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Abstract

Today, the rising of carbon dioxide (CO;) emissions is becoming the crucial factor for
global warming especially in industrial sectors. Therefore, the research to reduce
carbon intensity and enhance resources utilization in manufacturing industry is
starting to be a timely topic. Low carbon manufacturing (LCM) can be referred to the
manufacturing process that produces low carbon emissions intensity and uses energy
and resources efficiently and effectively during the process as well.

In this paper, the concepts of LCM are discussed and the LCM associated theoretical
models, characterization and implementation perspective explored. The paper is
structured in four parts. Firstly, the conception of low carbon manufacturing is
critically reviewed then the characterization of low carbon manufacturing is discussed
and formulated. Third part, the theoretical models are developed with initial models
by using the theory from supply chain modeling and linear programming solutions
(LP). The models show the relationship of resource utilizations and related variables
for LCM in two levels: shop-floor and extended supply chain. Finally, the pilot
implementations of LCM are discussed with two approaches: desktop or micro
machines and devolved manufacturing. The paper is concluded with further
discussions on the potential and application of LCM for manufacturing industry.

Keywords: Low carbon manufacturing (LCM); Micro manufacturing system; Devolved
manufacturing; Energy efficiency; CO, emissions
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1.0 Introduction

Currently, global warming is extensively discussed as one of the most important global issues because of the
rising of the amount of carbon and carbon dioxide contents emitted from industrial sectors. Many sectors have
been trying to develop the solutions to solve and prevent this problem e.g. carbon emission analysis, software
based prediction on economic factors and physical implementation using micro manufacturing system and
microfactory. However, most of previous solutions does not mention about the configuration of the procedures
to reduce carbon emission. Therefore, the effort to reduce carbon intensity and enhance resource utilizations is
stated as a timely topic. The purpose of this paper is to develop an industrial feasible approach to
implementing LCM including its theoretical models, methods and application perspectives.

2.0 Literature Review

2.1 Carbon Emissions Analysis

In the past decade, many countries have been conscious to develop the procedures for reducing carbon
emissions. Fan et al. [1] have presented the model for prediction of carbon dioxide (CO,) emissions based on
the input of population, economy and urbanization. In 1996, Golove and Schipper [2] introduced the analysis
of the tendency of energy consumption which can cause CO, emissions from manufacturing sectors based on
the input of the gross domestic product (GDP) changed to economic output and process intensity. Although,
these methods have been developed to deal with the global warming problem from carbon contents, the
procedures to analyse is still focusing on the wide range and depending more on economic factors such as
GDP. The procedures for reducing CO, emissions in manufacturing systems and the associated manufacturing
processes have not been introduced yet.

2.2 Operational Model

In the area of production research, most of the research focuses on the objective such as cost minimization,
quality assurance and the level of customer satisfaction as the objectives of the process optimization according
to Gugor and Gupta (1999)[3]. Carbon emissions and energy efficiency have never been a critical factor in
operation optimization. However, Mouzon et al. [4] have developed the operational model by using the theory
of multi-objective mathematical programming in order to minimize energy consumption from equipments in
manufacturing system. In the operational model, the constraints are focusing on completion time and total
power per unit time. Even though, the production research for reducing total energy consumption has been
introduced at this time, the operational model for reducing carbon contents from manufacturing processes need
to be further developed.

2.3  Desktop and Micro Machine
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The concepts of micro-factory and desktop machines for micro manufacturing purpose have been explored in
the wide range. For the definition and concepts of the micro-factory and desktop machine, Yuichi [5] explain it
as small scale manufacturing systems which can perform with higher throughput while resource utilization and
energy consumption rate can be reduced simultaneously. In addition, Mishima [6] suggests that the concept of
micro-factory and desktop machines should also concentrate on low heat generation and less energy
consumptions of the systems. It is concluded that the innovation of desk-top and micro machine can be applied
to the LCM by reducing the unnecessary carbon contents from manufacturing systems.

2.4  The Novell Approach: Devolved Manufacturing

The high proportion of carbon dioxide emissions not only comes from manufacturing systems and processes
but also from the transportation while working on extended supply chains manufacturing. Bateman and Cheng
[7] have introduced in a novel approach called Devolved Manufacturing (DM) which integrates main three
elements together for future manufacturing systems: web based (e-manufacturing), mass customization (MC)
and rapid manufacturing. The aim of this approach is to provide “factory-less” which customers can receive
their products at the nearest location. In other words, this approach can be applied to minimize the
transportation in associated with manufacturing systems set up. It is concluded that Devolved Manufacturing
can be considered as an approach for reducing carbon contents emissions particularly for LCM in supply chain
based manufacturing systems.

3.0  Characterization of Low Carbon Manufacturing

Low carbon manufacturing (LCM) can be described as the process that emits low carbon dioxide (CO,)
intensity from the system sources and during the manufacturing process. In addition, the term of LCM can be
broadly not only for environmental aspect but also the energy conservation and effective production because
the process uses energy excess available capacity/constraint (low energy efficiency) simultaneously without
optimal algorithm to run process or system can lead to the high volume of carbon dioxide intensity to
atmosphere (Figurel). Therefore, the main characterization of LCM can be categorized into specific five terms
as follows:

Carbon Dioxide

Sources
Carbon Dioxide Energy
from Processes Efficiency
LCM
Resource Waste
Utilization Minimization

Fig. 1.  Characterization of Low Carbon Manufacturing
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Low carbon dioxide from source: currently, almost all equipment and machines in modern industry use
electricity as a main energy to operate if machines or equipment can be adjusted or improved to use less
energy, the carbon dioxide intensity from the machines and equipment sources will be reduced.

Energy efficiency: energy efficiency can be explained as a percentage of output of energy from process
(in watt or joules) divided by the input of energy to the process [8]. Hence, this parameter in LCM
concept should be higher than conventional industrial processes.

Waste minimization: This term can be meant as how waste can be dislodged or minimized according to
the reference [9]. If the third criteria above are categorized into carbon dioxide emissions due to
machines and equipment, it is emission from imperfect operation because waste can occur in the process.
For example, many wastes can appear in the turbulent manufacturing process: idle time, waiting time and
queuing time etc. Therefore, the optimal solution and algorithm (for example, optimal time to run
machines and equipment which can conform to operational constraint) for the manufacturing process
should be installed into LCM in order to minimize waste energy and thus carbon dioxide emissions.
Resource utilization: Sivasubramanian et al. [10] described that resource utilization in today industry can
be typically observed from raw material usage and queue/waiting time in the process and priority rule in
the process chain. These factors can become as constraints in problem formulation in order to create
optimal production algorithm. The percent of carbon contents can be reduced when percent of resource
utilizations are increased because unnecessary energy for CO, emissions is also reduced.

Implementation of LCM

Three implementations have been explored at Brunel University for LCM. The configuration of

implementation of LCM is shown in Figure2.
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Fig.2.  Implemented Concepts for LCM

LOW CARBON MANUFACTURING: CHARACTERIZATION, THEORITICAL MODELS AND

IMPLEMENTATION
406



The 6™ International Conference on Manufacturing Research (ICMRO0S)
Brunel University, UK, 9-11" September 2008

1) Development of operation models: this method is developed for establishing suitable objective function
which can reduce carbon content from manufacturing processes. All resources causing carbon emissions
are considered as constraints in the operation model in order to prevent unnecessary wastes occurred in
idle and down time while the finished products can conform to customer’s demand. Therefore, it could be
described in another way that this method is specific for carbon minimization.

2) Using bench-top/micro machines: These kinds of machines have been developed in the concept of less
energy consumption and small space requirement for processing. The reduction of carbon content of this
method is specific on machines/equipments (locations). At Brunel University, bench-top machines have
been developed for micro manufacturing purposes. However, it can be also used for LCM by taking
advantage of their low energy consumption, resource efficiency and small foot print.

3) Applying of Devolved manufacturing: Bateman and Cheng have introduced the concept of Devolved
Manufacturing which aims at achieving mass customized rapid manufacturing in a devolved web-based
manner [11]. This method can be applied to the concept of LCM by minimizing carbon emission from
make to order product (upstream) by customizing product via Internet-based instead through the nearest
location (downstream) to pick-up finished goods. It can be explained in another words that this approach
is focused on reducing carbon emission from supply network.

5.0 Operation Models for LCM

In this section, the operation models for LCM system are presented at two levels which concentrate on
minimization of total used energy. The operational models are concerned with supplied chain level and shop-
floor level respectively.

5.1 An Operational Model at Supply Chain Level

The model formulation was established based on the supply network presented by Taha [12]. The objective
function sums up of total used energy in unit of joules to produce electricity of electrical flow in the supply
network operation (source: power plant to sink: specific shop floor). The goal of this formulation is to
minimize carbon intensity in supply network by finding the optimal electricity from (Xj;) between node i and j
in unit of kWh. The formulation can be described as:

Min (f = ZEnl.inj) 1)
(i.))eQ
Subjectto  D. X, — > X, =f, VjeZ
k i
(jh)eQ (i.)eQ
Cij:min <X, SCUmx Vi, je Q
X, 2 0 Vi, je Q

where
Z - set of node (location) in network = {A, B, C, D, E}
Q - set of arc (path) in network = {(A,B), (A,C), (C,B), (C,D), (B,D), (B,E), (D,E)}
En; - energy factor coefficient for flow Xj; (joules)
Ci j:max - maximum electrical capacity of arc (i,j) (kWh)
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Cij:min - minimum electrical capacity of arc (i,j) (kWh)
fj - total net flow at node j (kwh)

5.2 An Operational Model at Shop-Floor Level

This formulation is developed by using the theory of linear programming solution (LP) [12]. The goal of this
formulation is to minimize primary energy used during the manufacturing process by finding the optimal time
(Xj) to produce product i on machine j. The problem formulation can be described as follows:

n_ ¢
Min (f= DY En;X ) @
i=1 j=1
N
Subject to >.8.X; > P,
i=1

where
A - set of machines in the system {1, 2, ..., @}, @ is the maximum number of machine
B - set of products {1, 2, ..., N}, N is the total number of product type
En;; - coefficient of energy used to produce product i on machine j
d - coefficient of lubricant used to produce product i on machine j
Cjj - coefficient of electricity consumed to produce product i on machine j
Sij - processing time for producing product i on machine j
P; - demand of total finished goods on machine j
L - total lubricant per period that equipment can resist
E - total electricity in specific area per period that shop-floor’s fuse can resist

6.0  Experiments and Results

6.1 The System and Processes

There are five machines in the system: cutting machine, milling machine, machine centre, inspection machine
and packaging machine. Each machine has two basic devices of the motor and oil tank to enable it in
operation. The system starts operation at 8.00 am and ends at 10.00 pm. The process operates as job shop
sequences by producing two products: gear and spindle. Processes of gear are cutting, milling, machining,
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inspect and packaging. Processes of spindle are machining, cutting, milling, inspect and packaging. Processing
time of both two products is listed in Table 1 and energy consumption rate in Table 2.

Table 1. Processing time of the gear and spindle on each machine

Product P:M1 P:M2 P:M3 P:M4 P:M5
Gear 15 15 15 15 15
Spindle 15 15 15 15 15
30 30 30 30 30

Table 2. Energy consumption rate to produce the product on each machine

product | eml | o:otl | em2 | o:ot2 | em3 | o:0t3 | em4 | o:ot4 | emS | o:ot5
Gear 1 1 1 1 1 1 1 1 1 1

Spindle 3 2 3 2 3 2 3 2 3 2
sum 4 4 4 4 4 4 4 4 4 4

M1: cutting machine; M2: milling machine, M3; machine centre; M4: inspection and M5: packaging; P:Mj =
processing time on machine j (j = 1,2, ...., 5); exmj = electricity rate (kwh/cycle time) on motorj (j=1,2, ....,
5); o:otj = oil rate (litre/cycle time) on oil tank j (j = 1,2, ...., 5). Energy is still provided to the devices
although they do not perform any work (down and idle time) with E = 90 kWh, L = 65 litres. If total amount
used electricity and lubricant are consumed over their limit, all motors and oil tanks will be shut down for 5
hours. If total electricity and oil used are over their limits, the value of these two variables will be reset to 0.

6.2 Optimization Procedures

Operation model aims at the optimal value by using optimization function in MATLAB programing. Optimal
values can be the optimal time to turn-off each device. Secondly, optimal values can be used to establish
operational shift for each device. In this research, two systems are established with same conditions and
simulated to observe energy used from the process on ProModel simulations. The configuration of the systems
in ProModel is illustrated in Figure 3. The first system is run normally but the second system is run with LP
(shop-floor) model. Operational shift for the second system is presented in Table 3.

Table 3. Operational shift for each device

Device Time
Motor 1, 2, 3,4 and Oil tank 1, 2, 3, 4 16.30 pm
Motor 5 and Oil tank 5 13.00 pm
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Fig. 3. The configuration of the systems in ProModel simulations

6.3 Results

Both systems are operated from 8.00 am to 1.00 am (to get results at steady state) in the same condition
including inter arrival time of entity and operating algorithm. After running system simulation by using
ProModel, the comparison of location states single between two systems are shown in Figure 4 and 5. Running
the system with shop-floor model, the second system can eliminate percent of down time from operating
period.
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Fig. 4.  Location states single of the first system
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Fig. 5. Location states single of the second system

Devices in the first system are down after and can not operate again until the end of operation shift. It can be
described that unnecessary carbon emission occurred and thus the wasted energy. The statuses of device in the
first and second system are shown in Figure 6.
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Fig. 6.  The status of Motor1 in the first (left) system and second (right) system

64 Carbon Emissions

The amount of used energy is transformed into the unit of joules firstly then multiplied with emission factor
and fraction of carbon oxidised to get carbon content in unit of Gg C according to the IPCC [13] approach.
Energy consumption rate of motor and oil tank at down time & idle time are assumed to be at the rate of 0.067
kwh/min and 0.067 litre/ min respectively (each device’s capacity = 1 and it is assumed that energy is
consumed every 15 minutes at down & idle time: 1/15 = 0.067). The calculation of carbon emission from the
first and second system is listed in Table 4.

Table 4. Carbon emissions from the first and second system
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Carbon Emissions Carbon Emissions
Dewvice (5 gram Carbon T 10-3) (5 grarm Carbon ™ 10-3)
System 1 Svyvstem 2

rAotor 1723.956 277
rAotorz2 1565.952 0.5395
rAotors 535.1 354 2. 376
hAotord 5.74 5.742
Fotors g9.12 9,702

il BES 72 36 2115.822

Zil2 225655. 05 19.998

il= 20785 54 74.448

il 20827 .22 119.988

Dils 20909.99 155. 528

7.0 Concluding Remarks

In this paper, the characterization and implementation for low carbon manufacturing (LCM) have been
explored specifically for the manufacturing system from the upstream (demand of the product) through
downstream (finished goods) of the process chain. In the simulated experiment, the results show the reduction
of total used energy and carbon emissions when applied operation model at shop-floor level. The idle time and
down time have been considered as main factors for the unnecessary wastes which can be reduced with energy
constraints in mathematical model. However, the operation model can be improved in the future by taking
account of more queuing system constraints. For the future work, energy consumption data from the bench-top
machine developed at Brunel University will be used to further evaluate and validate the models and
simulations and the analytical approach as a whole. Furthermore, the operation model will be applied to
Devolved Manufacturing scenario for reducing CO, emissions at the extended manufacturing supply chain
level.
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