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ABSTRACT

The lean production philosophy was developed in the automobile industry and put into
practice in the manufacturing industry to reduce waste, inventory and improve
productivity. The lean concept has recently been introduced to the manufacturing
industry to meet the challenge of sustainable development. However, it seems that the
concept of sustainable development was defined too broadly for the manufacturers to
guide their preferred decisions and behaviours. This research aims to narrow down the
concept of sustainable development and focus on the carbon emissions that can be
reduced by applying the lean concept in the precast concrete factories. The results
demonstrate that the lean production philosophy can help precasters to reduce the level
of carbon emissions, in terms of reducing waste and eliminating unnecessary energy
consumption in multi-handling, multi-delivery, maintaining inventory and other
non-value adding activities, in line with its concentration on eliminating non-value
adding processes. An amount of 5.80% carbon emissions can be reduced in the
production process for a specific type of precast concrete column. The lean benchmarking
process provided in this study is helpful for the precasters to monitor the carbon
efficiency in the precast concrete factories. In addition, the analysis provides good
practice guidance when precasters are trying to reduce carbon emissions to meet
guidelines from regulatory authorities.
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INTRODUCTION

Among all current environmental issues, climate change seems to be the most significant one,
which causes the most considerable threat to human development (Tang and Yeoh 2007). The
potential impact of climate change on the global economy could be enormous: re-insurance
companies estimate that it could be of the order of hundreds of billions of dollars per year in
the form of natural disasters and disruptions to agricultural cycles (Brown 2005). If actions
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are not taken to reduce greenhouse gas emissions, the overall costs and risks of climate change
will be equivalent to losing at least 5% of global GDP per year, now and forever (Stern 2007).
Climate change is mainly caused by increase in greenhouse gas (GHG) emissions from both
natural and man-made sources. However, it is widely believed that man-made sources, such as
human activities, are the most significant factors.

The construction industry plays a significant role in the economic growth around the
world. In the UK economy, the construction industry accounts for 8 percent of GDP and
employs 1.5 million people (1 in 14 of the total working population) directly (Brown 2005).
However, this industry is now highly challenged as the largest source of GHGs. According to
the American Institute of Architects (2007), it is estimated that nearly 50% of all the GHG
emissions are generated by buildings and their construction in terms of energy used through-
out the life cycle.

The Singapore Construction 21 Committee (1999) encouraged contractors to use
precast concrete products because of their benefits towards faster construction, fire protec-
tion, productivity improvement, etc. Glass (2000) observed that the market for precast con-
crete was rising due to the large demand for prefabricated housing in the UK, Germany, the
Netherlands and other developed countries. Precast concrete products were believed to have
some “green” benefits, such as reducing waste, improving total quality, reducing energy con-
sumption and carbon emissions (e.g. Elhag et al. 2008; Lépez-Mesa et al. 2009; Chen et
al. 2010). However, it is found that the precast concrete industry can be improved towards
environmental sustainability before it can support the construction industry to meet the chal-
lenge of sustainable development. Low and Mok (1999) found that the prefabrication yard
can be improved by lean principles to improve productivity. Ballard et al. (2003) applied lean
principles to a work flow and found that substantial improvements in performance can be
achieved with little capital investment and without changing technology or how specific oper-
ations were performed. Ko (2010) found that the pull-based production method can effec-
tively lower the inventory level in precast plants. It seems that the precast concrete production
has the potential to be improved to achieve low-carbon production.

This research therefore aims to: (a) highlight the relevance of the lean concept in achiev-
ing low-carbon production; (b) identify the non-value adding activities in precast concrete
production from a lean perspective; and (c) quantify the carbon emissions that can be reduced
by applying the lean concept. The amount of carbon emissions that can be reduced is assessed,
both quantitatively and qualitatively. The methodology and results of this estimation will be
useful when building the life cycle inventory of construction materials and products for the
Singapore construction industry. The lean benchmarking process provided in this study will
be useful for the precast concrete industry to monitor carbon efficiency.

LEAN PRODUCTION PHILOSOPHY
It is believed that lean production has its origin in the Toyota Production System (TPS),
which was developed at Toyota by engineer Ohno. Ohno (1988) stated that the basis of the
TPS is to achieve profit growth by reducing costs through completely eliminating waste such
as excessive stocks and work force. The term “lean” was coined by the research team working
on international automobile production to reflect both the waste reduction nature of the TPS
and to contrast it with the craft and mass forms of production (Womack et al. 1990).

One of the first studies aimed at understanding and applying the lean production prin-
ciples in the construction industry was carried out by Lauri Koskela in 1992 (Koskela 1992).
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By applying the principles to the construction industry, Koskela identified the basis of the
“new production philosophy”, which is also known in western countries as “lean production”
(Isatto and Formoso 1998). Originated from the TPS, the core of the lean production phi-
losophy is the observation that there are two aspects in all production systems: conversions
and flows (Koskela 1992). Conversion activities refer to those which actually add value to the
product or process. Flow activities refer to non-value adding activities, which consume time,
costs and resources, but do not add value to the product or process. There are many inter-
pretations about the lean principles. Koskela (1992) concluded eleven important principles
which are essential to the lean production philosophy, such as reducing waste, variability, cycle
and increasing transparency. Womack and Jones (1996) identified five principles about lean
thinking and lean production, such as specifying value, identifying the value stream, etc. It
should be noted that although the interpretations of the lean production philosophy may
vary, four major points are all emphasized on:

1. Reduce non-value adding activities, such as maintaining inventory, multi-handling
and multi-delivery, reproducing due to product defects, etc.

2. Produce according to customer requirements to prevent deviation costs.

3. Continually improve rather than to interpret the improvement processes as imple-
mentations that can be done once and for all.

4. Respect for humanity, which must be cultivated while the production system utilizes
human resources to attain its cost objectives (Monden 1993).

Lean production is not a totally new concept. It is a combination of existing management phi-
losophies in a new way. The most important tools in lean production include:

* Just-in-Time (JIT): The JIT concept was firstly initiated by Ohno and Shingo in
Toyota to reduce and eliminate inventories. JIT means that in a flow process, the right
parts needed in assembly reach the assembly line at the time they are needed and only
in the amount needed (Ohno 1988).

* Total quality control (TQC): The term “total” refers to three extensions (Shingo
1988): expanding quality control from production to all departments; expanding
quality control from workers to management; and expanding the notion of quality to
cover all operations in the company.

* Time based competition. Time based competition refers to compressing time
throughout the organization for competitive benefit (Koskela 1992).

 Concurrent engineering. Concurrent engineering refers to an improved design process
characterized by rigorous upfront requirements analysis, incorporating the constraints
of subsequent phases into the conceptual phase, and tightening of change control
towards the end of the design process (Koskela 1992).

* Value based management. Value based management refers to “conceptualized and
clearly articulated value as the basis for competing” (Carothers and Adams 1991).

* Visual management. Visual management is concerned about visual control in
production, quality and workplace organization (Greif 1991, p.281). By setting up
a standard, any deviation from it will be recognized immediately. Thus, appropriate
actions will be taken before damage happens.

* Total productive maintenance (TPM). Total productive maintenance refers to the
autonomous maintenance of production machinery by small groups of multi-skilled

operators (Nakajima 1988, p.166).
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* Employee involvement. The importance of employee involvement can be explained by
the fact that organizational goals and personal goals can both be achieved if employees
are treated with equity and respect in terms of being involved with decision making,
being provided with meaningful jobs and being given the opportunity to learn

(Stendel and Desruelle 1992).

The lean concept has proven to be effective in increasing environmental benefits by elimi-
nating waste, preventing pollution and maximizing the owners’ value (e.g. Huovila and Koskela
1998; King and Lenox 2001; Ferng and Price 2005; Lapinski et al. 2006; Nahmens 2009;
Miller et al. 2010). Huovila and Koskela (1998) examined the contribution of the lean con-
struction principles to sustainable development. The contributions included minimization of
resource depletion, minimization of pollution and matching business and environmental excel-
lence (Huovila and Koskela 1998). King and Lenox (2001) stated that lean production is com-
plementary to environmental performance and is associated with lower emissions. Nahmens
(2009) stated that it is a natural extension to apply the lean concept to achieve green produc-
tion and construction. By applying the lean concept to a production line, 9 to 6.5 people (labor
waste), 12% space (equipment waste) and 10% wallboard (material waste) can be reduced
(Nahmens 2009). Miller et al. (2010) applied the lean principles to a small furniture produc-
tion company and found that the lean principles can help the company meet ever increasing
customer demands while preserving valuable resources. In these studies, wastes, environmental
burdens, and environmental deterioration were commonly used as the contributions that can
be achieved by applying the lean concept. However, it seems that the contributions were too
broadly described. It should be noted that the contribution of the lean concept to a certain
application area can guide the preferred decisions and behaviours of the precasters. If the con-
tribution is defined too broadly, the implications for the precasters will be very minimal.

There were a few studies which argued that lean may show a negative impact on envi-
ronmental performance (e.g. Cusumano 1994; Rothenberg et al. 2001; Bae and Kim 2008).
Rothenberg et al. (2001) found that there was a complex relationship between lean manufac-
turing and environmental performance that depended on the measure of environmental per-
formance being examined. Bae and Kim (2008) stated that since the main purpose of lean is
to provide excellent value for the customer rather than to reduce environmental impact, lean
does not always assure a positive environmental impact. According to Bae and Kim (2008),
the difficulty in understanding and quantifying the impacts of the lean principles was perhaps
one reason that stakeholders hesitated to use the lean principles to be green. It is therefore
necessary to quantify the lean improvements before concluding that the lean concept can be
applied in the precast concrete factories to achieve low-carbon production.

RESEARCH METHODOLOGY

Data Collection

The purpose of this case study is to identify the non-value adding activities in precast concrete
production from a lean perspective, examine how the lean concept can be applied to achieve
low-carbon production and quantify the lean improvements. The subject of this case study is
a precast concrete factory, which was set up in 1994 to spearhead the adoption of prefabrica-
tion technology in Singapore. A total land area of 17,000 m* and a built-up area of 21,000 m?
were occupied. The main activities of the precaster included: 1) design and produce precast
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concrete products; 2) manage and deliver precast concrete products; and 3) research on
innovative construction materials. The precaster occupied large market share of the precast
concrete market, especially in public housing projects. The production arrangements of the
precaster would therefore reflect the general production practices in the Singapore precast
concrete industry. As research played a very important role, the project manager in the pre-
caster stated that several lean principles have been applied in the factory, which included the
total quality control and continuous improvement.

To identify the non-value adding activities examined by the lean production concept in
precast concrete production, a questionnaire was developed. The questionnaire encompassed a
comprehensive list of all the non-value adding activities that might possibly occur in a typical
precast concrete factory from a lean perspective. The list of non-value adding activities was
obtained through literature review and semi-structured interviews that were conducted with
seventeen precasters in Singapore. Semi-structured interview was requested with the project
manager to identify the non-value adding activities that happened in the precast concrete
factory. The project manager, who was also the senior executive engineer, has worked for the
precaster for over 20 years. In addition, during the semi-structured interview, the probability
of occurrence of the non-value adding activities was rated by the project manager. Unimport-
ant non-value adding activities would be dropped from the assessment. A four-day site investi-
gation was conducted to focus on the production process for a specific type of precast concrete
column, which was chosen for the Life Cycle Assessment (LCA) study. LCA has been widely
adopted to evaluate the environmental impact in both the manufacturing and construction
sectors (Harris 1999; Petersen and Solberg 2002). It assigns elementary flows and potential
environmental impact to a specific production system. In this study, the life cycle is limited to
the production cycle of the precast concrete column and includes four value stages, which are
site layout management, supply chain management, production management and stock man-
agement. During the site investigation, the embodied carbon of the precast concrete column
was calculated based on the production procedure provided by the project manager. In addi-
tion, wastes, damages and energy consumption caused by the non-value adding activities were
recorded for the following estimation process. The focus of the semi-structured interview and
the four-day site investigation aim to address the following three questions:

1. Is the lean production philosophy applicable to the precast concrete production pro-
cess to achieve low carbon production?

2. In current precast concrete production processes, what are the imperfections that can
be improved to achieve sustainability?

3. How much carbon emissions can be reduced by applying the lean concept when pro-
ducing this type of precast concrete column?

Data Analysis

A general quantification procedure was developed for the precaster to calculate the lean
improvements. The procedure included two major subprocesses, which were the screening
process and the estimation process. There are three steps in the screening process, including:

1. Screening step 1: In this step, the relative importance of the non-value adding activity
identified was rated by the project manager on two factors: the probability of occur-
rence and the impact on carbon emission level. Non-value adding activities with no
probability of occurrence were dropped from the assessment.
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TABLE 1. Information sources for materials, energy consumption and emission factors.

Materials, embodied carbon and
energy consumption

Sources

Mix design of Portland cement concrete

Obtained from the precast concrete factory

Embodied carbon emissions of cement

Nisbet et al. (2000); Hammond and Jones (2008);
Indexmundi (2006); U.S. Geological Survey (2006)

Embodied carbon emissions of aggregates

Hammond and Jones (2008)

Embodied carbon emissions of steel

World Steel Association (2008)

Carbon emissions from waterborne transportation

Department for Environment, Food and Rural Affairs
(2005); McKinnon (2008)

Carbon emissions from road transportation

Peyroteo et al. (2007)

Energy inputs from concrete mixing plant

Nisbet et al. (2000)

Energy inputs from precast concrete factory

Observed and recorded in the precast concrete factory

Emission factor of electricity generation

National Environment Agency (2009)

Emission factor of idling trucks

Stodolsky et al. (2000)

Emission factor of illumination in the precast

Recorded in the precast concrete factory

concrete factory

(Adapted from: Wu and Low, 2011a)

2. Screening step 2: Following step 1, non-value adding activities that required assess-
ment were categorized into different groups, including equipment, electricity, waste
of raw materials, waste of finished products and capital facilities. Non-value adding
activities under different groups were assessed by different equations. For example,
carbon emissions caused by the use of equipment was calculated by multiplying the
fuel consumption with the emission factor.

3. Screening step 3: Non-value adding activities that could not be categorized in any of
the groups mentioned in step 2 might not be eligible for a quantitative assessment.
Qualitative descriptions of the impact of such activities were then provided.

The estimation process followed the 2006 IPCC Guidelines for National Greenhouse
Gas Inventories (Intergovernmental Panel on Climate Change 2008). The carbon emissions
caused by fuel consumption is calculated by multiplying the fuel usage with the emission
factor. Similarly, the carbon emissions caused by the use of electricity is calculated by multi-
plying the electricity usage with the respective emission factor. World-wide average emission
factors from the database were used where Singapore-specific emission factors were not avail-
able. The emission factors used in the estimation process are obtained by referring to many
other LCI studies. The LCI studies and information sources are shown in Table 1.

RESULTS

The Embodied Carbon of the Precast Concrete Column

The overall calculation of the embodied carbon of the precast concrete column is shown in
Table 2. For this type of precast concrete column, 647.10 kg carbon emissions were generated
in its production cycle (from cradle to gate). As can be seen from Table 2, the manufacture of
steel seems to be the most significant source of carbon emissions, which accounts for 46.76%
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TABLE 2. Embodied carbon of the specific type of precast concrete column.

Raw materials Emission factors Carbon emissions
1. Cement 320.1300 kg 0.4970 kg CO, / kg 159.10 kg CO, | 24.59%
2. Aggregates 540.6600 kg 0.0050 kg CO, / kg 2.70 kg CO, 0.42%
3. Reinforcement 178.0000 kg 1.7000 kg CO, / kg 302.60 kg CO, | 46.76%

Energy inputs

4a. Transportation 320.1300 kg 104.2000 kg CO, / ton 33.35 kg CO, 5.15%
(cement)(international)
4b. Transportation 540.6600 kg 121.6000 kg CO, / ton 65.74 kg CO, | 10.16%
(aggregate)(international)
4c. Transportation 178.0000 kg 35.7000 kg CO, / ton 6.35 kg CO, 0.98%
(reinforcement)(international)
5. Concrete plant operation 68.6000 kWh/m? 0.5233 kg CO, / kWh 25.52 kg CO, 3.94%
6a. Transportation 24.1500 km 0.1200 kg CO, / km / ton 9.77 kg CO, 1.51%
(concrete)(local)
6b. Transportation 24.1500 km 0.1200 kg CO, / km / ton 1.03 kg CO, 0.16%
(reinforcement)(local)
7. Precast concrete production 6.5000 kWh 0.5233 kg CO, / kWh 3.40 kg CO, 0.53%
Total 609.58 kg CO, | 94.20%
8. Waste of raw materials—2% 9.29 kg CO, 1.44%
9. Waste of finished products—3% 18.29 kg CO, 2.83%
10. Inefficient production arrangements 9.93 kg CO, 1.53%
Total 647.10 kg CO,

(Adapted from: Wu and Low, 2011a)

of the total carbon emissions generated. Attention should be paid to the production process in
the precast concrete factory. It seems that production processes only account for 0.53% of the
total carbon emission generated. However, in the precast concrete production process, waste
of raw materials, waste of finished products and inefficient production arrangements often
happen and contribute to increase the level of carbon emissions. The three aspects are exam-
ined in each of the four value stages of the precast concrete production, which are site layout
management, supply chain management, production management and stock management.

Site Layout Management

The non-value adding activities identified in the questionnaire were rated based on two factors,
which were the probability of occurrence and the impact on the level of carbon emissions. It
should be noted that although the non-value adding activities relating to the raw materials
seems to be irrelevant to site layout management, it is analyzed in this section due to its higher
priority than those other activities listed in the value stages later (supply chain management,
production management, etc). The specifications of the raw materials and the design of the
precast concrete products should be completed before deliveries and production activities are
arranged. Following the screening procedure, the less important factors are dropped from the
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estimation assessment. The precaster appeared to face several problems in site layout manage-
ment, which included:

Improper specifications of building materials. According to the project manager inter-
viewed, changes to the specifications of precast concrete products happened occasionally. Due
to the changes, the process to design and produce such precast concrete products had to be
re-developed. The previously manufactured products would therefore no longer be used. It
was a waste of both raw materials and energy consumption and such change of specifications
should be eliminated. Based on one previous experience of such change, six precast concrete
columns have been produced and abandoned due to change of specifications in the contract
period, which is half a year.

Over provision for material storage. The site layout plans are shown in Figure 1 and
Figure 2. A 4-storey building and an open yard were included in the site layout plan. The
storage of the finished products is within the production yard. The material storage area
occupies 26.4% of the total area in the site layout design. The total storage area (including
storage for finished precast concrete products) is about 40.0% of the total area when the
storage of the finished products was considered as well.

Large storage can lead to unnecessary loading and unloading activities, such as singling
out and transferring activities. The singling and transferring activities were conducted by the
gantry system and trailers. As the precast concrete columns were produced in the prefabrica-
tion production yard of the open yard, as shown in Figure 1, singling out and transferring
activities happened in this area were chosen for estimation.

FIGURE 1. The site layout design of the ground floor.
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FIGURE 2. The site layout design of the 2nd, 3rd and 4th floor of the 4-storey building.
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In addition, waste of either raw materials or finished products during inventory could
happen due to such a large storage area. According to the project manager interviewed, there
was a 2% wastage of raw materials and a 3% wastage of finished products.

The site layout was not carefully planned ro achieve economic and efficient production.
Although the precaster claimed to have an economic and eflicient site layout design, the site
layout was not designed to be lean. As can be seen in Figure 2, the reinforcements deliv-
ered from suppliers were sent to the 2nd and 3rd floor of the 4-storey building for fabrica-
tion. When the fabrication was completed, reinforcement cages were then delivered to the
storage area in the open yard. Singling out and transferring activities were caused by placing
the storage area on the 2nd and 3rd floor. On the other hand, damages to raw materials might
also happen due to such arrangements.

Green building materials were not considered. The precaster stated that research related
to new green building materials was followed but rarely applied. For example, according to
Nielsen (2008), reducing the clinker content by substitution with supplementary cementitious
materials such as fly ash has a dramatic impact on the carbon footprint of the concrete. Accord-
ing to Prusinski et al. (2006), carbon emissions savings for precast concrete ranges from 147 to
222 kg/m” if slag cement mixtures were adopted. In fact, the savings of carbon emissions for
concrete with 28-day compressive strength of 5,000 psi (which is similar to the concrete used
in this study) are 147 kg/m?, if 50% of the Portland cement is replaced by slag cement. Com-
pared with 100% Portland cement mixtures, this will produce a savings in carbon emissions
of 24.11% for the precast concrete columns. However, only regular cement (Portland cement)
was adopted in current precast concrete production. Unless the willingness to use such green
materials was expressed by clients, green building materials were not usually adopted.

Site layout plan was not placed on the notice board for information. On the notice board of
the precaster, safety issues were emphasized, as well as the provision of a detailed contact list.
The amount of information was not sufficient to support a smooth production flow. Exam-
ined by the visual concept in the lean production philosophy, the information on the notice
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board should be sufficient and transparent. Two important aspects should be displayed on the
notice board, which are waste streams and logistics of daily production (Blumenthal 2008).
By doing so, the lead time can be reduced, thus reducing the costs.

Supply Chain Management
Similar to the site layout management, there were a few non-value adding activities in the
supply chain management which might cause an increase in the level of carbon emissions.

Large quantity supply base. Large quantity supply base could lead to large storage area and
cause the same problems identified in the section of site layout management. An amount of
0.58kg CO, per column was emitted by singling out and transferring activities. In addition,
as can be seen in Figure 1 and Figure 2, a total of 3,672 m? covered storage area was provided.
Energy consumption due to illumination can be saved if the storage area is reduced by apply-
ing the lean concept.

Advance orders for raw materials should be placed weeks before the actual delivery date for
the precasters to organize their production processes so that the precast concrete products can be
delivered immediately to the construction sites when produced, thus reducing carbon emissions
in the storage and singling-out processes. In addition, Ballard et al. (2003) proposed a decou-
pling buffer between pre-manufacturing and manufacturing to reduce inventory. According to
Ballard et al. (2003), the customer orders (which is the advance orders mentioned earlier) were
made ready to project schedules, but were manufactured in response to project call offs (which
are confirmation orders) received one week prior to needed delivery. By using the decoupling
buffer, values are generated for both customers and producers and wastes are eliminated.

No long-term contract to achieve loyalty between suppliers and precasters. Long-term con-
tract between suppliers and precasters may help to reduce the number of delivery and servicing
trips, reduce trips in peak hours and reduce waste (Evanson 2008). When such relationship
was built, precasters might ask the suppliers to hire operators with high awareness of sustain-
ability in terms of certification programmes (e.g. the Freight Operator Recognition Scheme in
the UK). These benefits could help reduce carbon emissions but could not be assessed in this
case study because it involved a long-term monitoring process which could not be completed
given the time constraint.

Transportation was not taken into consideration. Price structure was the main consider-
ation when selecting suppliers. By doing so, precasters lost control of the delivery. Of all the
delivery methods provided, only direct delivery was adopted in this case. If other lean delivery
methods were adopted, such as milk round collection and delivery with an interposed ware-
house, precasters would have more control on the arriving time of the delivery, thus reducing
the lead time. In fact, if the precaster was using his own transportation trailer and the return
trip is fully utilized, a carbon reduction of 0.58 kg CO, per column can be achieved for steel
transportation. Since concrete transportation required the use of in-transit mixers, the return
trip for concrete might not be utilized at the moment.

Production Management

The production process of precast concrete columns involved the use of the gantry system and
some other equipment. Due to the involvement of the equipment, facilities managers and
operators should have the greatest potential to reduce energy consumption and carbon emis-
sions. There were several types of non-value adding activities that were observed in the factory.
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Waste of raw materials and damages of raw materials. Both factors led to the 2% wastage
of raw materials, as mentioned earlier, which increased the level of carbon emissions level by
an amount of 9.29 kg per column.

Raw materials did not meet specifications. According to the project manager interviewed,
re-order and re-delivery of raw materials happened occasionally due to unsatisfied quality.
During the contract period, two re-deliveries occurred. Two subsequent arrangements for
local transport of concrete and steel should therefore be arranged. A total amount of 0.47 kg
CO, per column was generated for each precast concrete column.

Unnecessary materials handling. When observed in the precast concrete factory, it was
found that the employees lacked the awareness about the importance of a smooth work flow.
For example, when the gantry operator intended to pick up the reinforcement cage for placing
and had moved the gantry to a specific location, he was asked to carry out the lifting process
in another location. This unnecessary movement was caused by incompetent employees and
the lack of a written production manual. During the four-day observation, this unnecessary
movement happened three times and it was assumed that this frequency remained during the
contract period. Potential damages to raw materials could also be caused by such unnecessary
materials handling.

Wait time. The two most important categories of wait time in this case were wait time
for inspection and wait time for labor. When the finished precast concrete products were
placed on the trailer and the quality control checks were conducted, the trailer was left idling.
When the trailer driver was handing the paper work to the supervisors, the trailer was left
idling as well. A total time of six minutes were recorded. According to the American Truck-
ing Association (1998), if a truck was left idling for one hour, an amount of 10.397 kg CO,
would be emitted. North Carolina’s Environmental Management Commission has adopted
a rule to restrict on-road gasoline and diesel-powered vehicles with a loaded weight greater
than 10,000 pounds from idling for more than 5 consecutive minutes in any 60-minute
period (U.S. Department of Energy 2010). According to the U.S. Department of Energy
(2010), Rhode Island also restricts the vehicle from idling for no more than 5 minutes by law.
These regulations validate the important of managing the wait time in order to achieve low
carbon emissions.

Double-handling or delivery due to unsatisfied quality or specifications. According to the
project manager interviewed, double-handling due to quality problems happened occasionally
in the demoulding and lifting process. For precast concrete columns, sockets and anchors were
often used. The connection between the sockets and anchors and the concrete was very strong
in some cases that double-handling was necessary. This was very common in the production
of precast concrete columns, although each release might need different degree of effort.

Wrong deliveries due to unclear identification marks or unclear delivery notes did happen
previously, although in an extremely low frequency of once or twice a year. It was assumed
that one wrong delivery happened in the contract period with the delivery of six precast con-
crete columns. A total of 32.41 kg CO, was generated by the wrong delivery.

Inadequate work crews, weak employees and lack of supervision. The precaster stated that
the competency of both employees and supervisors could be improved. If such improvements
could be achieved, the waste of raw materials and finished products, as well as the non-value
adding activities could be eliminated.
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Stock Management

Stock management represents the fourth value stage in the overall production cycle in the
precast concrete factory. Time and energy will be consumed when building up inventory and
singling out the products for delivery. Inefficient stock management will therefore obstruct
the production process from being eflicient and sustainable. Three types of non value adding
activities were observed in the factory.

Inefficient staffing arrangement. A crane driver, a banksman and a charge-hand should
be provided in the precast concrete factory to carry out lifting process. However, this was not
always followed. As observed in the factory, when moving the precast concrete columns to
the storage area, the gantry operator was doing all the work. A lot of sudden accelerating and
braking were caused when only one person was involved to conduct the loading and unload-
ing activities. Sudden accelerating and braking would cause an increase in the level of carbon
emissions and might damage the precast concrete products.

Unclear identification marks and unclear delivery notes. According to the project manager
interviewed, wrong deliveries happened in an extremely low frequency of one or two times a
year. It was assumed that two wrong deliveries, one under each category, happened in the con-
tract period. An amount of 0.14 kg CO, per column was generated due to the wrong delivers.
It should be noted that delivery of the finished products does not fall within the boundary of
“cradle to gate” and should not be considered in this study. However, this does not mean that
the management of correct delivery is not important. On the contrary, clear identification
marks and delivery notes should be provided to ensure that the right precast concrete products
are delivered to the right construction site at the right time.

Lack of sufficient care. The precaster stated that with sufficient care, waste of finished
products and wrong delivery could be avoided. In fact, operators who were closely related
to facilities operations have the greatest potential to reduce energy consumption and carbon
emissions. However, the training programmes provided to the operators were currently not
sufficient to support sustainable operations and needed to be improved.

DISCUSSIONS

Lean and Low-Carbon Production
The amount of carbon emissions that can be reduced by applying the lean production phi-
losophy is shown in Table 3. A few implications could be inferred from Table 3 and Table 2.
Effective carbon can be calculated when there is no waste in the production process.
This is the embodied carbon of the precast concrete column when all production processes
are value-adding to the product. As shown in Table 2, 94.20% of the carbon emissions value
of the precast concrete column is generated through value adding activities. A total amount
of 37.51 kg CO2 (5.80%) was emitted in terms of waste of raw materials, waste of finished
products, and ineflicient production arrangements. Another 13.11 kg CO2 (2.03%) could be
reduced if the precast concrete factory was designed with no inventory of raw materials. The
amount of carbon emissions that can be reduced by applying the lean concept in the factory
was 7.83%. This amount of carbon emissions was in fact obtained through a lean bench-
marking process which can help the precaster to improve towards low carbon emissions. It is
recommended that this process is provided along with the LCA study to provide a long-term
benchmark to identify the potential improvements that precasters can achieve.

144 Journal of Green Building

SS900E 93l) BIA /Z-80-GZ0Z e /wod Aioyoeignd-poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq



TABLE 3. Non-value adding activities identified in the production process.

The amount of
carbon emissions

Category (kg CO,/column)
Waste of finished products 18.29
Too much inventory in factory

Damaged products during inventory

Damaged products when handling

Double-handling or delivery due to unsatisfied quality or specifications

lllumination savings 13.11
Over provide material storage

Large quantity supply base

Too much inventory in factory

Waste of raw materials 9.29
Over provide material storage

The site layout is not carefully planned to achieve economic and efficient production

Waste of raw materials in the production process

Materials damaged during handling

Unnecessary materials handling

Inefficient production arrangements 9.93
Improper specification of building materials 7.25
Over provide material storage 0.58
The site layout is not carefully planned to achieve economic and efficient production 0.96
Transportation is not taken into consideration 0.58
Raw materials do not meet specifications 0.47
Unnecessary materials handling 0.0030
Double-handling or delivery due to unsatisfied quality or specifications 0.09
Delivery performance 0.14
Unclear identification marks 0.07
Unclear deliver notes 0.07

Other qualitatively described lean improvements

Does not think of green building materials

Site layout is not placed on the notice board for information

No long-term contract to achieve loyalty between suppliers and contractors

Transportation is not taken into consideration

Human resources

Inefficient staffing arrangement

Lack of sufficient care

Please refer to

the qualitative

assessment for
each factor

(Source: Wu and Low, 2011b)

Volume 8, Number 2

145

SS900E 93l) BIA /Z-80-GZ0Z e /wod Aioyoeignd-poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq



It seems that there are three possible strategies to reduce the carbon emissions of precast
concrete production. One strategy is to reduce the effective carbon by using fewer raw materi-
als. This could be achieved by developing alternative designs and using green building materi-
als. As stated earlier, a savings in carbon emissions of 24.11% for the precast concrete column
can be achieved, if 50% of Portland cement is replaced by slag cement. Other than countries
with local supplies of raw materials (e.g. China, the U.S.), the production of precast concrete
columns in Singapore relies heavily on the import of raw materials. As can be seen in Table
2, international transport of raw materials accounts for 16.29% of the total embodied carbon
emissions. If the precast concrete columns are produced in countries with local supplies of
raw materials, the carbon emissions value can be significantly reduced. This represents another
strategy for the precasters to reduce carbon emissions by ordering regionally manufactured
materials. Precasters can also focus on reducing waste of raw materials, waste of finished prod-
ucts and inefficient production arrangements to reduce carbon emissions. The third strategy is
especially important when green building materials are used and the embodied carbon of the
precast concrete products is reduced. Delivery and operation activities play a more important
role when the carbon emissions from raw materials are reduced. Some precasters preferred
to locate the concrete plant within the factories. It should be noted that this poses new chal-
lenges to the precasters to simultaneously manage the production processes of both the con-
crete and the precast concrete products. Because of the overlapping of production processes of
the concrete and the precast concrete product, waste of raw materials, finished products and
inefficient production arrangements may happen more frequently when such a production
strategy is adopted, although an economic savings can usually be garnered therefrom.

Wait time for inspection and labour should be especially noted here because delivery is
the link between precasters and contractors. The trailer drivers were not appropriately trained
on the awareness of sustainable operations. It is therefore reasonable to assume that equip-
ment idling might happened in delivery and when unloading at construction sites. Precast-
ers should therefore take concrete steps to stop vehicles from idling. For example, a notice
board should be placed at the entrance of the factory to remind the driver to turn off the
engine while waiting at the site. As stated earlier, the North Carolina’s Environmental Man-
agement Commission and some other states in the U.S. are taking actions to reduce equip-
ment idling by enacting regulations and restrictions. It appears timely for Singapore to take
steps to develop similar law to raise operators’ awareness on sustainable operations.

Different precasters might face different non-value adding activities. The precaster was
a leading government-sponsored entity who might have better environmental performance
than other precasters in Singapore. The amount of carbon emissions that can be achieved by
applying the lean production philosophy for other precasters might be larger than the case
study provided in this paper.

Lean Benchmarking and Its Application to Construction Materials

Carbon labelling programmes (usually included in environmental labelling programmes) can
offer accurate estimation of the embodied carbon of construction materials by using LCA
techniques. It should be noted that only production cycle is considered in this research adopt-
ing the “cradle-to-gate” concept. However, it lacks a benchmark to identify how efficient the
production is. There should be two levels of benchmarking, which are short-term and long-
term benchmarking. Current carbon labelling programmes can offer a short term benchmark
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between different precasters. The comparison can be intuitively interpreted by the scores
obtained from the carbon labelling programmes. Consumers can therefore obtain the prod-
ucts’ carbon performance through such scores. However, the long term benchmark is currently
missing for construction materials, or at least in the precast concrete sector. In other words,
a lean benchmark which may represent tomorrow’s world class company is not provided for
comparison at all. In this case, when all the non-value adding activities are eliminated, a total
amount of 609.59 kg CO, is emitted per precast concrete column, which can be transferred
to 1.77 ecopoints under the UK Ecopoints scheme, while the actual score is 1.88 ecopoints.
0.11 ecopoints can be saved by applying the lean concept. It should be noted that illumina-
tion savings and delivery performance of the finished products are not within the boundary
of the LCA in this study. The carbon emissions from the two sources are calculated but not
discussed. However, potential improvement that can be achieved by applying the lean concept
can be predicted from the calculation.

Unlike normal carbon labelling programme which highlights the inputs and outputs
of resources and energy by design specifications, this lean benchmark advocates issuing the
carbon label based on a refined production process. In practice, it is recommended that a lean
score is provided, associated with the carbon score obtained from the carbon labelling pro-
gramme. This lean score represents the carbon efficiency of the product. In this study, the 0.11
ecopoints is the lean score when the production process is refined.

When issuing the lean score for the precast concrete products, there are several areas that
should be considered. First, the efficiency of current production compared to the leanest case
where all the non-value adding activities are eliminated should be calculated. This is designed
to address the problem that LCA has little to say about the potential of the systems (Grant and
Macdonald 2009). Secondly, a score should be assigned to new innovative technology, which
may fare poorly in the LCA rating, but can bring potential benefits to the environment in the
future. In addition, production processes with “continuous improvement” plans should have
better scores than those without such plans. This offers a long-term view in the benchmarking
process. Otherwise, both production processes with and without the “continuous improve-
ment” plans will be issued with the same score under normal carbon labelling programmes,
where the limits and risks of the production systems are not reflected at all.

The applicability of the lean benchmarking process in carbon labelling programme for
precast concrete products can therefore be summarized into the four phases, as illustrated in

Figure 3:

1. Identification. In this phase, the production process tree is refined by lean to identify
the true valuable inputs. Non-value adding activities are identified and eliminated in
order to provide the lean benchmark.

2. Analysis. Carbon emissions that can be reduced by eliminating the non-value add-
ing activities identified in phase one is calculated. Both quantitative and qualitative
method should be adopted. For non-value adding activities which involve the use of
energy consumption and raw materials, quantitative calculation should be provided.
On the other hand, for evaluating the impacts that are difficult to quantify (e.g. con-
tinuous improvement and top management commitment), qualitative evaluation of
the impacts should be conducted.

3. Action. A corresponding long-term benchmark associated with the lean score should
be obtained in this stage to provide a relative measurement about the efficiency of the
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FIGURE 3. Lean benchmarking process in carbon labelling programmes.
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materials towards environmental sustainability. A “continuous improvement” plan to
help the materials to improve towards the long-term benchmark should be prepared
as well.

4. Modification. As technology improves and the production process refines, the lean
score calculated in phase 3 may change. Recalibration of the lean benchmark on a
continuous basis is therefore proposed in this stage to offer up-to-date information
for customers.

In an industry as complex as construction, a wide range of raw materials are used, many
in a number of different applications, during the erection of a building or structure (Con-
struction Industry Research and Information Association 1995). The lean benchmarking
process is firstly designed for precast concrete products because of the origin of the phi-
losophy from the manufacturing industry. Lean production philosophy originated from the
automobile industry and has been applied in the manufacturing industry for decades. The
production process of precast concrete products has many similarities with the manufactur-
ing industry so that the application of lean in the precast concrete industry will require less
modifications of the lean concept.

However, the origin of the lean concept does not preclude applying the lean concept to
the carbon labelling programmes of other construction materials, because:
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1. The production process of construction materials can be viewed as a manufacturing
process. According to Groover (2010), manufacturing is the transformation of mate-
rials into items of greater value by means of one or more processing and/or assembly
operations. In fact, according to Groover (2010), the terms production and manufac-
turing can be used interchangeably. The construction materials industry belongs to
the secondary manufacturing industry which uses natural resources and transforms
them into consumer and capital goods.

2. Viewed as manufacturing process, the production of other construction materials are
very similar to the production of precast concrete products. Construction Industry
Research and Information Association (1995) identified the life cycle of construc-
tion materials into three stages: production, in-service use and after-use. Production
includes the extraction of raw materials, storage, transportation, process and packag-
ing, all of which are very common in the production of both precast concrete prod-
ucts and other construction materials.

3. The carbon labelling programmes designed for precast concrete products and other
construction materials are the same, using LCA as the evaluation approach. There-
fore, the carbon labelling programmes for other construction materials may face the
same problems caused by LCA, such as the lack of evaluation about the limits, risks
and potential of the production systems.

The lean concept is appropriate to address the problems caused by LCA to the carbon
labelling programmes of construction materials other than precast concrete products. A pro-
duction tree can still be obtained and refined, based on which a lean score can be calculated.
With both the carbon score and the lean score, the true environmental performance of the
products can be indicated more transparently and accurately.

CONCLUSIONS

With the rising global recognition of sustainable development, it is only a matter of time
when pressing sustainability regulations fall on the precasters to improve their environmental
performance, such as reducing energy consumption and carbon emissions. When examined
by the lean production concept, the whole value chain of precast concrete production can
be improved by reducing many activities that do not add value to the production process.
Carbon emissions due to waste of raw materials, waste of finished products, inefficient pro-
duction arrangement and capital facilities can be reduced if such non-value adding activi-
ties are eliminated. Unlike technical improvements and innovations to achieve sustainability
which can be costly, the application of the lean production concept is in fact a series of man-
agement practice improvements that do not involve high investment costs and will be able to
help precasters to achieve better performance and environmental sustainability.

In accordance with previous studies, it is found that many lean techniques have been
adopted in precast concrete production, such as the total quality control concept, pursuing
zero defect products, etc. However, the applications are made to address specific problems
that happen in precast concrete factories rather than the fundamental problems that cause the
production imperfections. It is proposed that the value chain of precast concrete production
should be examined when applying the lean techniques to address a specific issue, such as the
sustainability issue in this study. However, it should be noted that the production processes of
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different precasters vary and further case studies validating the replicability of the case should
be investigated.

In addition, it is found that the lean production philosophy can provide a lean bench-
mark for precast concrete products, as well as other construction materials. It can help the pre-
casters to monitor the carbon efficiency of the production processes. By obtaining this level of
information in the carbon labelling programmes, contractors and developers can choose the
truly environment-friendly materials and the construction industry can then move towards
being a low carbon industry.

REFERENCES

American Institute of Architects (2007). Architects and Climate Change. [Online] Available at: http://www.aia
.org [Accessed 20 Feb 2008].

American Trucking Association (1998). Green truck website. [Online] Available at: http://www.truckline.com/
air_emissions/1420.html [Accessed 9 Aug 2010].

Bae, J.W. and Kim, Y.W. (2008). Sustainable value on construction project and lean construction. Journal of
Green Building, Vol. 3 (1), pp. 156-167.

Ballard, G., Harper, N. and Zabelle, T. (2003). Learning to see work flow: an application of lean concepts to
precast concrete fabrication. Engineering, Construction and Architectural Management. Vol. 10 (1), pp.6-14.
Blumenthal, A. (2008). Lean logistics, lessons learnt from _Japan. [Online] Available at: http://www.leanconstruction

.org.uk/lci_uk_summit_2008 [Accessed 9 Aug 2010].

Brown, C.S. (2005). The sustainable enterprise: profiting from best practice. London: Kogan Page.

Carothers, G.H.]. and Adams, M. (1991). Competitive Advantage through Customer Value: the Role of Value-
Based Strategies. In M.]. Stahl and G.M. Bounds, eds. Competing Globally through Customer Value. New York:
Ouorum Books. pp.32-66.

Chen, Y., Okudan, G.E. and Riley, D.R. (2010). Sustainable performance criteria for construction method selec-
tion in concrete buildings. Automation in Construction, Vol. 19 (2), pp. 235-244.

Construction Industry Research and Information Association (1995). Environmental impact of building and con-
struction materials, volumn A: summary. London: CIRIA special publication.

Cusumano, M.A. (1994). The Limits of Lean. Sloan Management Review, 35(4), pp.27-32.

Department for Environment, Food and Rural Affairs (2005). Guidelines for company reporting on green-
house gas emissions. [Online] Available at: http://www.defra.gov.uk/environment/business/reporting/pdf/
envrpgas-annexes.pdf [Accessed 14 Jan 2011].

Elhag, G. (20006). Business improvement through a structured approach to sustainability in the precast concrete floor-
ing industry. Unpublished thesis (Ph.D.). Loughborough University.

Evanson, D. (2008). Lean construction logistics requirements within London. [Online] Available at: http://www
Jeanconstruction.org.uk/lci_uk_summit_2008 [Accessed 20 Aug 2010].

Ferng, J. and Price, A.D.E (2005). An exploration of the synergies between Six Sigma, total quality manage-
ment, Lean construction and sustainable construction. International Journal of Six Sigma and Competitive
Advantage, 1(2), pp.167-87.

Glass, J. (2000). The Future for Precast Concrete in Low-rise Housing. Leicester: British Precast Concrete
Federation.

Grant, T. and Macdonald, E (2009). Life cycle assessment as decision support: a systemic critique. In R. Horne,
K. Verghese and T. Grant, eds. Life cycle assessment: principles, practice and prospects. Collighwood: CSIRO
Publishing,.

Greif, M. (1991). The Visual Factory. Cambridge: Productivity Press.

Groover, M.P. (2010). Principles of modern manufacturing. 4th ed. New York: John Wiley and Sons.

Hammond, G. and Jones, C., 2008. Inventory of carbon and energy (ICE). [Online] Available at: http://www
.bath.ac.uk/mech-eng/sert/embodied [Accessed 16 Mar 2010].

Harris, D.J. (1999). A quantitative approach to the assessment of environment impact of building materials.

Building and Environment, 34(6), pp.751-58.

150 Journal of Green Building

SS900E 93l) BIA /Z-80-GZ0Z e /wod Aioyoeignd-poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq



Huovila, P and Koskela, L. (1998). Contribution of the Principles of Lean Construction to Meet the Challenges
of Sustainable Development. In Formoso, C.T., ed. Proceedings of IGLC-6. Guaruja, Brazil, 1998.

Indexmundi (2006). Cement: world production, by country. [Online] Available at: http://www.indexmundi.com/
en/commodities/minerals/cement/cement_t22.html [Accessed 14 Jan 2010].

Intergovernmental Panel on Climate Change (2008). 2006 IPCC Guidelines for National Greenhouse Gas Inven-
tories, Volumn 2: Energy. [Online] Available at: htep://www.ipcc-nggip.iges.or.jp/public/2006gl/vol2.html
[Accessed 15 Jan 2009].

Isatto, E.L. and Formoso, C.T. (1998). Design and production interface in lean production: a performance
improvement criteria proposition. In Formoso, C.T., ed. Proceedings of IGLC-6. Guaruja, Brazil, 1998.

King, A.A. and Lenox, M.]. (2001). Lean and green? An empirical examination of the relationship between
lean production and environmental performance. Production and Operations Management, Vol. 10 (3), pp.
244-257.

Ko, C.H. (2010). Application of lean production system in the construction industry: an empirical study. Journal
of Engineering and Applied Sciences, Vol. 5 (2), pp. 71-77.

Koskela, L. (1992). Application of the new production philosophy to construction. CIFE technical report#72. Stan-
ford University.

Lapinski, A.R., Horman, M.J. and Riley, D.R. (2006). Lean process for sustainable project delivery. Journal of
Construction Engineering and Management, 132(10), pp.1083-91.

Lépez-Mesa, B., Pitarch, A., Tomds, A. and Gallego, T. (2009). Comparison of environmental impacts of build-
ing structures with in situ cast floors and with precast concrete floors. Building and Environment, Vol. 44 (4),
pp. 699-712.

Low, S.P. and Mok, S.H. (1999). The application of JIt philosophy to construction: a case study in site layout.
Construction Management and Economics, 17(5), pp.657-68.

Mckinnon, A. (2008). CO, emissions from freight transport in the UK. Report Prepared for the Climate Change
Working Group of the Commission for Integrated Transport. Logistics Research Centre.

Miller, G., Pawloski, J. and Standridge, C. (2010). A case study of lean, sustainable manufacturing. Journal of
Industrial Engineering and Management, Vol. 3 (1), pp. 11-32.

Monden, Y. (1993). Toyota Production System: An Integrated Approach to Just-In-Time. Norcross, GA: Industrial
Engineering and Management Press.

Nahmens, I. (2009). From Lean to Green Construction: A Natural Extension. In Ariaratnam, S.T. and Rojas,
E.M., eds. Proceedings of the 2009 Construction Research Congress. Seattle, 2009.

Nakajima, S. (1988). Introduction to TPM. Cambridge, MA: Productivity Press.

Nielsen, C.V. (2008). Carbon footprint of concrete buildings seen in the life cycle perspective. In Proceedings of
NRMCA 2008 Concrete Technology Forum. Denver, 2008.

Nisbet, M., VanGeem, M.G., Gajda, J. and Marceau, M. (2000). Environmental life cycle inventory of portland
cement concrete. Skokie: Portland Cement Association.

Ohno, T. (1988). Toyota Production System: Beyond Large-Scale Production. Tokyo: Diamond, Inc.

Petersen, A.K. and Solberg, B. (2002). Greenhouse gas emissions, life-cycle inventory and cost-efficiency of using
laminated wood instead of steel construction. Case: beams at Gardermoen airport. Environmental Science
Policy, 5(2), pp.169-82.

Peyroteo, A., Silva, M. and Jalali, S. (2007). Life cycle assessment of steel and reinforced concrete structures: a
new analysis tool. In Portugal SB 2007 Sustainable Construction, Material and Practices., 2007. 10S Press.

Prusinski, J.R., Marceau, M.L. and VanGeem, M.G., 2006. Life cycle inventory of slag cement concrete. In
Naik, T., ed. Proceedings of the 8th International Conference on Fly Ash, Silica Fume, Slag and Natural Pozzolans
in Concrete—CANMET/ACI., 20006.

Rothenberg, S., Pil, EK. and Maxwell, J. (2001). Lean, Green and the Quest for Superior Performance. Journal
of Production and Operations Management, 10(3), pp.228-43.

Shingo, S. (1988). Non-stock production. Cambridge, MA: Productivity Press.

Singapore Construction 21 Committee (1999). Construction 21: Reinventing construction. Singapore: Ministry of
Manpower and Ministry of National Development.

Stendel, H.J. and Desruelle, P, 1992. Manufacturing in the Nineties: how to become a mean, lean, world-class com-
petitor. New York: Van Nostrand Reinhold.

Volume 8, Number 2 151

SS900E 93l) BIA /Z-80-GZ0Z e /wod Aioyoeignd-poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq



Stern, N. (2007). The economics of climate change: the Stern review. New York: Cambridge University Press.

Stodolsky, F., Gaines, L. and Vyas, A. (2000). Analysis of Technology Options to Reduce the Fuel Consumption of Idling
Trucks. [online] Available at: http://www.transportation.anl.gov/pdfs/TA/15.pdf [accessed 6th Nov 2010]

Tang, K. and Yeoh, R. (2007). Cuz carbon, grow profits: business strategies for managing climate change and sustain-
ability. London: Middlesex University Press.

U.S. Department of Energy (2010). National idling reduction network news. [Online] Available at: htep://wwwl
.eere.energy.gov [Accessed 9 Aug 2010].

U.S. Geological Survey (2006). Minerals yearbook 2006. [Online] Available at: http://minerals.usgs.gov/minerals/
pubs/commodity [Accessed 15 Jan 2010].

Womack, J.P. and Jones, D.T. (1996). Lean Thinking. New York: Simon and Schuster.

Womack, J.2, Jones, D.T. and Roos, D. (1990). The Machine That Changed the World: the Story of Lean Produc-
tion. 1st ed. New York: Harper Perennial.

Wu, P and Low, S.P. (2011a). Managing the embodied carbon of precast concrete columns. ASCE Journal of
Materials in Civil Engineering. Vol. 23, No. 8, pp. 1192-1199.

Wu, P and Low, S.P. (2011b). Lean production, value chain and sustainability in precast concrete factory—a
case study in Singapore. Lean Construction Journal. 2011 issue.

152 Journal of Green Building

SS900E 93l) BIA /Z-80-GZ0Z e /wod Aioyoeignd-poid-swud-yiewlarem-jpd-awnidy/:sdiy wouy papeojumoq



