warming contribution whereas “Option II” was the second most preferred
alternative.

Fig. 3 Global warming potential for the different scenarios
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Fig. 4 Effect of methane collective efficiency of landfill on global warming potential

Sensitivity analysis was carried out for the case of Option I where the bagasse was landfilled. The
above evaluation revealed that the uncollected methane contributed greatly to the overall GWP from BMS.
Hence, a better methane collection system would markedly reduce the fugitive emission of such potential
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Abstract

An environmental criterion for the determination of the usage pattern of electronic products was proposed. As such products usually have
strong environmental impacts during the usage stage of their life cycles, and the impacts are generated mainly as a consequence of the power
requirement, the use of energy consumption as a representative environmental indicator was justified. The model was performed on four case
studies: computer monitors, refrigerators, light bulbs and induction motors. For computer monitors, liquid crystal display (LCD) was considered
more environmental friendly than the cathode ray tube (CRT). However, disposing of the existing CRT and buying a new LCD might not be
beneficial as the energy gained from the difference in the energy consumptions was not justified. Unlike computer monitors which were operated
in periodic pattern, products such as refrigerators were mostly run continuously throughout their lives. In this case, buying a new, lower energy
consumption model was often superior as the cumulative energy saving during the usage stage was significant compared with those occurred
during the other life cycle stages. In general, the new product model should provide a better environmental performance, i.e. lower energy
consumption rate. However, there were trade-offs between purchasing a replacement and repairing the old mal-functional one as the upgrade
or repair of the old product could avoid the fixed energy consumption associated with the production stage of the new product. In the case
of small electronic devices with low operating environmental impacts such as light bulbs and induction motors, the use of compact fluorescent
lamps instead of incandescent lamps or new motors, respectively, were highly recommended. In particular for the case of induction motors, the
maintenance such as the rewinding of old motors was proven to be beneficial.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Life cycle thinking; Waste management; Recycling; Environmental impact

1. Introduction environmental problems and resource depletion. Hence, mod-

ern economical analyses should also consider environmental

In a conventional economical analysis, the overall expense
over the life time of electrical/electronic appliances includes
four cost components, i.e. (i) initial purchase price, (ii) cost
of repair and maintenance, (iii) operating cost, and (iv) dis-
posal cost. However, the use of such products requires that
the electricity be consumed. The need to generate electricity
generally involves the combustion of fuel which causes both
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costs which basically reflect the expense necessary to repair
the environment to the initial state [1]. Current intensive
awareness of environmental problems has stimulated numer-
ous natural resource management schemes, and in several
parts of the world, personal awareness campaigns regarding
environmental protection have been successfully implemented
[2,3]. For instance, it was estimated that four out of five Euro-
pean consumers would buy more environmentally friendly
products even if the price was higher than common products
with the same functions [4].

Recycling of electronic wastes is important not only from
the point of waste treatment but also from the recovery aspect
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valuable materials. Most recent studies therefore focused on
> development of recycling techniques for such electronic
istes [5,6]. The Waste Electrical and Electronic Equipment
rective (WEEE Directive) is one example which constitutes
= producer responsibility theme running through recent waste
sed European legislations, i.e. waste collection systems,
tablishment of specific recovery and recycling targets, etc.
oreover, the European Union (EU) eco-label scheme has con-
icted life cycle assessment (LCA) for a number of electrical/
sctronic products, i.e. light bulbs, televisions, refrigerators,
mputers [7], which helped to identify the principal life cycle
iges with significant environmental problems. Developing
:w products with lower energy requirement was also one of
e topics which have so far been the issue of public concerns.
r instance, a comparative LCA study of cathode ray tube
‘RT) and liquid crystal display (LCD) computer monitors
:monstrated that CRT contributed greater environmental
wpacts than LCD in most environmental categories (e.g., re-
urce use, energy, ozone depletion, landfill space use, human
:alth toxicity) except water eutrophication and aquatic eco-
xicity [8]. This significantly helps in the decision making
ocess for the customers who are looking for environmental
:nign products.

In this regard, the criteria for the consumers as when to buy
sw electrical/electronic products should be carefully devel-
sed to incorporate the environmental consideration into the
:cision making process. Legarth et al. [9] proposed electronic
'oducts as active products with a “fixed burden” associated
ith production and disposal, and a “variable burden” associ-
ed with the product’s use. For the fashion-associated prod-
:ts such as mobile phones, buying a new one was, most of
e time, not found to give environmental benefits. In contrast,
e decision was often in favor of getting a replacement for
n-fashion-associated products like frequency converters.
evertheless, the product life time is one important parameter
at must be considered along with the energy requirement as
:cision making criteria. It is illustrated in this article that
iling to incorporate the life time of the product can lead to
misleading decision from the environmental point of view.
| addition, this article proposes a model based on life cycle
inking to facilitate the selection of choices between using
dsting appliances and purchasing new ones with better
wironmental performances. The influence of repairing the
‘oken appliances is also taken into consideration. The system
>undary starts when the new product is launched and finishes
the end of life of the original product. Several case scenarios
1d case studies were given to cover the various categories of
ie products.

. Energy consumption as environmental indicator

Life cycle inventory of most electrical/electronic devices as
sscribed by Malmodin et al. [10] indicated that the electricity
»nsumption was one of the major environmental components
1d therefore the impact was generally dependent on the
nount of energy consumed in the various stages of their lives.
1 addition, although it is widely perceived that products with

a longer life time are of greater environmental benefits, this is
not always applicable for electronic products. It has been
demonstrated that electricity consumption during the usage of
such products created relatively strong environmental impacts
when compared with the impacts associated with the other
stages of their life cycles [11,12,13]. Hence, electricity con-
sumed during the usage stage of electronic products could be
a strong factor indicating the choice of products. For instance,
90% of the total energy consumption for the whole life time
of a television could easily be occurred during the usage stage
[14]. This is, to some extent, justified the consumption of
energy/electricity as a sole environmental impact indicator.

3. Case scenario

3.1. Disposing of existing product and purchasing a new
one with lower energy consumption

“Should we buy the new product just launched?” is always
a difficult question to answer. In economical and environmental
view points, the “breakeven point” must be considered in
terms of “environmental cost” rather than the “actual cost”.
To determine this breakeven point, it is necessary to compare
the total accumulated environmental impact (energy consump-
tion) of a new product with that of existing (old) product (or
Ip, +1o,t, and Ip ¢, in Fig. 1(a), respectively). This existing
impact is generated from the usage stage of the existing product
which is then proportional to the length of the time of use. To
prevent further confusion in reading, in this analysis, the term
“operational impact” is defined as the environmental impact
generated from the usage stage of the product, whilst the “fixed
impact” is the sum of the impacts generated during the raw ma-
terial extraction, manufacturing, transportation, packaging, and
disposal or recycling.

In Fig. 1(a), the fixed impact is represented by the vertical
section of the total accumulated environmental impact (/p,
and /r,) and the variable impact is the sloped section (/g, 1,
and /o, t,). The intersection between the impacts from the exist-
ing product (thin line) and the new product (thick line) or the
breakeven point takes place when the new product has a lower
electrical consumption rate. In this case, the curves intersect
(breakeven point) before the end of life of the existing
product (EoL,), and therefore immediately buying a new one
is environmentally preferable. To simplify the following
discussion, it is recommended to propose two parameters with
the following definitions: “¢,” or “‘holding period” is the period
of time between the points of buying the old and the new prod-
ucts, and “z,” or “payback period” which is the time at which
the new product create the same environmental impact as the
old product. Fig. 1(a) illustrates that getting a new product is at-
tractive only when t;, + £, is less than the total life time of the old
product (EoL;). At this breakeven point, the relationship
between the impacts of the existing and the new products can
be written as:

]OIIP:IH—*—]OJP (1)
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(a) Life time of product 1

: EoL,
holding period, 1, : payback period, 1, i /
< — < 4
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EoL,
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Fig. 1. Accumulated energy consumption from the use of an existing product
and from the use of new product in various proposed schemes. (a) Attractive
payback period from buying new product: the payback period occurs before
the end of life of the old one. (b) No environmental benefits from buying
new product: the break even occurs beyond life time expectancy. (c) Payback
period from the use of unattractive new product.

where I, is the fixed impact of the new product, lo, #, and Io, 1,
are environmental impact generation rate for the existing and
new product, respectively. Therefore, /o, t,, and Io,1, are the
operation impacts for the existing and the new product, respec-
tively. Noted that #, only exists if the operational impact of the
old model product or “Ip,t,” is greater than that of the new
product or “lo,1,”.

On the other hand, if the intersection occurs after the end of
life of both existing (EoL;) and the new product (EoL,) as
illustrated in Fig. 1(b), the new purchase is certainly not
profitable as the return can only be obtained after the new
product is out of order. In this case, the best environmental
choice is to keep the existing one and only buy a new one
when the existing one is unusable.

For cases where the curves intersect between EoL; and EoL,
(BoL, >t +1,>EoL;) as demonstrated in Fig. 1(c), the
environmental benefit is not strong enough to warrant the
purchase. Using the existing one until the end of life may
seem preferable. This figure provides a graphical approach to
help make decision whether the electrical products should be
replaced with a new one with less energy consumption.

3.2. Repairing the old one or buying a new one

When electronic products are not functioning properly, the
decision for repairing the broken components or disposing of
the commodity and purchasing a new one has to be made. If
old spare parts are used to repair, then there exist impacts
from the repair operation which should be considered
negligible compared with impacts from other stages in the
life cycle. The decision might be in favor of using the existing
one (with repair) and the end of life of the product is extended
to the new EoL;.

In the case of replacing with new components during the
repair, the impact associated with the manufacturing, transport-
ing, packaging and disposal of these additional components
needs to be taken into account. This situation is demonstrated
in Fig. 2 and the decision follow the analysis below.

It should be reminded that the analysis was based on the
fact that the consumers already possessed the electrical/elec-
tronic products and there was a need to answer the question
whether to buy new products. Therefore, the analysis should
only concern the present and the future environmental impacts
from the life cycle of products, and the impact that has already
occurred such as the fixed impact when buying an old product
(/) is not taken into account. The payback period can then

r EoL x

Break even

Accumulated encrgy consumption

Time

Fig. 2. Accumulated energy consumption from the use of repaired product and
from the use of new product.
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calculated by balancing the environmental impacts as
llowing.

Ir, —1
R +[Oxll7 :IFZ +102ZF or 1, :_._ﬂ

)

lo, = Io,

aere I, is the fixed impact for repairing existing product.

The limitation of the use of Eq. (2) is that the new product
ust have better environmental performance than the old
oduct, or that I, must be lower than /o, and the denomina-
r of Eq. (2) will always be positive. This is, to some extent,
gical as it is not reasonable to get a replacement with higher
iergy consumption rate than the old model provided that the
r0 products have exactly the same functions. Note that the
odel excludes unpredictable situations such as prematurely
oken, etc.

Normally, the repair with a partial replacement has less
ivironmental impacts than a total replacement, and therefore
, —Ir, is positive. Eq. (2) demonstrates further that the
tyback period for getting a new replacement is shorter with
1 increase in /p,,. Provided that these two conditions hold
ue, buying a new product is beneficial only when the
wyback period is shorter than EoL,; otherwise the choice
“repairing the old one becomes superior. Note that the above
raluation is based on the condition that the repair of the old
‘oduct takes place at the same time as buying the new one
hich allows a straightforward comparison between the
iyback periods and products end of life.

Egs. (1) and (2) above could be further modified by
»nsidering the variation of operation impact (/). Normally,
e new electrical products may possibly be assumed to
serate with constant efficiency for certain time period, f¢,
‘ter which the operation could subject to deterioration which
sults in higher electrical consumption rate. In addition, the
rergy efficiency of repaired electrical/electronic products
ight be worse than of the original product. Therefore, a dete-
oration factor (d) was defined as a supplemental coefficient
r the operation impact. The deterioration factor is larger than
when the products require higher electrical consumption,
his factor can also be used for the unusual cases where the
;paired products have better performance in terms of
ectricity requirement. In this case, the deterioration factor
less than one and Eq. (1) is modified to

Ip . ip )
w o, | e, + Z dll = :1Fz+101 Ic, + Z d, “

i=tc, +1 i=tc, +1

®)

ence,

1 dl,,+1 _d:c|+l
; A t ] et ]
'R+OI{C’+dJlC|< dl*‘l )}

1 dr,,+l _ dfcz-H (4)
onfur (£
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4. Case studies

Four types of electrical appliances with different character-
istics are chosen here to demonstrate the differences in
decision making processes. This decision making tool could
be useful for the customers and policy makers who are looking
for environmental friendly products. The first case is the
product with periodic use such as computer monitors. This
type of product is only used when required and often turned
off during their usage stage of the life cycle. The second
case is the product with continuous usage pattern such as re-
frigerators. The third and forth cases are for small electrical
components such as light bulbs and inductive motors which
often involve only small environmental impacts during the
manufacturing and disposal stages of their life cycles [11].
The main difference between light bulbs and motors is that
the bulb is thrown away after use, but the motor can be fixed.

4.1. Computer monitor

Currently, there is an increase in the demand of active
matrix liquid crystal display (LCD) which comes to replace
the cathode ray tube (CRT) market. Hence, there is always
a question whether it is a good time to change the monitor
from CRT to LCD. To illustrate this example, the two
monitors are arbitrarily chosen for this evaluation, each with
17 in display working at 50% brightness. The measured power
consumption rates were 112.9 W in normal operation mode
and 8.1 W in standby mode for a 17 in CRT; and 54.8 and
11.6 W in normal and standby modes for a 17 in LCD. The
quantitative measures of fixed impacts of the monitors
proposed by Socolof et al. [8,15] were employed herein where
the following description applies. The manufactured life was
defined as a length of time before failure of CRT or LCD
which were estimated as 12,500 and 45,000 h, respectively.
However, consumers often replaced monitors before they
physically broke down. This resulted in a life span that was
not dependent on the monitor technology itself. Survey
revealed that monitor was generally used for 4 years in a first
life and 2.5 years in a second life (as second-handed monitor).
In addition, the effective life time of a monitor was estimated
to be 4590 h for full-on mode, and 8960 h for lower power
mode within the effective life of 6.5 years. Note that, under
this circumstance, there was no difference between CRT and
LCD life span. Energy used in upstream, manufacturing and
end of life stages as reported from [8] were 18,538 and
1,989 MJ for the productions of CRT and LCD, respectively.

This report obviously demonstrates that both fixed and
operation energy consumptions of CRT were higher than
LCD. Hence, if one is to buy a new monitor, there is no doubt,
based on energy saving viewpoint, in selecting LCD. However,
Fig. 3 illustrates that the payback in getting a new LCD to
replace a functional CRT could be as long as 16 years which
is certainly longer than the life of CRT. Therefore, it does not
seem to be urgent in getting an LCD replacement for the
old-working CRT. It is recommended to wait until the CRT
becomes out of order before changing it to the LCD.
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Accumulated energy consumption (MJ)
.

Time (year)

Fig. 3. Accumulated energy consumptions in cases of using CRT monitor and
in replacing CRT monitor with a new LCD monitor.

4.2. Refrigerator

A refrigerator is the electrical appliance which is generally
never turned off during its life time. The energy consumption
during the use of a refrigerator was measured from the two
local models, both with 18 cubic foot storing space. This
evaluation was based on material composition data of average
1997 U.S. top/bottom refrigerators and also on data from the
Association of Home Appliance Manufacturers (AHAM) for
the usage phase. An average useful life time of refrigerators
was assumed as 14 years [16]. Based on local measurement
with the refrigerators used in Thailand, the average energy
consumptions were 11,100 and 4160 MJ/year for of the old
model (1997) and for the new model (2003), respectively.
The 2003 model refrigerator uses HFC-245fa as a blowing
agent which shows a superior aging characteristic than that
of HCFC 141b of 1997 model [17]. Horie [17] suggested
that the energy consumption increased 3.5 and 2.0% per
year for refrigerators with HFC-245fa and HCFC 141b
blowing agents, respectively. The average fixed impact of
the 1997 model was 5989 MJ [17], however, there is currently
no data on the fixed impact for the model year 2003. In this
work, this fixed impact was arbitrarily assumed to be equal
to that of the model 1997. With these assumptions, the
obtained payback period was estimated to be within 1 year
(results not shown here). However, under certain circum-
stances such as the installation of better insulation or more
sophisticated controlling devices, the new models might be
associated with a higher fixed impact. For this work, this
case was investigated by setting the upper bound for the fixed
energy consumption for the 2003 model at 200% of the 1997
model. Despite so, the obtained payback period was still
within 2 years which is considered relatively short. Hence,
buying the newer 2003 model as a replacement for the 1997
model was obviously considered environmentally attractive,
and should be decided as soon as possible.

Comparing the two examples above, computer monitors
represent the products with periodic use pattern whereas
refrigerators represent the products that are operated all the
time. The results suggest that, in the case of periodic use
pattern electrical appliances, the reduction in the energy con-
sumption during the use might not always compensate the

fixed environmental impact associated with the production of
the new product. On the other hand, for the case of continu-
ously running products, replacing with the new, lower energy
consumption model may possibly be more beneficial than
using the existing one until its end of life. This example
illustrates the importance of the trade-off between resource
conservations in the production phase and energy consumption
during the usage phase of the product life cycle. However, it
should be noted that decreasing resource (material and energy)
utilization in the production phase such as extended product
life time through easy upgrade with some low energy (use
phase) consuming part could change the evaluation results.
This is demonstrated in the next section with examples of light
bulbs which is the part of the lamp used for lighting and
rewinding a failed motor.

4.3. Light bulbs

Light bulbs were selected to represent a small component in
a large electrical device which can easily be replaced or
upgraded. Previous reports indicated that an approximate
sale per year of incandescent lamps (filament lamp) in the
European market was almost 60% of the total sale of the lamps
while fluorescent lamps took the share of only about 25%. It
was known that fluorescent lamps had a much greater effi-
ciency than incandescent lamps, i.e., fluorescent lamp can
provide higher light intensity than incandescent lamp with
the same energy input. It was estimated that fluorescent lamps
could eventually account for about 75% of light output (in
terms of intensity) in the EU Member States [18]. In this
work, the comparison to be made was between the two types
of lamps with similar light intensity as detailed below. The
filament lamps with integrated electronic ballast are a standard
type with a power input of 60 W. They can produce light with
an intensity of 650 Im, with an average life of 1000 h [18].
This is in a similar range to a screw-in type compact fluores-
cent lamp (CFL), the 14 W standard CFL could provide the
light output of 800 Im with an average life time of 10,000 h
[19]. This CFL integrated type is constituted of a bulb,
electronic ballast and screw fittings. Reported life cycle
assessment demonstrated that 90% of the total energy require-
ment of light bulbs took place during the usage stage, 8% in
manufacturing, and 2% in disposal [18]. Therefore, in this
work, the fixed electricity consumption was assumed to be
10% of the total energy consumption.

With the above assumptions the calculation revealed that
energy payback period for replacing incandescent lamp with
a screw-in type CFL was 33 days for the case where the
lamp was operated daily at 8 h, and 22 days for the case of
12 h daily operating period. This very short payback period
suggests that the replacement of incandescent lamp with
CFL is highly recommended.

4 4. Induction motors

Almost 70% of electrical consumption in the industry was
contributed by some types of motor-driven systems [20]. Two
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1duction motors with rated output of 1.1 kW (approx. 1.5 hp)
rere selected for this study. The model year 1993 was based
n local measurement with the motor produced and used in
hailand where the energy input was 1.80 kW. The new model
1 year 2001 was cited from ABB Motors [21] and the motor
nergy input was 1.35 kW whereas its energy consumption
uring the raw material acquisition, production and disposal
rages were 1064 MJ. The deterioration rate of energy con-
umption was estimated as 1% per year starting from the
ery first year that the applicants were purchased [22]. Due
> this deterioration, purchasing new motors or rewinding
1e old motors could be environmentally attractive as the
nproved efficiency could offset the impacts caused by using
1e old one. The purchase of the new one was assumed to
ccur in 2001 when the product was first introduced to the
iarket. At the same time, the rewinding option was also
roposed and evaluated. In this case, a rewound motor could
ot be efficient as the original, and the loss in efficiency could
e as low as 1% [23] to 6% [24]. In this work, the average loss
1 efficiency of rewound motor from its original was assumed
t 1.1% [25] (and another 1% per year thereafter). The calcu-
itions were based on an estimated life time of 15 years with
nnual operating hours of 5000 h. Fig. 4 shows the comparison
f accumulated energy consumption between using the old
10del without any modification, rewinding the old one and
uying the new one. The results demonstrated that rewinding
/as a better choice than continuing the old one. However,
1€ use of new model provided a much better environmental
erformance than the other two options. The results agree
/ith the “‘rules of thumb” for the use of motors which said
1at it was almost always best to replace non-specialty motors
elow 15 hp rather than rewind [26].

. Conclusions

The patterns for electronics product usage were evaluated
sing different case studies with different usage characteris-
cs. Whilst the old product can still be used, purchasing
new model with lower energy consumption is only beneficial
‘hen the breakeven point is shorter than the end of life of the

600,000 4

—— Old motor without modification
500,000 — — Old motor with rewinding -

- Buying new model in 2001 =

400,000 z”
300,000 7
200,000

100,000

Accumularea energy consumpuon (iviJ)

0 T v T -
1993 1995 1997 1999 2001 2003 2005

Year

2007 2009

ig. 4. Accumulated energy consumptions in using old motor without modifi-
iion, rewound motor and buying new motor.

old product or shorter than the extended life of the repaired old
one. Four examples with different usage patterns were given in
this article, i.e. the product with periodic use (computer
monitors), the product with continuous use pattern (refrigera-
tors), the small electrical component (light bulbs) and finally,
the product generally repaired when broken (motors). For
computer monitor case, even though the LCD type was more
environmental friendly than CRT in both fixed and operational
impacts, replacing the existing CRT with a new LCD might
not be beneficial as the energy gain during the usage stage
might not be adequately justified. However, most of the
time, buying a new refrigerator with lower energy
consumption was superior to the use of the old, high energy
consumption model. This was because the continuous usage
pattern magnified the difference in energy consumptions.
Fluorescence lamps were employed to illustrate the benefit
obtained from the selection of a small component with better
environmental performance when compared with incandescent
lamps. In this case, the fixed energy consumption was often
relatively low, and the impact was mostly generated during
the usage stage. It was shown that the saving obtained during
the operation of the fluorescence lamps overwhelmed that of
low efficiency incandescent lamps resulting in a very short
payback period. In the case of induction motor power rated
of 1.5hp, it was suggested to buy new one with better
efficiency than using the old one or rewinding the old one.
It is worth noting here that the use of the proposed models
in this work was subject to several assumptions, and certainly
they could not be employed for the new product to be devel-
oped. However, the manufacturers can make use of this model
to evaluate the environmental benefits of their new designed
products.
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Bagasse is mostly utilized for steam and power production for domestic sugar mills. There have been a
number of alternatives that could well be applied to manage bagasse, such as pulp production, conver-
sion to biogas and electricity production. The selection of proper alternatives depends significantly on
the appropriateness of the technology both from the technical and the environmental points of view. This
work proposes a simple model based on the application of life cycle assessment (LCA) to evaluate the
environmental impacts of various alternatives for dealing with bagasse waste. The environmental aspects
of concern included global warming potential, acidification potential, eutrophication potential and pho-
tochemical oxidant creation. Four waste management scenarios for bagasse were evaluated: landfilling
with utilization of landfill gas, anaerobic digestion with biogas production, incineration for power gener-
ation, and pulp production. In landfills, environmental impacts depended significantly on the biogas col-
lection efficiency, whereas incineration of bagasse to electricity in the power plant showed better
environmental performance than that of conventional low biogas collection efficiency landfills. Anaerobic
digestion of bagasse in a control biogas reactor was superior to the other two energy generation options
in all environmental aspects. Although the use of bagasse in pulp mills created relatively high environ-
mental burdens, the results from the LCA revealed that other stages of the life cycle produced relatively

small impacts and that this option might be the most environmentally benign alternative.

© 2008 Elsevier Ltd. All rights reserved.

. Introduction

In the year 2004, 65 million tons of sugarcane was harvested in
‘hailand, producing approximately 18 million tons of wet-bagasse
s a by-product. Bagasse is mostly utilized for steam and power
iroduction for domestic sugar mills (Junginger et al.,, 2001). Several
ecent reports have mentioned the benefits of utilizing bagasse for
lectricity production, such as the bagasse cogeneration system as
. part of grid electricity in India (Ravindranath et al., 2006). Jan-
‘hathaikul and Gheewala (2005) investigated the possibility of
1sing bagasse for electrical power production. Due to its low sulfur
-ontent, SO, formation from bagasse was lower than that from fos-
il-based fuels, and therefore such usages of renewable resources
-ould alleviate CO, emissions. For instance, the use of sugarcane
n bioenergy systems for electricity could reduce total CO, emis-
ions by as much as 93% when compared with the use of fossil fuel
Beeharry, 2001). There are other options for the management of
bagasse, such as landfilling. Landfilling of agricultural wastes like
agasse often produces combustible anaerobic decomposition
rases such as methane, which can be utilized as a source of elec-
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Thailand. Tel.: +66 2218 6870; fax: +66 2218 6877.

E-mail address: prasert.p@chula.ac.th (P. Pavasant).
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tricity. In the evaluation of environmental performance of the
incineration and anaerobic digestion of municipal solid waste
(MSW) in Thailand (Chaya and Gheewala, 2007), it was reported
that anaerobic digestion was preferable as it was capable of pro-
ducing a higher energy output. However, it should be noted that
landfill gas collection efficiency along with energy recovery from
landfilling must be considered in the evaluation of environmental
impacts (Spokas et al., 2006).

On the other hand, recycling is, in general, considered to exhibit
stronger environmental benefits over incineration or landfilling
(Villanueva and Wenzel, 2007). Besides landfilling and incineration
options, bagasse can also be used as a raw material in pulp mills for
the production of paper. This option is quite common, particularly
when the sugar mill is located near a pulp mill.

Life cycle assessment (LCA) has been introduced as a compre-
hensive assessment method and proven to be a potential decision
making tool in waste management (Barton et al., 1996). For the
management of bagasse as mentioned above, it can be seen that
various waste management schemes resulted in different types
of products, i.e. electricity, energy in the form of fuel gas, and pa-
per. Therefore, to follow the mechanism as proposed in LCA, it is
important that the evaluation of each option is conducted on the
same basis. Eriksson et al. (2005) suggested that, in such a case,
the basis for comparison must include the functions from each
management scenario, and the conventional production of these
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Fig. 1. Sugar production process and options for bagasse management.

functions (i.e. not derived from waste management) must be in-
cluded to fulfill the requirement of the same functional unit. In this
study, different bagasse utilization schemes - three for electricity
production (landfilling with utilization of landfill gas, anaerobic
digestion for biogas production, and incineration with energy
recovery) and one for pulp production — were analyzed and com-
pared based on their environmental loads. The objective was to
determine the most environmentally benign option for bagasse
utilization.

2. Methodology

The evaluation in this work was based on LCA methodology,
which consists of four phases: (1) defining goal and scope, (2) gath-
ering inventory data, (3) assessing for impact and (4) interpreting
the results. Detail of the evaluation is presented in this section.

2.1. Goal and scope

The aim of the study was to identify the most attractive bagasse
management option with best environmental performance using
life cycle concepts. Fig. 1 illustrates the four bagasse management
scenarios: (1) landfill with utilization of landfill gas, (2) anaerobic
decomposition for biogas production, (3) incineration with energy
recovery, and (4) pulp production. Each of these options is referred
to herein as “Bagasse Management System” or BMS.

(a) Functional units

The evaluation for each of the four options was based on the
utilization of 1 ton of bagasse. The four options were com-
pared based on the same functional units of 0.689 MWh of
electricity being generated and 0.995 ton of pulp production.
These functional units were selected based on the maximum
electricity and pulp generated from the management of
bagasse from each scenario (results are presented in Section
4). As the different schemes for bagasse management pro-
duced different amounts of electricity and/or pulp, to obtain
the required functional units, additional electricity and pulp
production must be provided from conventional processes,
i.e. grid electricity power plant and/or eucalyptus-pulp mill.
These supplementary processes are referred to as “Conven-
tionally Supplementary Systems” or CSSs.

(b) System boundary

The system boundary of each scenario started after sugar
was extracted from cane, generating bagasse as waste (see
Fig. 2). It is worthy to note that, as bagasse was considered
to be a waste (with no financial value), the environmental
impacts during cane cultivation, transportation and sugar
production were attributed to the sugar product and not to
bagasse; hence, they were not included in this analysis.
Emissions associated with plant construction (electricity
recovery, pulp production) and transportation were
assumed to be insignificant when being distributed through-
out the lifespan of such a plant, and therefore were not
accounted for in this study.

2.2. Inventory analysis
Energy consumption and emission to air from the various stages

of the life cycle (CO,, CHy, CO, SO,, NO,, NH3) were evaluated. The
gas quantities from landfilling and anaerobic digestion were esti-
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ble 1
operties of Thai bagasse used in this study.

1ated from theoretical anaerobic decomposition using correction
ictors available from literature. Bagasse incineration for electricity
roduction was based on data reported by Janghathaikul and Ghe-
wala (2005). Input-output data on the pulp production were ob-
iined anonymously from actual pulp mills in Thailand with a
stal pulp production capacity of approximately 100,000 tons per
ear. An inventory of local power plants related to conventional grid
lectricity production was obtained from the Thailand Environmen-
il Institute (TEL, 2001).

.3. Impact assessment

Air emissions from the bagasse management system and the
onventionally supplementary systems were characterized into
he following environmental impact categories: global warming
otential (GWP), acidification potential (AP), eutrophication poten-
ial (EP) and photochemical oxidant creation (PO). The character-
zation followed the standard of EDIP/UMIP 97 V2 version
Environmental Design of Industrial Products, in Danish UMIP).
lo attempts were made to use normalization and weighting fac-
ors to further convert these environmental impacts. It should be
oted that CO, emission from biomass was considered as carbon
leutral (as stated in the introduction), and the environmental im-
ract from CO, emission was only caused by fossil fuel consump-
ion. In the case of landfilling, the environmental impacts were
lerived from both uncollected primary anaerobic digestion com-
ounds, e.g. CH4 and NHj and from emissions generated from the
ombustion of secondary compounds, i.e. CO and NOy. CO, as a sec-
mndary compound from methane combustion was also considered
is carbon neutral.

'.4. Interpretation

The interpretation of the results was based on the comparison
f the various management options (refer to Section 4).

}. Case scenarios

3.1. Landfill with utilization of landfill gas in power generation (Option
N

Landfill gas (LFG) is the product of organic material degradation
yecurring during anaerobic decomposition. It was assumed that
:onversion of organic waste to CO, and CHy occurred according
‘0 the following stoichiometry (Tchobanoglous et al., 1993):

; 4a—b—2c+3d ~Fe—
~H,ON, + (%) Hs0 = (ﬂcl—kb_ch?E)CH‘

4q —
 (fe=b2es3d)co, g, "

From the properties of bagasse in Thailand as shown in Table 1
Kuprianov et al., 2005), Eq. (1) could be estimated as:

:133}‘{35301711\1 + 15H20 — 95CH4 + 93C02 + NH3 (2)

Several landfills reported that actual generation of LFG was only
about 50% of the calculated theoretical value (Themelis and Ulloa,
2007), whereas Aye and Widjaya (2006) recently reported that

only 40% of the total gas generation could be captured and utilized.
Furthermore, the collection efficiency of landfill gas was estimated
to be in the range of 40-90% (Ayalon et al., 2001). Hence, it was as-
sumed that only 50% of the calculated theoretical values of landfill
gas were generated and captured for electricity generation, with
the collection efficiency varying from 40% to 90%. The conversion
of methane to electricity was carried out at a rate of 4.86 kWh/[kg
of methane being combusted (Aye and Widjaya, 2006). Note that
NH; generated was assumed to be collected with the same effi-
ciency as for methane collection. Uncollected CH4 and NH3 were
considered in the evaluation for environmental impacts, while
CO, generated from both anaerobic digestion and CH4 combustion
were considered to be carbon neutral.

3.2. Anaerobic decomposition reactor (Option 2)

Anaerobic decomposition could also take place in a well-con-
trolled reactor. Due to the better controlled reaction conditions,
decomposition occurred at a much faster rate than in the'landfill.
However, the extent of the reaction was still based on Eq. (2) where
a similar amount of methane could be produced as with the land-
fill, except that the gas collection efficiency in the reactor could be
rightly assumed at 100%.

3.3. Incineration for electricity production (Option 3)

The data on incineration of bagasse for electricity production
were based on the study at Ratchasima Sugar Mill Factory in Nak-
orn Ratchasima, Thailand (Janghathaikul and Gheewala, 2005). The
power plant, attached to the sugar mill, is a cogeneration facility.
The energy from bagasse combustion was utilized in the two
water-tube boilers (each of capacity 300 ton/h) to produce steam
for power generation using two steam turbine generators (each
of capacity 15MW) with induced draft fan. Electricity can be
recovered at a rate of 0.460 MWh/dry ton of bagasse without heat
recovery.

3.4. Pulp production (Option 4)

The data on pulp product was based on the site study data of lo-
cal pulp mills in Thailand, where the production of unbleached
pulp from bagasse was approximately 985 adt/month and the
unbleached pulp from eucalyptus was 4270 adt/month.

4. Results and discussion

4.1. Requirements of electricity and pulp productions from various
options

Table 2 demonstrates the attainable electricity and pulp from
the utilization of 1 ton of bagasse, along with the requirements
for supplemental electricity and pulp from other conventional pro-
cesses. Among the energy recovery options (Options 1-3), Option 2
(anaerobic decomposition) gave the highest rate of electricity gen-
erztion at 0.689 MWh per ton bagasse. On the other hand, the only

Table 2
Detail on electricity and pulp production from various management options.

* From 1 ton of dry bagasse.
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pulp generation option (Option 4) could recover the pulp at
0.995 ton of pulp per ton bagasse. Therefore the functional units
were set as 0.689 MWh and 0.995 ton of pulp, where Option 2
would require no additional electricity from CSS (CSS-e) and Op-
tion 4 would require no additional pulp from CSS. The column enti-
tled Option 1 is the summary of the results from the landfilling of
bagasse where only 0.276 MWh of electricity could be obtained
from the combustion of landfill gas (Aye and Widjaya, 2006).
Therefore, there was a need for an additional 0.413 MWh of CSS-
e. Similar to Option 1, Option 3, or the direct utilization of bagasse
in the power plant, could provide electricity, but to a much greater
extent. Literature revealed that electricity production from such an
option could be twice as much as that from landfilling, which is
attributed to the well-designed technology for the specific purpose
of energy production. In this case, 1 ton of bagasse could produce
0.460 MWh of electricity (Janghathaikul and Gheewala, 2005)
where the remaining 0.229 MWh was from CSS-e. Pulp in Options
1-3 was obtained from the pulp process using eucalyptus as raw
material. In Option 4, 0.689 MWh of electricity must be supplied
from the electricity grid (CSS).

4.2. Global warming potential

Fig. 3 shows the comparison between the total emissions (full
bar) from different scenarios on global warming potential (GWP).
The total emissions were obtained from the sum of CO, and other
greenhouse gases generated from both BMS and CSS. It was obvi-
ous that landfilling with low gas collecting efficiency (1 =0.4)
was the greatest contributor to GWP with a total generation of
4000 kg CO, equivalent, followed by incineration (1700 kg CO,
eq.), anaerobic decompoasition reactor (1500 kg CO, eq.) and pulp
production (800 kg CO; eq.). In Option 1 (landfilling), CO, loading
was derived mainly from the emission of greenhouse gases from
the landfill itself, which accounted for as much as 50% of the total
CO, being released to the atmosphere. Note that the greenhouse
gas from landfilling was composed of several components, and
the most significant was methane. In general, methane produced
from landfilling was collected and utilized as a supplementary fuel;
however, more than half of this methane (approx. 60%) could not
be captured and was released as fugitive emission to atmosphere
(Aye and Widjaya, 2006). The reported value in Fig. 3 was the
equivalent CO,, which included the contribution of CH, where
the GWP of CH4 was about 25 times that of CO, (Hauschild and
Wenzel, 1998; Mendes et al., 2004). The rest of the CO, from this
option was mainly from the supplementary facilities of the pulp
mill, or CSS-p, which included the GWP for the entire life cycle of
the eucalyptus-pulp process as discussed later.

4,000
3,000 A
=
g
8 2,000 +
&0
9
1,000 +
o
Land, 1 =0.4[Land, n =0.6[Land, 1 =0.9] React. Inc. Pulp
ACSS-p| 1,528.8 1,528.8 1,528.8 1,528.8 1,528.8 0.0
OCSS-¢ 303.8 202.3 50.7 0.0 153.7 506.7
|mBMS 2,127.3 14182 354.5 30.1 59.2 271.0

Fig. 3. Clobal warming potential for the different scenarios.

A sensitivity analysis was carried out for Option 1, in which ba-
gasse was landfilled. The evaluation revealed that the uncollected
methane contributed greatly to the overall GWP from BMS. Hence,
a better methane collection system would markedly reduce the
fugitive emission of such potential greenhouse gas leading to a
lower GWP. In addition, with a better collection system for meth-
ane, less extra fossil fuel would be required for the generation of
electricity in CSS. However, only a slight decrease in GWP was ob-
served from CSS. This was because the greenhouse gas in CSS was
dominated by the conventional pulp production (CSS-p), and a
reduction in fuel requirement for the power plant (CSS-e) could
not produce a decisive impact.

In Option 2, the higher methane collection efficiency and elec-
tricity generation resulted in a much lower impact from CSS-e
and BMS, and the impacts were derived mainly from CSS-p.

In Option 3, the effect of incineration of bagasse on GWP was
only marginal (less than 4% of the total emissions). The calculation,
as illustrated in Fig. 3, was based on the actual operation of one of
the local sugar mills in Thailand as stated in Section 3.3. It should
therefore be noted that the requirement for fuel in the preparation
of bagasse (drying process) could be lower with a better pre-dried
technology such as the use of solar energy or the use of more effi-
cient techniques, e.g. fluidized bed cyclone combustor (Kuprianov
et al., 2005). CO emission could also be decreased with a more
complete combustion chamber design with pre-dried bagasse.
With all these assumptions, the results could be different if the
assumptions were not held true. In any case, CO, produced from
the combustion (to produce electricity) was not considered as a
global warming contributor as it was a part of carbon cycle and
therefore was carbon neutral. The GWP was therefore derived from
the requirement for fossil fuel in heating the boiler and some addi-
tional fuel to supplement the bagasse as the main raw material to
the boiler. As this option provided higher electricity generation
than that of Option 1, there was a lesser demand for CSS-e leading
to a decrease in GWP from CSS-e. However, the actual contribution
from CSS for this option was almost the same as that in Option 1.
This was due to the contribution from CSS-p. Nevertheless, the
contribution of BMS in Option 1 was also significant, which led
to the conclusion that the use of bagasse as a fuel supplement in
the boiler of the power plant was a significantly better choice for
the management of bagasse waste than the landfilling option. This
finding agreed well with the conclusion of Ravindranath et al.
(2006).

Option 4 is the use of bagasse as raw material in a pulp mill. In
this case, the BMS (pulp mill) itself produced greater CO, emissions
than those from Options 2 and 3; however, the total CO, emissions
were lower. This was because the pulp production at the capacity
of 0.995 ton via the eucalyptus conventional process required a rel-
atively high energy input in the form of fossil fuel (as shown by the
value of CSS-p of Options 1-3) when compared with the energy
requirement in the 0.689 MWh grid mixed power plant (as shown
by the value of CSS-e of Option 4), and therefore the total CO,
emission from Option 4 was lower. This could imply that the con-
ventional power plant was more environmental friendly in GWP
than the pulp process with the specific production capacities as as-
sumed in this case, which is confirmed by the results in Fig. 3. In
other words, the CO, contribution from the CSS in Option 4, which
was from the power plant, was much smaller than from Options 1-
3. The CO, was generated from the activities of the power plant of
0.689 MWh capacity, fed by a natural gas, coal and oil based pro-
cess according to the data on conventional grid electricity produc-
tion in Thailand (TEI, 2001).

In conclusion, Option 4 (the use of bagasse as a raw material for
a pulp mill) was considered to be the most favorite in terms of glo-
bal warming contribution, and Option 2 was the second most pre-
ferred alternative.
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Fig. 4. Acidification potential for the different scenarios.

It is interesting to further examine Fig. 3 regarding the GWP in-
lex. In a typical evaluation of environmental impact, the contribu-
don of the management of bagasse could be misleading. For
nstance, it was clear from the results that the conversion rates
>f bagasse to electricity in Options 2 and 3 were by far better than
-he production-of electricity from other options (landfill, BMS, in
Option 1 and conventional power plant, CSS-e, in Option 4). This
was because CO, generated from the direct combustion of bagasse
or further methane combustion from anaerobic decomposition was
considered neutral and was not included in the GWP. However,
when the four options are compared under the same functional
units of 0.689 MWh of electricity and 0.995 ton of pulp, Option 4
would emerge as the best scenario. Note also that the conversion
of bagasse to pulp in Option 4 (BMS) was a much greener choice
than the eucalyptus-pulp mill (CSS-p) in Options 1-3.

4.3. Acidification potential

Fig. 4 shows the acidification potential (AP) derived from the
four options. In Options 1 and 2, the AP of BMS was mainly derived
from NH3 emission during anaerobic digestion while that of Op-
tions 3 and 4 was mainly from NO, emission during bagasse incin-
eration and pulp processing, respectively. As NH; has a much
higher acidification potential than NO, (AP of NH; is about
1.88 g SO,-eq./g NH; and NOy is about 0.77 g SO,-eq.[g NO,), this
magnified the impact from Option 1 where most of the problem
was derived from NHs. Although SO, was also an important AP
gas, it was not produced from BMS in Options 3 and 4 in a signif-
icant quantity due to the low sulfur content in bagasse. With the
low reported collection efficiency (1 = 0.4), the AP from BMS in Op-

tion 1 was relatively high, causing the greatest impact among the
four options. Sensitivity demonstrated that the AP of Option 1
could be comparable to that from other options only if the meth-
ane collection efficiency became as high as 90%. The BMS of Option
3 only slightly contributed to the overall AP, and its AP was much
lower than that of the conventional power plant process as shown
in CSS-e of Option 4. This was benefited from a good control of NO,
and SO, emissions throughout the country by the electricity grid
mixed preduction. It is also remarked here that the pulp produc-
tion from bagasse (BMS in Option 4) contributed a much lower
AP than the eucalyptus-pulp mill (CSS-p) in Options 1-3. However,
under the life cycle concept, Option 2 showed the best environ-
mental performance regarding AP.

4.4. Eutrophication potential

Eutrophication potential (EP) from the various options is sum-
marized in Fig. 5. A similar conclusion could be drawn from the re-
sults of the GWP analysis, in which the GWP of Option 1 was the
greatest, followed by the GWPs of Options 3, 2 and 4, in order.
The total EP of Option 1 only became comparable to other options
when the gas collective efficiency was as high as 90%. Similar to the
discussion of AP, a much higher EP of Option 1 was not only due to
the large amount of NH3 being emitted, but also due to the higher
EP factor of NH;, the main emission from landfilling, than that of
NO, emitted from other options (EP of NHj3 is approx. 3.64 g NO5-
eq./g NH3, and NO, is about 1.35 g NO3-eq./g NO,).

4.5. Photochemical oxidant creation (PO)

Fig. 6 illustrates the comparison of the photochemical oxidant
creation (PO) from the various bagasse management options. The
overall contribution from Option 1 was still the highest and from
Option 4 the lowest. With a gas collective efficiency of 90%, the
PO contribution from Option 1 could be brought down to a similar
level as those from Options 2 and 3.

Considering Option 4, only a small amount of PO was observed
from CSS-e. This was because the combustion of fossil fuel was as-
sumed to be almost completed and there was only a trace amount
of CO being released to atmosphere. The effect of landfilling of ba-
gasse on PO was significant due to the excessive fugitive emission
of CH,. Although the equivalent factor of CH4 for PO is low
(0.007 g ethane-eq./g CH4) compared to that of CO (0.03 g ethane-
eq./g CO), a significant amount of uncollected CH4 (in the cases
of low collective efficiency, i.e. 40% and 60%) could result in a high
PO impact.

Itis interesting to note that the bagasse incineration in Option 3
contributed greatly to the PO problem. This was even larger than
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Fig. 5. Eutrophication potential for the different scenarios.

Fig. 6. Photochemical oxidant creation for the different scenarios.
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the PO generated from the conventional power plant (CSS-e) in Op-
tion 4. This was due to the incomplete combustion of wet-bagasse
with a water content of about 50 wt% which emitted CO at a con-
siderable rate of 4.6 kg per ton of dry bagasse. Therefore it was rec-
ommended that a more effective pre-dried technology be used to
remove water from the bagasse to reduce this environmental as-
pect of this option.

5. Conclusions

In this work, a comparative LCA study of four scenarios of ba-
gasse waste management, i.e. landfilling with utilization of land-
filled gas, anaerobic decomposition in a reactor, incineration for
power generation and pulp production, were performed based on
various environmental indicators: global warming potential
(GWP), acidification potential (AP), eutrophication potential (EP)
and photochemical oxidant creation (PO). It was demonstrated
that bagasse should be used as feedstock in the pulp mill as the
overall impact from this option seemed to be the smallest. The
environmental burdens were significantly lower than those of a
conventional eucalyptus-pulp mill in all environmental aspects.
Landfilling was proven to be the most unfavorable option as it
was not only taking up useful space, such activity also generated
a large quantity of CH4 and NHj3, and if there was no proper control
of such emissions, significant environmental problems especially
global warming and photochemical smog would follow. Landfilling
for electricity production with generally reported methane collec-
tion efficiency was inferior to a conventional grid mixed power
plant in all environmental viewpoints. This conclusion was sup-
ported by the discussion in Schmidt et al. (2007), which stated that
the main benefit of using incineration came from the ability of bio-
mass to substitute fossil fuel in the incinerator. Incineration of ba-
gasse for electricity production was more environmental friendly
than the conventional grid electricity power plant except in the
photochemical oxidant potential point of view. However, among
the three energy recovery options, the anaerobic decomposition
option seemed to give the best environmental performance. It is
noted that the results of such a study strongly depended on various
factors such as the characteristics of the local pulp mill, power
plant efficiency, bagasse preparation activities, etc. Transportation
could also play an important role in the evaluation. In this evalua-
tion, consequences of leachate in landfill and the disposal of ash
sludge and similar unburned materials from incineration were
considered relatively small and were neglected. The results from
this work should therefore be used as a starting point for a more

detail assessment which must be carried out on a case-by-case
basis.
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