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ABSTRACT

Construction industry in the U.S. is one of the @Geen House Gas (GHG) emitters.
It produced 1.7% of the total U.S. GHG emission®2002. These emissions are
equivalent to 6% of total U.S. industry related GEi@issions, earning it a third rank
on the list of highest emitting industries. Howeviirese numbers represent only a
part of the total construction emissions but if aed all the direct and indirect
construction emissions from the supply chain of staction projects, the
construction emissions would represent up to 54%efotal U.S. emissions. Hence,
there is a need to lower emission levels from eaod every emitter in the
construction supply chain. This research work, rde§ and addressing the
importance of Lean Carbon Supply Chain (LCaSC) ¢onstruction projects,
develops a subsidy allocation mechanism using astage sequential game to model
the Agency’s and Contractor’'s behavior. The subsitigcation mechanism would
enable successful implementation of Green Perfocma@ontracting strategies at a
minimum cost.
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INTRODUCTION

The construction industry is one of the top Greeus¢ Gas (GHG) emitters in the
United States. It produced 1.7% of the total U.$iIG5emissions in 2002. These
emissions are equivalent to 6% of total U.S. inqustlated GHG emissions, earning
it a third rank on the list of highest emitting usdries (EPA, 2008 & EPA, 2009).
Although these numbers are enough to support sffort reducing emissions from
the U.S. construction industry, a sense of highmgortance will emerge when these
numbers, that represent only a part of the totahstaction emissions, are
complemented with the emissions from the non-aceulrife cycle phases of
construction projects. Emission estimates prepasethe Green Design Institute at
Carnegie Mellon University (CMU-GDI) show that héscle carbon emissions from
the construction sector ranges between 41.7 ar@lMMTCO2-eq per $100 billion
in economic activity. This means that for all trestruction projects in 2002 valued
at $861, the construction industry added 6.8% eftthal U.S. emissions (CMU-GDI,
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2009). In a similar way, the Department of Ene@{E) reports that the emissions
from buildings were up to 32.2% in the year 200Rug if we add all such direct and
indirect construction emissions from all sourcdsg tonstruction emissions can
represent a significant percentage of the total ErBissions (Cui et al. 2011). This
requires that if agencies aim to effectively cohenmissions then they must focus on
not only the onsite emissions but also on the taffesmissions from the elements
feeding into the construction supply chains.

Recently, Maryland State Highway Administration (MI&) sponsored a research
project for reviewing the emission reduction tedbg@es used by various
Department of Transportation (DOTSs) across the adhiStates. The research was
conducted by extensively reviewing the DOT projatuments and by carrying out
a survey. The results show that agencies were dUSirgjrategies to reduce emissions
(Cui et al. 2011). These strategies were categbriae the basis of material,
equipment and energy, green life-cycle and cleaerggndevelopment. It was
observed that these strategies were focused orcirgdemissions from various
elements in the construction supply chain. Since tbnstruction supply chain
management is a relatively new area of study (Arlaud Ballard 2004, Vrijhoef and
Koskela 1999), attempts are made here to defineorsstimiction supply chain
specifically for this research work and then toniifly how each element in the
supply chain would contribute to emission reduction

WHAT IS LEAN CARBON SUPPLY CHAIN (LCASC)?

A typical construction project can be broken dowtoiseveral phases and during
each phase thousands of options could exist thgtitnoiffer different costs, quality
and carbon emissions. For example, let us takedbke of a construction project (as
shown in Figure 1) and let us assume that the owvemts to reduce carbon
emissions from the project. As per the current pdoces he/she would use strategies
that would reduce carbon emissions only duringdtestruction phase. This means
that the focus will be limited to reduction from ugigment usage, electricity
consumption and disposal or reuse of constructiastev Such practice reduces the
emissions from construction phase but completeaiprigs the indirect emissions from
all other phases. Each phase of the project (shiowime Figure 1) is discussed here
with a brief explanation of how each phase can rdmuie towards the overall
reduction of emissions from construction industry.

PLANNING PHASE

Projects can be planned for the whole life cyclerduthe planning stage. If a project
has an objective to reduce the overall emissiortsag to be planned in advance.
Reducing emissions might require special orientataf the structure, special

construction equipment, high-efficiency HVAC andesjal methods (such as
modular construction) during the various phaseghef project. All this must be

planned before the project begins. Planning wonkltbée the owner to know the costs
of using innovative approaches and the emissionatézhs from the project.
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DESIGNING PHASE

Project design plays an important role in operatiafficiency of the building. For
example: a building is designed to reduce heahdwummer months which reduces
drastically the air conditioning costs for the @sdfowever, this same construction
might require extreme amount of heat during wintetgch might neutralize the
benefits gained from savings in the summers. Thnes design aspects such as
orientation of the buildings, window size, layogiazing, etc. play a major role in the
overall efficiency of the building and can be usé@ctively for emission reductions.

Planning Desiqni_ng Construction) perations, ismantle ol
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ast Disposal
-Landfill
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Figure 1: Typical Supply Chain Model of U.S. Constion Industry

CONSTRUCTION PHASE

The general trend observed in the U.S. construdtioiistry is towards reducing
onsite emissions. However, we have been largelyrigg the embodied carbon in the
materials. Notice from Figure 1 that the constttinaterials reach the construction
sites after passing through a variety of proces&a&h processes between raw
material extractions to onsite use, contributethéooverall emissions. For example,
the trucks used for transporting materials alsot gqasses and adds to the overall
emissions.

OWNER’SUSE

Building use contributes the maximum towards thessimn because of the heating,
cooling and lighting needs of the buildings (RepdATA Steel and BCSA). If the
owner uses traditional lighting, the constructedligy will consume more electricity
than the high efficiency lights (Garbesi et al. 20IThus post-construction emissions
management will also help to reduce the overalksman levels.

DISMANTLING OR DEMOLISHING

After the useful life, the structure is generallisrdantled or demolished. If the
building is planned and designed appropriatelydisenantled or demolished parts of
the structure would be reusable. On the other hlaediemolishing and dismantling
might require equipment, fuel and electricity whigtould add to the overall

emissions of the project.
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DISPOSAL

During construction, operations, dismantling, rawatemial extraction and
construction material production waste will be proeld. This waste is either reused
or disposed-off. The disposed-off waste will agaoid to the emissions from the
construction industry.

It is evident from the above discussion that vasi@hases of a project would
contribute to the overall carbon emissions ang ihévitable to take adequate steps to
reduce the carbon emissions throughout the construcsupply chain. If
implementable, the construction projects where sions are reduced throughout the
supply chain would satisfy the lean principles al\as the sustainable construction
principles. The lean principles require that thedoct be developed considering
customer’s requirements, reducing wastes and iscrgdhe efficiency (Liker 2004).
On the other hand sustainability requires that frejects are economical,
environment friendly and renders social benefitaafihez et al. 2009). Carefully
considering all the phases of the construction lyugipain, it becomes evident that if
emissions can be reduced during each phase ofrthecpthe lean principles and
sustainability criteria will be satisfied. Thus wlefine Lean Carbon Supply Chain
(LCaSC) as the concurrence of low carbon effodanlprinciples and sustainability
throughout the construction supply chain.

CONCURRENCE OF LOW CARBON, LEAN PRINCIPLES AND
SUSTAINABILITY IN CONSTRUCTION SUPPLY CHAINS

Researchers have demonstrated that though thepieaiples and sustainability are
different concepts both these approaches are dligowards efficient use of
resources (Horman et al. 2004). We can synchrahizéwo methodologies together
and can achieve better results in terms of costr@mment, social benefits, value
enhancement and waste reduction (Horman et al.)2®08vever it is sometimes
very difficult to simultaneously achieve all thesesults. Few researchers have
pointed out that sustainable projects can turntoute costlier than the traditional
projects due to the prevailing practices (Smith308nd thus it can increase the
overall cost of the project. Conversely, Toyotatai®h Campus Project and Pentagon
Renovation project are undisputed examples wheselgan production principles
were used to deliver sustainable projects (Lapirmgkal. 2006 and Horman et al.
2004). It is also known that such projects can lamaged to stay within reasonable
costs (Smith 2003, Lapinski 2006). So a questianein our mind is -What steps
can we take to achieve a LCaSC and ensure thatmogcts are implementable?
Similar questions arose when the 19 strategies \ekmetified during the MSHA
project. Several strategies out of the 19 strasegiere found to be highly efficient in
terms of achieving the concurrence of low carbeanl!principles and sustainability
in the construction supply chain but were not immatable because of the increase
in the cost. Our focus in this paper is just on suoh strategies.

Engine retrofitting and engine repowering and ugogra are highly efficient
strategies (Cui et al. 2011) and would enable tirecarrence of all the objectives.
However, it will be very difficult to implement tse strategies as these strategies
requires the contractors to make heavy initial giweent. A rational contractor would
always focus on profit margins and since such itmests could reduce their profits,
implementing such strategies mandates that thecaggegive subsidies to effectively
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pull the contractors to adopt the Lean and Greextegjies. This paper puts forward a
game theoretic model to design an appropriate dulagiocation mechanism.

HOW CAN WE IMPLEMENT THE LCASC?

Cui et al. (2011) identified 19 Green Performancat@acting (GPC) strategies which
can be effectively used at different time pointshe highway construction supply
chains. Majority of these strategies can be comrelyi incorporated into the existing
construction practices. For example the contraatars be asked to use an effective
waste management plan or employ low emission mmteshipping materials. Thus
the LCaSC is fairly achievable in every State ia thS. However, there are a few
strategies for which the contractors may show t&sce due to the cost of upfront
investment. In such cases the contactors wouldotxqubsidies to accept the LCaSC.
Since achieving low carbon emissions is a pridigly Agencies it is necessary that
the agencies designs appropriate policies to pha#l tontractors to adopt the
strategies. Thus the Agencies will have to decitiether to implement the LCaSC
strategies by keeping them voluntary or making tmeamdatory. Each option would
offer its own share of benefits and drawbacks.hi following part of this paper
describes the existing Agency-Contractor practee® two-player sequential game
and also provide a mechanism for allocating subsiébr successfully implementing
the GPCs to achieve the LCaSC objectives.

EXISTING PRACTICES — THE AGENCY CONTRACTOR GAME

The existing system of contract management in gowent projects does not stress
for the adoption of Lean Carbon Supply Chain (LCaS®e Agencies at Federal and
State levels allocate public sector works to thatramtors that have the ability to
meet the Agencies’ expectations set forth in adeperformance criteria. These
criteria, on majority of the projects, do not reguihe contractor to adopt the LCaSC.
Thus the contractor is free to adopt (A) or rej@tthe LCaSC.

For a rational contractor, adopting or rejecting tCaSC would depend only on
whether the LCaSC provides more benefits or noé ddntractor would be happy to
adopt the LCaSC if it guarantees higher benefitthe@vise a rational contractor
would definitely reject the implementation of LG&SEven if the LCaSC comes with
a promise of benefits that are at par with the fienfeom traditional supply chain, a
rational contractor would definitely reject chargithe supply chain as it would
reduce the risks associated with trying somethiegy.n This situation between the
Agency and the Contractor can be represented axj@estial game as shown in
Figure 2.

Let us assume that an Agency wants to achieve &hon footprint. The Agency
can either promote the LCaSC as a voluntary (V)oopfor the contractor or can
force its implementation by making it mandatory (Mgt us assume that the Agency
decides to “encourage” the use of materials andgases that come from LCaSC.
Thus, the Agency keeps the option of adopting tBa%C as voluntary and lets the
contractor decide whether to adopt (A) or rejegtt{ie move. Since the materials and
processes through the LCaSC are new and might aotat against the originating
risks, a contractor would get a payoff af when rejecting the LCaSC and payosf P
when accepting the LCaSC. Needless to say théeicarrent condition, i.evithout
any financial support, P, will be greater than Rvhich means that the contractor will
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reject the use of LCaSC. Thus for the sub-game fdmmtractor node when Agency
keeps LCaSC voluntary, the solution will be the cfestrategies (Voluntary, Reject)
denoted as (V,R). In these circumstances the Aggaetsa payoff of @which is less
than G. It must be noted that if the contractor rejedtshee materials and processes
coming from LCaSC, the oayoff will be equal to zerdlhus if an Agency lets the
Contractor decide to adopt or reject the LCaSC and does not provide subsidies, the
Agency would not achieve its objective of reducing carbon footprint.

A, (g, p@®)

A (G1. P2)
Contractor / Vfontractor /

N
\/ R\A(G3.P1) R (g(r). p(r)
' Agency
(G2, P3) (g(r1), p(r1))
I\N A 1\/{\4 A
Contractor / Contractor /

Figure 2: Existing Agency-Contractor Figure 3: Desired Model With Subsidy
Model Encouraging LCaSC Mechanism for LCaSC

Agency

Under the existing conditions, now knowing that steategy of encouraging the
adoption of LCaSC would fail for the Agency, it camforce the LCaSC. This
strategy will mandate the contractors to adopt A LCaSC for government
projects. Employing the mandatory (M) strategy witlable the Agencies to realize a
payoff of G and would enable the contractor to get a payofPofDefinitely this
strategy would yield &such that &>Gs. This means that the Nash Equilibrium for
the game will be strategy set (Mandatory, Accept), which can be denoted as (M, A).
However, when (M, A) strategy is used the contmaatould get B such that g P;.
Because of the reduced payoffs to the contradioesAgency might have to bear the
consequences of contractor burnout, increase idinmdvalues for projects, harsh
criticism from the taxpayers, political backlashdasevere damage to its own image.
All these factors can increase the indirect cosmmg of which might not be
guantifiable) of the LCaSC program which can resultery big differences between
the payoffs Gand G.

Thus the option of forcibly implementing the LCagfgram will not be feasible
in the absence of a mechanism to attract contstboadopt LCaSC program. Hence
the Agencies must develop mechanism that wouldtiree Contractors to adopt the
LCaSC when the Agencies keep the LCaSC programrmtaniyy This means that we
must develop conditions that would enable the Neghilibrium to shift to the (V, A)
path. This has been achieved in this paper by dpiwe a subsidy allocation
mechanism.

NEW MODEL FOR SUCCESSFUL IMPLEMENTATION OF LCASC

Implementing Lean Carbon supply chain in constarctiequires the Agencies to
develop appropriate mechanisms. The mechanism renstre that Agencies’

objective of reducing carbon footprint is achiexadminimum costs as wells as the
contractors are motivated to adopt the LCaSC.

Proceedings of the 20" Annual Conference of the International Group for Lean Construction



Subsidy Allocation Mechanism for Successful Implementation of Green Contracting Strategies

In the revised model, the Agencies and Contradtave the same set of strategies
as discussed in the existing Agency-Contractor Modilee Agencies have two
strategies to implement the LCaSC. The first siraie to keep the LCaSC policies
Voluntary (V). In this set-up the contractors wilave the choice to Adopt (A) the
LCaSC or Reject (R) the LCaSC. The second straaegifable to the Agencies is to
make the LCaSC Mandatory (M). In this conditiore tontractor would be forced to
Adopt the LCaSC. Each of the strategies has its rmerits and demerits.

This new model provides the same strategy setshéo Agencies and the
Contractors, but the payoffs would be determinadgua new mechanism designed
for reducing the overall carbon footprint. Graphigathis new Agency-Contractor
model can also be expressed as a sequential gareprasented in Figure 3. In this
game also, the Agency gets the chance to play dinst the Contractor being the
second player has the option to select the bestegly that would maximize his/her
payoffs. The payoffs for Agencies will be in terofsmonetary benefits for reducing
societal carbon footprint which has been represkingethe function g(-). Conversely,
the payoffs for Contractors will be in terms of retery benefits (profitability) from
the project and have been represented by the &umpt ).

SOLUTION TO THE GAME

In order to have the Nash Equilibrium (NE) along tpath (V, A) following
conditions must be satisfied:

p(i) > p(n) (Eq. 1) and p@) >pk) (Eq.2)
g()) = g(n) (Eq. 3) and gi)=9(r) (Eq.4)
Contractor Agency
Benefits Benefits @
p A |G iy o
2l N5 B pEEETE
Loss &
-
, > C Ci Cost (%)
C Ci Cost (5) — Subsidy —

Figure 4: Agency and Contractor  Figure 5: Subsidy Allocation Mechanism
Benefit Functions from Contractor's Perspective

In the above four conditions, p(-) and g(-) repmedeenefit functions for the
Contractor and Agency respectively. Graphicallysthéunctions have been shown in
figure 3. The figure shows representative behavidhe functions p(-) and g(-) under
initially considered ideal conditions. Notice thahen a Contractor invests $C to
procure materials and/or execute processes thrthetraditional supply chain the
benefits realized by the Agency and the Contractor be represented by the point
E’. But since the Agency now desires to achievédidenefits (represented by point
E in Figure 4), which will require additional inweent of (Ci — C), the contractor
will expect to receive subsidies to bear the ineeglacosts. Thus, we must develop a
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subsidy allocation mechanism that would provide ivadibn to the contractor to
adopt the LCaSC.

DESIGN OF SUBSIDY ALLOCATION MECHANISM

Let us say that we introduce a subsidy allocatimygmmm (represented conceptually
in Figure 5) defined by function S: R R, where:

S(s) =0 if Gk C (Eq. 5)

= (s*(Ci-C)) if Ci>C

Where,

0 < s < 1, representing the percentage of subsidy alldc&te bearing the
additional cost of Ci-C and

* (-) is a function that converts the subsidized @minto Contractor’s benefit.

From condition (1) we notice that we must have pg(ater than p{y so that the
contractor selects strategy A when Agency selettstegy V. Thus if we add
appropriate subsidies the condition would (1) ca&nsatisfied and we can have
following relation:

p(@i) = p(n) + * (s*(Ci-C))

Rearranging the terms and making s as the sulbfjéatroula we get:

_ 7 p() - p(ry)]
s = (C0) (Eq. 6)

Equation (6) is the designed subsidy allocation maatsm from the Contractor’'s
perspective and defines the relationship between shbsidy amount and the
corresponding Contractor’s benefits. The above #guaan be used as demonstrated
in Figure 5. Let us say that when a Contractoeéiired to invest $(Ci-C) additional
it will realize a reduced benefits calculated a$-p@(r) = dc. Thus the numerator in
Equation 6 becomes™ [3]. From Figure 5 we can see that fobenefits thes ™ [3¢]
locates a point x on the subsidy program whichlmamprojected on the x-axis giving
us a portion of (Ci — C) and thus we get the sybaltbcation percentage s.

SUBSIDY DESIGN FROM AGENCY'S PERSPECTIVE

In the previous section we developed subsidy cemsig the Contractors only. But
since the subsidy will be given away from governtfends, the Agency’s concerns
must also be included in the design of subsidiesisTwe consider here the condition
4 which states that to achieve the equilibrium gltre (V, A) strategy path we must
have g(i)> g(rz). This means that as long as the Agency’s beniéita the planned

benefits are higher than the benefits from enfgrtive LCaSC, it would be beneficial
for them to purse the V strategy. This means that Agency can consider

developing a subsidy progran{s3 which would enable the Agency to make sure that
while providing the subsidies, the Agency is natirgy away more than the optimal
amount. This requires that the Agency develop apasison mechanism that would
enable it to design subsidies protecting Agenayterests. Let us say that the Agency
defines a subsidy program as:
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S(s) =0 if Ck C (Eq. 7)
=B (s) if Ci>C
where,
B(s) = is a function that would convert the subsadyount into Agency’s loss
With the defined Subsidy program we can say thatitlequality in condition (4)
can be changed into equality by addition of an appate subsidy as shown in
below:

9(i) —B(s(Ci-C)) = g(3)

Making s as the subject of formula as before we get

.o * g(i) - g(r2)] o8
= (Ci0) (Eg. 8)

-0
o

- Subsidy —

Figure 6: Subsidy Allocation Mechanism from AgerxiPerspective

Equation (8) gives us the subsidy allocation meidmanfrom the Agency’'s
perspective and defines the relationship between ghbsidy amount and the
Agency'’s corresponding’s benefits. Let us say thhén the Agency pays a certain
amount to the Contractor as a subsidy it will malieduced benefits calculated as
g(i) — g(rn) = da. From Figure 6 we can see that 8arlost benefits we can locate a
point Y on the subsidy program and we can projeist point on the x-axis using the
B * [8a] which gives us a portion of (Ci — C) and thus thebsidy allocation
percentage s. Thus using the mechanisms in egeairand (8) we can determine
the minimum amount of subsidy that would satisfg tontactor and the Agency
simultaneously.

CONCLUSION

This research was focused towards emissions frersdhstruction industry. EPA has
ranked construction industry as the third highesitter in the U.S. However this
ranking is based only on the emissions during thestuction phase. Studies show
that pre-construction and post-construction phasee also contributed to emissions
significantly. If all the emissions are added tbgetthe overall emissions from
construction industry will be very high. Since #tle post-construction and pre-
construction activities are dependent on the suplphin, each and every element of
the chain contributes with the embodied emissiofteis mandates Agencies to
develop mechanisms to control emissions from all élements of the construction
supply chain.

Green Performance Contracting strategies identliiedesearchers can be used to
control emissions from the whole life cycle but wbuequire Agencies to develop
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subsidy allocation mechanism. This paper has dpeeloa subsidy allocation
mechanism which will enable the agencies to desigrsidies to implement various
GPC strategies.
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