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Integrating Sustainability Indicators and Lean Manufacturing to Assess
Manufacturing Processes. Application Case Studiesin Brazilian Industry

Abstract

Operation management models have been developeddaay to changes in society's demands,
such as better working conditions, clean productieayclable and reusable products, and improving
social conditions. Thus, new challenges in develg@ustainable management models, particularly
for manufacturing processes, have emerged. Leautdeturing and Value Stream Mapping (VSM)
have been widely used to develop manufacturingga®es without wastes in the production flow.
However, current indicators of the VSM tool havet ndentified the economic, social and
environmental factors. This work aims to proposmaceptual method to integrate a new group of
sustainability indicators into the VSM tool to assenanufacturing processes. The development of
sustainability indicators was performed throughlysia of the assessment models of sustainability
and sustainability indicators in the period of 2G092014. The method was applied in three case
studies, and the results demonstrated that theopenp method identified different levels of
sustainability of manufacturing processes and #nabled the development of improved scenarios.
In this sense, the results contributed to theditee with the proposition of new sustainability
indicators related to the manufacturing processe Thase studies enabled evaluation of the
interaction of a new group of sustainability indara in different manufacturing processes.

Keywords: Sustainability Indicators; Lean Manufacturing; mdacturing Process; Value Stream
Mapping; Sustainable Operations

1. Introduction

The characteristics of operation management mddels evolved over a period to adapt to the new
challenges of society. In the beginning of the tieth century, the expansion of industries resulted
in management models based on standard operatidith@ analysis of time and methods (Cheing
al., 2011). In the post-World War 1l period, the growbf consumer demand resulted in the
improvement of quality and best practices in openatnanagement (Voss al., 2002). At the end of
the twentieth century, the growth of competitiondadiversity of consumer demand due to
globalization resulted in manufacturing processemaged according to quality, cost, delivery,
flexibility, speed and reliability indicators (Choary and George, 2012; Kietal., 2015).

According to Moyano-Fuentes and Sacristan-Diaz Z0Lean Manufacturing (LM) has been
widely applied in the management of manufacturingcpsses. To Ohno (1988), LM aimed for the
elimination of activities and procedures that da add value to the final product. Therefore,
Chowdary and George (2012) enhanced the operation@iovement in a company due to the
implementation of LM practices. Reductions of wagtitime, cycle time and inventory were among
the improvements to manufacturing processes. @hah (2010) presented a case study of the LM
implementation in a factory in the USA. The useéhaf VSM tool resulted in reduced inventory and
rework levels. In addition to the benefits of threguction flow, Duest al. (2013) commented that
the use of LM tools also maximizes the gains iniremvental and social areas of the manufacturing
process.

Because of this, many authors seek the integratficustainability indicators into VSM. Pagt al.
(2010) integrated Life Cycle Assessment (LCA) andciete Event Simulation (DES) into VSM.
Faulkner and Badurdeen (2014) utilized a groupustanability indicators integrated into VSM to
assess the sustainability level in companies witerént characteristics in relation to the prodaoict
volumes and product varieties. The model used copsan indicators (water, energy and raw
materials), noise level and ergonomic analysisefworkplace as sustainability indicators. Kuhlang
et al. (2011) used area and transportation (time andus) indicators via VSM to evaluate and



develop improvement scenarios for manufacturingesees. Leet al. (2012) and Kumaraguret

al. (2014) analysed changes in production systemssandces towards sustainable solutions, and
they highlighted the need to develop methods to sorea the levels of sustainability of
manufacturing processes.

Thus, it can be noted that, despite the evolutibmanufacturing systems towards sustainability,
there are no standardized methods for assessitgiralslity in manufacturing processes and no
consensus on which indicators should be uggbadimi et al. (2012) stated that sustainable
production has become an important issue among fiactaung organizations, and several methods
have been developed to assess the corporativenauslity company level (ISO 14000 series, Social
Accountability 8000 standard and GRI Sustainabijtydelines). However, there is an opportunity
to develop methods for assessing sustainabilitpnamufacturing processes that consider the three
dimensions of sustainability (economic, social andironmental).

This article aims to develop and apply a method theegrates a new group of sustainability
indicators into VSM to assess manufacturing prageda Brazilian industry. The sustainability

context of application in manufacturing processe8iazilian industry is relevant to the literature

due to its position as a global production censmposed of numerous multinational companies
(Abele et al., 2008). Brazil is also part of a group of devehgpinations (BRICS) and the most

economically active in Latin America (Jabbour et 2015; Echegaray, 2016).

The new group of sustainability indicators allowfed analysis of the manufacturing process from
the perspective of lean manufacturing associated thie three dimensions of sustainability. The
integration of economic indicators resulted in ithgertion of the operations and inventory costs int
the assessment of the manufacturing process. Tke d@st indicator determined the economic
sustainability level of the manufacturing procesd aost constraint operation. The Takt Cost can be
obtained through analysis of the external factothimugh analysis of the cost of the operatiofe T
integration of social and environmental indicatalowed for assessment of the level of
sustainability. For the analysis of these indicaitoeference values were used considering the area
where the manufacturing process was inserted. Tiusas possible to identify the constraint
operations relative to global or regional benchraark

2. Lean Manufacturing and Sustainability Indicators

Lean Manufacturing stands out as a model of mahwfag process management. Taj (2008) and
Eatocket al. (2009) defined LM as a set of concepts, principleethods, procedures and tools
geared towards improvement of the production flgiwdducing waste. Among the several tools of
Lean Manufacturing, VSM (Value Stream Mapping) tenhighlighted since it provides a holistic
view of manufacturing processes and has been otie ghost used in the universe of applications of
lean thinking in industrial and service companiess@et al., 2009). According to Rother and Shook
(1999), VSM describes the information and procéss,fwhich allows for identification of sources
of waste, and thus it proposes future scenariosniprovement. McDonaldt al. (2002) applied
VSM in an engineer to order a production systendé¢ntify waste in all stages of the manufacturing
process, and thus they reduced the process lead-8ath and Gupta (2005) utilized VSM to reduce
high inventory levels and activities that do nodadhlue to the process, and as a result, they
increased the productivity of a process in the motive industry. Lummugt al. (2006) applied
VSM in a medical clinic to reduce the waiting timafspatients, which demonstrated that VSM can
be applied in different segments. VSM can be usedéntify points of waste or opportunities for
improvement in processes of all applications.

Thus, some studies have integrated new indicatttrs VSM to extend the scope of analysis.
Kuhlanget al. (2011) proposed an extended VSM with area andgp@m indicators. The analysis of
the extended VSM proposed by the authors alloweddoelopment of future scenarios to improve
the manufacturing process towards optimization leé production flow (Lean Manufacturing
Concepts), the area used for operations and ingedoea Indicator) and the distances and time
travelled in internal logistic operations (Trangpadicator).



More recently, several authors have also startedidering sustainability indicators to amplify VSM
comprehensiveness. Faulkner and Badurdeen (20¥4)oged a model of sustainable VSM (Sus-
VSM) through the integration of sustainability indiors. The model uses environmental indicators
related to the consumption of raw materials, wated energy. The Social indicators are related to
work safety, ergonomic aspects and level of ndise.economic dimension used the same indicators
as the traditional VSM, i.e., cycle time of opevas that add and do not add value. Braatvial.
(2014) applied the model developed by Faulkner Badurdeen (2014) in three companies with
different configurations of manufacturing proces§dew Shop, Manufacturing Cells and Job Shop).
The application confirmed the efficiency of the rabdh the development of future scenarios to
reduce the consumption of water, raw materials,earegy and the level of noise in operations.

Brundtland (1987) and Clan&y al. (2013) defined sustainability as a group of aditaken to meet
the needs of the present moment without commitiinfyture capacity. According to Faulkner and
Badurdeen (2014), sustainability is the abilitynaintain profits as expected by shareholders, to
manufacture without damaging the environment anidhfwrove the quality of lives of stakeholders.
Elkington (1997) defined sustainability as the bata of economic, social and environmental
dimensions, known as the TBL concept (Triple Bottome). Strezowet al. (2013) emphasized that
each dimension of sustainability consists of indiceto assess the sustainable performance of the
company. Therefore, economic, environmental andakaadicators have been inserted into
sustainability management models (Searcy and Elaba2012; Schonslebehal., 2010).

According to Bartelmus (2010), economic sustaintytgind, consequently, its indicators are directly
linked to the profitability of the company. Howeyenvironmental and social factors may enhance
the sustainability due to the increased value eir itmage in society. Martinez-Jurado and Moyano-
Fuentes (2014) stated that economic sustainabkiiitys for decision-making in the present that will
make the company prosper in the future. Roufecledal. (2014) highlighted that economic
sustainability will always build on the investmeatio and its return according to the expectatiains
the investor. Therefore, the use of integrated ecoa indicators in VSM contributes to the
assessment of the economic characteristics of teufacturing process and the effectiveness of
actions for sustainability. However, this integoatirequires detailed information regarding the cost
of operations (Leet al., 2014).

Hueting (2010) defined environmental sustainabileg any action that will protect vital
environmental functions for future generations. dhins and Sutherland (2008) discussed
environmental sustainability as a result of theoast of companies in relation to product lifecycle
management and the integration of supply chainss@t al. (2013) analysed the relationship
between Lean and Green practices in supply chaimagement and concluded that Lean
manufacturing can serve as a catalyst for the imeigation of green practices, as they both feature:
Waste Reduction; People and Organisation; Lead-Reduction; Supply Chain Relationships; KPI
and Tools / Practices.

Sachs (1999) addressed the issue of social susiigynand identified several factors that influenc
people: social homogeneity, salary and benefits,ctpacity to purchase, and stable employment.
Berns et al. (2012) highlighted that companies may have corpetiadvantages with the
improvement of social indicators, such as emplagéention, reduced absenteeism and turnover, and
improved pay and benefits. Mendiadaal. (2013) noted that a reduction of absenteeism tesul
improving the company's image and reputation inetp@nd improving productivity. Laureani and
Antony (2010) highlighted the increased turnovenpared to reduced process productivity. Sétah

al. (2012) and Coetzee al. (2014) addressed motivational aspects and thenebsaef employee
recognition, in addition to remuneration, as theirmeauses of increase in turnover and the
consequent reduction in productivity.

To achieve sustainable processes, companies haghtsto contemplate the three dimensions of

TBL. However, the challenge is to define the refgvadicators for each dimension and understand

how they connect with each other to achieve trubtainable processes. Table 1 shows sustainability
indicators found in the literature from 2009 to 201

Table 1: Literature Review regarding Sustainabiliicators (2009-2014).



Area Indicators Authors
Cost Managemer Costs (equipment, materials and services); AcdoisiROI- Return | Hallgren and OlhagdfP009); Aguadet al. (2013);
on Investment Leeet al. (2014)
Corporative | Competitiveness; Tools of Corporate Managemen#t&ic planning Aguadoet a, (201_3); Sampaiet a. (2011), .
c Management | process; Market Share; Number of Recycled Matstippliers Pettersen (2009); Hajmohammetd. (2012);
k) ' ’ Jabbouet al. (2012)
5} Operational Cycle time; OEE; Lean manufacturing waste; Sethue;t Flexibility; | Hajmohammadt al. (2012); Pettersen (2009); Lge
E Erf)ficienc Inventory and Stock; Quality of products and sessjcTotal Quality | et al. (2014); Hallgren and Olhagé009); Jabbouf
% y Management (TQM) et al. (2012); Sampaiet al. (2010)
€ Products New products; Innovation and insertion in interaasil markets; Jabbour et al. (2012); Junquetal. (2012);
g DFMA (Design for Manufacturing and Assembly) Hajmohammadt al. (2012)
$ | Operating Resulty Profits; Price; Operational Indicators. Aguadoet al. (2013); Sampaio et al. (2011)
Suppliers Standards for Supplier; Just-in-time; Delivery Tsenget al. (2012); Hajmohammaet al. (2010)
. L . Sampaicet al. (2011); Hallgren and Olhad2009);
Customers Number of complaints per customer/region; Deadline; Jabboust al. (2012)
Proximity to transportation hubs; Alternative traog availability;
Infrastructure | Availability of storage facilities; Efficient usd transport resources; | Satheret al. (2011)
Available manufacturing facilities
. ) Jabbouet al. (2012); Roca and Searcy (2011); Lee
c Economic Salary and benefits etal. (2014)
'é Satisfaction Level Level of Employee satisfaction; Absenteeism; TuxeO Leeet al. (2014); Freemast al. (2010)
E Quality and Health Programmes and Safety Employees; ergonoidaise level; Leeetal. (2014); B.rownet al. (2014);, Faulkner e
o Health Average distance travelled by employees to the emmyp Badurdden (2014); Chesal. (2012); Roca and
= Searcy (2011);
'§ Human Resource Availability of labour, skilled labour; Recruitmeand selection; Daily et al. (2011); Roca and Seardq011);
Hours of Training; Performance evaluation (for enyeks) Jabbouet al. (2012)
Community Corporative philanthropy; public health; commurdgvelopment Roca and Searcy (2011)
Policy / Environmental Standards; Indicators andiEemmental i .
Environmental | Goals; Structure Responsible for the Environmeranitbring Jabbour et aK201.2), Hajmohammadft al. (2012);
- L . ; - . Lunaet al. (2011); Haderet al. (2009); Roca and
Management | Biodiversity; Voluntary disclosure of informatiom @nvironmental Searcy (2011)
5 performance Y
o} - - -
é Environmental | Environmental Aspects and Impacts; Supplier retestidp with the ?3?52?;': aJ(.ZE)21021)f1%_,|;§2IkétoaLTt (azjoézg(;lﬁzm ot
a Aspects environment; Company image in relation to the Emvinent al (2010) ) ’ ' '
s Responsibility | Treatment / Disposal of Waste; Consumption of hiémas materials | Jabbouet al. (2012); Hajmohammaet al. (2012)
o Aguadoet al. (2013); Pampanelét al. (2014);
g Consumption | Water, energy and paper Hadenet al. (2009); Hajmohammaet al. (2012);
S Leeet al. (2014); Browret al. (2014)
= Product Life . . .
w Cycle Product Lifecycle analysis Tseng et al(2012); Jabbouet al. (2012)
Hadenet al. (2009); Hajmohammaet al. (2012);
Recycling 3 R’s (Reduce, Reuse, Recycle) Culture Jabbouet al. (2012); Lunaet al. (2011); Leeet al.
(2014); Brownet al. (2014)

The economic indicators have been defined accorttindpe specific application, but they can be
gathered by similarity, such as cost managememgocative management; operational efficiency;
products; operating results; suppliers; custoneend;infrastructure.

The indicators of the social dimension have a vademitment and approach labour availability in

the community, level of quality of life and safedfthe workplace, salary, and philanthropy. Thus,
they were gathered into groups of economics; satfisin level; quality and health; human resources;
and community.

The indicators of the environmental dimension ideld the consumption of natural resources,
management of disposal, and reuse through thelmegyulture and were grouped as Environmental
Management; Environmental aspects; Responsibilit@onsumption; Product Lifecycle;
Environment; and Recycling. Different from economiadicators, social and environmental
indicators are qualitative and must be analyseatdmiparing with reference values in the region
where the company or manufacturing system is iadert

3. Research Method

The research method used in this work is sepaiatedhree steps. Step 1 - Develop a conceptual
method of assessment of sustainable manufacturouggses. This step is separated into two distinct
parts: a literature review regarding sustainabldicamtors (Step 1.1) and the definition of



sustainability indicator groups that compose theessment method (Step 1.2). Step 2 - Apply the
assessment method in Brazilian industries. StepABalyse the improvement opportunities in the
case studiestigure 1shows the research method, including the steps.

Case Study 1 (Pilot Test) -

|
_______ | R, " tudy :
| Multinational Cosmetic ||||,—============

|
| Sustainability : | 1
e e e e e = I |

I
——————— | Case Study 2 - I Case Studies (1-3)
I Sustainability | KPI ! | Multinational :
KPI I ThermoplasticProducts

| |
| |
————————————— 1 | Sustainability Levelinthe
| |
| |

Case Study 3 -National Actions of sustainability

I | I |
i i | | |
: _(VSM Tool) | | Lean | : aIumlnLLJJ;Te\rf‘:irlsKltchen | I improvement |
L _KEI p— S I | opportunitiesinthe Case |
FPom == === === = ! Studies (1-3 !
Step 1.1: Step 1.2: | Realizationofthe Case 1 | I i _)_ -
Literature Review Selection of I Studies through interviews !
(Keywords) Sustainable KPI : and collection data. :
Step 1: Conceptual Method for Assessment of Step 2: : Application Case Step 3: Analysis of the
Sustainable Manufacturing Processes Studies in Brazilian Industry improvement opportunities

Figure 1: Research Method.

Step 1 aimed to define a new group of sustaingbiidicators (Economic, Environmental and Social
KPIs), which were integrated into the VSM tool (beldPIs) to generate a conceptual method for
assessing sustainability in manufacturing procegSésp 1.2).The integration of sustainability
indicators in the VSM tool was based on valuatioodeis presented by Kuhlang et al. (2011) and
Faulkner and Badurdeen (2014). The selection d@asability indicator groups was based on the
concept of TBL (Triple Bottom Line) and a literatureview from 2009 to 2014 considering the
following keywords: Sustainability; Sustainabilitydicators, Lean Manufacturing and Value Stream
Mapping (Step 1.1). The results of the literat@aew can be seen in Table 1.

To evaluate the applicability of the conceptual et of assessing sustainability in the
manufacturing process, three case studies in Bxazihdustries were developed. The selection of
cases was performed by location criteria and senemagement support of the research process, as
well as to represent scenarios with different lewlsustainability in manufacturing processes.eCas
Study 1, considered the pilot test, was conduateal multinational cosmetics industry that has high
maturity in lean manufacturing and corporative aimstbility practices (ISO 14000 series, social
accountability 8000 standard and GRI sustainabi@itydelines). Case Studies 2 and 3 were
conducted in a multinational thermoplastic produstiustry and an aluminium for kitchen utensils
industry, respectively.

Different than what usually occurs in a VSM anaysn which the Lean KPIs (Takt Time, OEE,
Cycle Time, Workers and Work in Process) are okthilby means of observation of the
manufacturing process, the application of VSM wstistainability indicators requires information
that normally can be obtained in support departmehthe manufacturing process, such as human
resources, safety, accounting, quality and enviemnirhus, the application of the case studies was
carried out through observations of the manufacturprocess and interviews with the other
departments involved. In addition, interviews weonducted with senior management to acquire
reference values for the sustainability indicators.

4. Conceptual Method for Assessment of Sustainable Manufacturing Processes

The proposed conceptual method was designed tgratéea new group of sustainability KPI with
the VSM tool (Lean KPIs) to assess the manufaagupirocess parameters. Thus, this method does
not consider the assessment of the parametergdelatthe supply chain, logistics supply and
product lifecycle.



As stated in the research method, the new growgusthinability KPI was developed based on the
TBL concept and literature review (Table 1). Theref this group consists of economic, social and
environmental KPIs. The intent of this developmeais to contribute to the current sustainability
assessment methods with a group of indicators iiedisure the parameters that influence the
productivity and thereby promote the improvemengudtainability.

41. EconomicKPIs

The economic KPIs have been developed based omsttitly of Eccles, loannou and Serafeim
(2011), which defined the social and environmedialensions as being directly associated with the
payback period to be expected. However, Lubin asiy B2010) stated that most organizations do
not have full knowledge of the best metrics to measthe cost-benefits of sustainability,
consequently creating barriers to the applicatiosustainability models.

Thus, the literature review found economic indicaton eight areas, as shown in Table 1, and
considering the selection criteria, the conceptuethod presented Economic KPI in three areas: cost
management; operational efficiency and operatisglte Table 2shows the Economic KPIs used in
the conceptual method.

Table 2: Economic KPIs used in VSM.

Literature Review

Economic KPI / Equation Input Parameters (Area/Author - Table 1)
Operation Cost (OCo) [US$] CT - Cycle Time; DILC - Direct and Indirect Labo@psts;
DIMC - Direct and Indirect Management Costs; FED - Cost Management
0Co = CT x (DILC+DIMC+FED) (Eq. 1) Facilities and Equipment Depreciation
Effective Cost (ECo) [US$] OCo - Operation Cost; OEE - Overall Equipment Edficy.
0co Note: The relative ECo is determined in relatiothte Takt Operational Efficiency
ECo=— (Eq. 2) Cost

OEE

Stock Cost (SCo) [USS]
o {S X S ECo; forn > 1 S - Quantity of Stock before the operations; nmbar of
0=

(Eq. 3) operation; RmC - Raw Material Cost Operational Efficiency
Sx Y RmC forn=1 '

Target Cost Process - Takt Cost [USS$]; )
OCo - Operation Cost; WCM OEE (85%). Note: The Takt

Takt Cost = OZE‘;CO (Eq. 4) Cost can also be determined by market analysis
ref

Operating Results

Cost Cycle Efficiency (CCE) [%];

5 ECo ECo - Efficient Cost; SCo- Stock Cost
CCE = m (Eq 5)

L evel of Economic Sustainability (LEcS) [%]

Takt Cost - Target Cost Process; ECo - EfficienstCo
LEcS =227 (Eq. 6)

The economic KPIs used the same concept of the W®IMwith respect to operations that add and
do not add value for the customer. Thus, each @iparaf the manufacturing process presented an
operation cost (OCo) that was determined by Egnd was considered as an operation that adds
value. For determination of the effective operatemst (ECo0), the operational efficiency through
OEE (Eq. 2) was considered. The cost of inventafeaw materials, finished products and working
in process (SCo) were determined according to Eqwldch considered reference stock cost
increases over the manufacturing process due teftbetive operation cost (Eco). The storage cost
was not considered.

To assess the cost of the manufacturing processretierence indicator Takt Cost (Eq. 4) was
determined. This indicator was developed basedersame concept of Takt Time (Lean KPI), and
it determines the cost of the operations considetie cost of the operations with respect to adavorl
class manufacturing (WCM) process (OEE = 85%). Thlet Cost can also be determined by market
analysis, and thus it becomes a target cost camnsipne product market.

Considering the Takt Cost, it was possible to deitee an effective relative cost (%) for each
operation, which represents the share of the dperat the manufacturing process cost. This allows



the determination of the bottleneck operation eglatio the economic dimension (shown in VSM
with the Symbol "$").

After the determination of the effective cost okagtions (ECo), stock cost (SCo) and Takt Cost, the
sustainability of the manufacturing process inghenomic dimension was assessed through the Cost
Cycle Efficiency (CCE) and the Level of Economicsg&inability (LEcS) KPIs. The CCE was based
on PCE (Process Cycle Efficiency) (Lean KPI), whiepresents a relationship between operations
that add value for the customer and operationsdtatot add valuePCE assesses the process cycle
efficiency according to the time and CCE accordingthe cost. Thus, the assessment of the
manufacturing process through both indicators <houwldicate the same opportunities for
improvement. The Level of Economic Sustainabillt{£Cs) was determined according to Eq. 5, and
it represents the ratio of the target cost andtake actual cost of the manufacturing process. The
stock costs were not considered.

4.2. Social KPIs

The definition of a social indicator group is basedthe parameters of the manufacturing process
that interacts directly with employees and the camity in which the industry is located. In this
sense, all five areas of application found in ttexdture review have social indicatorable 3shows

the Social KPIs used in the conceptual model.

Table 3: Social KPIs used in VSM.

Literature Review

Social KPI / Equation Input Parameters (Area/Author - Table 1)
Absenteeism (Abs) [%] NHA - Number of hours absent; NHW Number of hogrs ¢ e oo oo
Abs = NHA (Eq 7) worked
NHW
Turnover (Tov) [%] NLa - Number of Layoffs; Nad - Number qf o .o oo
TOv = [(NLa;Z;dez] (Eq. 8) Admissions; NEO - Number of employees
Accident Rate (ARa) [accident] NA - Number of accidents; NEO - Number of _
N4 employees. Note: The relative ARa is inverselyteelg Quality and Health
ARa = (EQ. 9) to the ARa (1-ARa)

The relative noise level is determined in relattona

Noise L evel (NLe) [dB] reference noise level (80 dB according to OSHA,800

Quality and Health

National Production Rate (NPR) [%] PMB - Production Made in Brazil; TPr - Total )
PMB Production Community
Note - The relative SLe is determined in relatien|t
Salary Level (SLe) reference SLe defined by the labour agreement Economic.
categories
BenefitsCommission/Profit (BCP) [%] Ben - Benefits of employees; Com - Commission| of
Si(Ben+Com+Pro) employees; Pro - Profit sharing of employees; SLe - Human Resources
BCP = =——— (Eq. 11) Reference salary level

Level of Social Sustainability - Operation (L SSo) [%]

ZRelative;‘acial KPI (Eq 12)

Level of Social Sustainability - Process (L SSp) [%] LSTherefore, = Level of Social Sustainability ireth

LSSp = LLSSo (Eq. 13) operation; NOp - Number of operation in the proces
NOp

LSSo =

o

The Absenteeism (Abs - Eq. 7) and Turnover (Toy- & KPIs and the Accidents Rate (Ara - Eq.
9) and Noise Level KPIs are related to the levetmiployee satisfaction and the conditions of the
work environment, respectively. All these indicatodirectly affect the productivity of the
manufacturing process. The salary (SLe) and firsrenefits paid to workers (BCP - Eq. 11) were
considered as social indicators and have also heed indirectly as economic indicators in
determining the cost of the operation. The industigtribution to the community was assessed by
the domestic rate used in the manufacturing pro@¢BR - Eq. 10). It is considered that the increase
in this indicator results in social and economiwalepment in the community that the industry is
located in.

The absolute values of social indicators were akthifrom manufacturing process information.
However, to evaluate social indicators, referenakias were determined through interviews with



senior management of the industry. The relativaesimust range from 0-100%, and absolute values
above the reference were considered 100%. Rebagives below 100% represent critical indicators
in the manufacturing process and were illustratedSM with the Symbol {'.”

After the social KPI was determined, the sustalitsibof the manufacturing process in the social

dimension was assessed through the Level of S8distiainability in the operation (LSTherefore, -

Eqg. 12) and the Level of Social Sustainability ve forocess (LSSp - Eq. 13) KPIs. The LSSo was
determined as the average value of the relativalsioclicators, and the number of social indicators
below the industry reference values can be useiks$ess critical operations in the manufacturing
process. The LSSp was determined as the average ofihe LSSo.

4.3. Environmental KPIs

Considering the environmental KPIls, Rockstr@nal. (2009) highlighted the importance of
understanding the limits of natural resources f@wating the production system. For Gavroreki

al. (2008), companies have sought environmental matibn as a way to show improved
environmental performance and facilitate tradetiata.

Thus, the literature review found environmental K six areas, as shown in Table 1, and
considering the selection criteria, the conceptoeihod presented KPIs in four areas: Consumption;
Responsibility; Recycling; and Environmental Managat. The indicators found in the literature

review in the areas of Environmental Aspects anfitdycle were not used due to the scope
restriction of the proposed methorhble 4shows the Environmental KPIs used in the concéptua
model.

Table 4; Environmental KPIs used in VSM.

Literature Review

Environmental KPI / Equation Input Parameters (Area/Author - Table 1)

Note: The relative EPC is determined in relationthe

Electric Power Consumption (EPC) [w/unit] reference defined by the process plan. Consumption
. . Note: The relative WCo is determined in relationtte Consumption
Water Consumption (WCo) [L/unit] reference defined by the process plan. P
. Note: The relative HGR is determined in relationthe Responsibilit
Harmful Gases Release (HGR) [m3/unit] reference defined by the process plan. P 4

QWS - Quantity of the Waste Segregated; QWG -

Waste Segregation (WSe) [%] Quantity of Waste Generated. Note: The relative WS

4%

Responsibility

WSe = % (Eq. 14) determined in relation to the reference defined thy

¢ industry.
. / QWTT — Quantity of Waste with Traceable Treatment;
Waste with Traceable Treatment (WTT) [%] QWG - Quantity of Waste Generated. Note: The naafi Resoonsibilit
— ewrr WTT is determined in relation to the reference midi by p Yy

WTT (Eq. 15) I

Qw6 the industry.
Green Production Rate (GPR) [%] GRM — Quantity of green raw material; QRM - Quantif

GRM raw material. Note: The relative GPR is determined Recycling

GPR = (EQ. 16) relation to the reference defined by the industry.

Note: This indicator assesses the existence of| an
Environmental Management System (EMS) environmental management system in the processs, ThiEnvironmental Management
EMS can be 0% (there is not) or 100% (there is).

Level of Environmental Sustainability -
Operation (LES0) [%]

LESo = Y Relative Envi7ronmental KPI (Eq 17)
Level of Environmental Sustainability - Process ] o
(L'SSp) [%] LSTherefore, = Level of Social Sustainability ireth
5 LESo operation; NOp - Number of operations in the preces
LESp = (Eq. 18)

Nop

The energy (EPC) and water (WCo) consumption KRigehbeen extensively addressed in the
assessment models of sustainability in terms otriariing to the economic and environmental
indicators. The Harmful Gases Release (HGR), Wastgregation (WSe - Eq. 14) and Waste with
Traceable Treatment (WTT - Eq. 15) KPIs were reldte the environmental responsibility of the
manufacturing process. The Green Production RaBR(GEqg. 16) KPI aims to assess the rate of use



of recycled products in the manufacturing procedthough it is not part of the scope of the
proposed method, this indicator can be used tosssH#®ge supply chain. The Environmental
Management System (EMS) KPI aims to identify thestexce of an environmental management
system in the manufacturing process.

The absolute values of environmental KPIs were inbth from the manufacturing process
information. However, to evaluate environmental indicators, refee values were determined
through interviews with senior management of trdustry (WSe, WTT and GPR) or by the process
plan (EPC, WCo and HGR). The relative values maisgje from 0-100%, and absolute values above
the reference were considered as 100%. Relativeesdlelow 100% represent critical indicators in
the manufacturing process and were illustrated 8Mith the Symbol ¥.” The operations that
have the highest consumption of water and energge wensidered bottleneck operations in the

manufacturing process and were, respectively titibsd in VSM with the symbolé "an#' "

After the determination of the environmental KPie tsustainability of the manufacturing process in
the environmental dimension was assessed throwghethel of Environmental Sustainability in the
operation (LETherefore, - Eq. 17) and Level of Eonmental Sustainability in the process (LESp -
Eq. 18) KPIs. The LESo was determined as the aeersgue of the relative environmental
indicators, and the number of environmental indicabelow the industry reference values can be
used to assess critical operations in the manufagtyprocess. The LESp was determined as the
average value of the LESo.

5. Cases Studiesin Brazilian Industry

5.1. CaseStudy 1 (Pilot Test) - Multinational Cosmetic Industry

The conceptual method for assessment was applidee imanufacturing process of a multinational
cosmetic industry that has high maturity in leannafacturing and corporative sustainability

practices.The manufacturing process can be characterizedoag $hop, and it presents a high

volume and low variety of products. The customemaed was 14,400 units per day, and the
industry worked 8 hours a day. Thus, the Takt tcae be considered as 2 sec. per unit. The
sequence of the manufacturing process is showigune 2

Painting and
Sawing
(Operation 3)

Preparing Extruding
(Operation 1) (Operation 2)

Packing
(Operation 4)

Figure 2: Cosmetic manufacturing process.

The manufacturing process information was obtaittedugh observation of the manufacturing
process and interviews with the human resourcegtysaaccounting, quality and environment
departmentsrigure 3shows VSM with the sustainability KPI applied hetcosmetics manufacturing
process.

Operations 1-4 had cycle times and OEEs equall®'080%; 0.25 ", 80%; 0.8 ", 72%; and 0:23",
82%, respectively. The inventory in the manufactgipprocess was 500,000 (Raw Material), 10,000
(Work-In-Progress) and 200,000 (Finished ProdudiBe manufacturing process was programmed
as a one-piece flow.

Analysing the traditional VSM (Lean KPIs), the méamiuring process was able to meet the
customer demand (Cycle Time X<4rakt Time) and thus can be considered sustain@bke process
had a low process cycle efficiency (PCE = 0.0002&#g¢ause of the high inventory level and
consequently high lead-time (17.06 days).
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Figure 3: VSM appliedn the cosmetics manufacturing process

In the economic dimension, the process has a Takt & US $ 1.09 per unit. This indicator was
determined considering the cost of operations &edQEE reference (85%). The analysis of the
effective cost of operations (ECo) indicated tha¢ process cost has a low variation between
operations and that operation 1 had the higheativelcost (29%). Thus, operation 1 was considered
the bottleneck operatiosown in VSM with the Symbol "$:' The level of economic sustainability of
the process (LEcS) was 92.3%, and thus the manuiiagtprocess was not considered sustainable.
Observing the LEcS parameters showed that the raetwing process was operating with an
effective OEE below the WCM OEE (85%).

Furthermore, the manufacturing process had low @oan efficiency (CCE = 0.0004%) because of
the high inventory level. The CEE assesses the abstventory throughout the process. This
characteristic is not observed in traditional asalyof VSM (Lean KPI) because the PCE assesses
the stock throughout the process, consideringithe. t

To assess the social and environmental dimensibnss necessary to determine reference values
for each KPIs. These values consider the compalogation and the existing labour and
environmental laws. They were obtained throughrumevs with HR (Human Resource) and
production manager departments. All operationsemesl the same reference values for the social
KPIs (Abs = 2.0%; TOV = 1.8%; ARa = 0 accidentsgSt US$ 287.2; BCP = 100%; NLe = 80db;
NPR = 100%) and the environmental KPIs (WSe= 100£T = 100%, GPR = 20%; EMS = 100).
For the environmental indicators EPC, WCo and H@R, values were determined based on the
theoretical consumption of operations.

The analysis of social indicators identified thes tevel of social sustainability of the procesS$p)
was 93%, and therefore the process was not coesiderstainable. All operations have values for
Absenteeism (Abs), Turnover (TOV) and National Ricitbn Rate (NPR) that are lower than the
reference. Operation 3 has the lowest level ofasuability (LSTherefore, = 90%), and thus it was
considered the bottleneck operation. This is maihlg to the high turnover (TOv = 3.1%) over the
reference value (TOv = 1.8%).



The analysis of environmental indicators showed tgeeration 3 has the highest consumption of
water and energy in the manufacturing process,tlamsl it was considered the bottleneck operation
(shown, respectively, in VSM with the Symb84" and '# ). The level of environmental sustainatili

of the process (LSEp) was 97%, and thus the progassot considered sustainable. All operations
have higher energy consumption compared to theemte value. The GPR indicator showed critical

values for operations 2, 3 and 4. The manufactysnogess did not present a bottleneck operation in
relation to the level of sustainability due to tbe range of values between operations (97-99%).

5.2. Case Study 2 - Multinational Thermoplastic Products Industry

The case study 2 was applied in a multinational ufesturer of thermoplastic products. The

manufacturing process can be characterized as Slop, and it presented a high volume and low
variety of products. The customer demand was 7K8bper day, and work was conducted 24 h per
day (3 work shifts). Thus, the Takt Time was 11.sger kg (product). The sequence of the
manufacturing process is shownrFigure 4

I
I
| Preparing H—P] Extruding > Cooling > Pulling > Cutting > Finishing
I
I
|

(Operation 2)

Figure 4: Thermoplastic Products manufacturing @ssc
Figure 5shows VSM with the sustainability KPI applied tase study 2.
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Figure 5: VSM applied in Case Study 2.

Operations 1 and 2 had cycle times and OEEs equad@", 64% and 10", 73%, respectively. The
inventory in the manufacturing process was 122,8§0(Raw Material), 28,000 kg (between



operations) and 157,100 kg (Finished Products).r&jo& 1 was programmed by lot size (Lot=600
kg), and operation 2 was programmed by one-pieve. fl

Analysing the traditional VSM (Lean KPIs), the méamiuring process was able to meet the
customer demand and thus can be considered sudta{@ycle Time 1-X Takt Time). The process
presented a low process cycle efficiency (PCE 2%)0because of the high inventory level in the
process and consequently high lead-time.

In the economic dimension, the process had a Takt 6f US $ 0.21 per kg. The analysis of the
effective cost of operations (ECO) indicated ttme process has a low variation between operations
and that operation 2 has the highest relative €0%%). Thus, operation 1 can be considered the
bottleneck operation ("$"). The level of economisstainability of the process (LECs) was 81.6%,
and thus the manufacturing process was not comrsldsustainable. The manufacturing process
presented too low of an economic efficiency (CC& 80008%) because of the high inventory level.

The reference indicators used to assess the sowaénvironmental dimensions were Abs = 1.6%;
TOV = 1.6%; ARa = 0 accidents; SLe = US $ 287.2PB€100%; NLe = 80db; NPR = 100%, WSe
= 100%, WTT = 100%, GPR = 20% and EMS = 100. Ferdahvironmental indicators EPC, WCo
and HGR, the reference values were determined stk theoretical consumption of operations.

The analysis of social indicators identified tHe tevel of social sustainability of the procesS8p)
was 87.3%, and therefore the process was not amesicGustainable. All operations have values for
Absenteeism (Abs) and Noise Level (NLe) lower thianse of the reference. Operation 1 has the
lowest level of sustainability (LSTherefore, = 84%nd thus it is considered the bottleneck
operation of the social dimension. This was maidlie to the presence of four critical social
indicators (Abs, Tov, ARa and NLe).

The analysis of environmental indicators showed tpeeration 2 presents the highest consumption
of water and energy in the manufacturing procesd,taus it is considered the bottleneck operation
for water consumption & ") and energy consumptidi¥"j. The level of environmental
sustainability of the process (LSEp) was 83.8%, thnd the process was not considered sustainable.
All operations presented higher energy and wataswmption compared to the reference value. The
GPR indicator exhibited critical values. The mawtidang process did not present a bottleneck
operation in relation to the level of sustainabpilitue to the low range of values between operations
(83-84%). The manufacturing process did not coritrelharmful gases, and the HRC indicator was
considered as not applicable (HRC=0).

5.3. Case Study 3 - Brazilian aluminium for Kitchen UtensilsIndustry

Case study 3 was applied in a Brazilian aluminiomkitchen utensils industry. The sequence of the
manufacturing process is shownFHigure 6 The customer demand was 900 units per day, amkl wo
was conducted 8 h per day (1 work shift), whictultesl in a Takt Time of 32 sec. per unit (product).
The manufacturing process can be characterizedoas $Fhop, and it presented a high volume and
low variety of products.

Preparing Pressing Finishing Cleaning Packing
(Operation 1) “| (Operation 2) “| (Operation 3) “| (Operation 4) “| (Operation 5)

Figure 6: Aluminium for Kitchen Utensils manufadhg process.

Figure 7shows VSM with the sustainability KPI applied @se study 3.



Operations 1-5 had cycle times and OEEs equal ,t62b; 20", 55%; 24", 55%; 4", 72%; and 6”,
70%, respectively. The inventory in the manufactgipprocess was 4,860 units (Raw Material), 810
units (between operations 1 and 2), 410 units (betwoperations 2 and 3), 500 units (between
operations 3 and 4), 810 units (between operatioaad 5) and 17,808 units (Finished Products).
The process was programmed by one-piece flow.

The manufacturing process was able to meet themestdemand (Lean KPIs) and thus can be
considered sustainable (Cycle Time ¥-Fakt Time). The process presented a low cycleieficy
(PCE = 0.008%) because of the high inventory levéhe process and consequent high lead-time.

In the economic dimension, the process presenfieakaCost of US $ 1.34 per unit. The analysis of
the effective cost of operations (ECo) indicatedttthe process has a high variation between
operations and hat operation 1 has the highedivelaost (88%). Thus, it can be considered the
bottleneck operation ("$"). The level of economistainability of the process (LEcS) was 72.2%,
and thus the manufacturing process was not comsldsustainable. The manufacturing process
presented too low an economic efficiency (CCE 80B6%) because of the high inventory level.

The reference indicators used to assess the shgiahsions were Abs = 2.0%; TOv= 2.0%; ARa =
0 accidents; SLe = US$ 250; BCP = 100%; NLe = 8(BR = 100%. For the environmental
indicator EPC, the reference values were determim&sed on the theoretical consumption of
operations. The measurement of the water consumpgiistem was realized by this process and
because it was not possible to determine the copisomof water per operation. Thus, the indicator
WCo for each operation was determined considehagverage consumption. However, through the
process of observation during the data collecttages operation 4 (Cleaning) can qualitatively be
considered the bottleneck operatiod (" ).
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Figure 7: VSM applied in Case Study 3.

The analysis of social indicators identified the tevel of social sustainability of the procesS8p)
was 86%, and therefore the process was not coesideistainable. Operations 1-3 showed the social
indicators TOv, ARa, BCP and NLe in critical sitioats. These operations had high levels of noise
and work accidents during the analysis period. @gpmr 2 presented the lowest level of
sustainability (LSTherefore, = 79.5%), and thusviés considered the bottleneck operation of the
social dimension.



The analysis of environmental indicators showedatpen 1 as having the highest consumption of
energy, and thus it was considered the bottlenpekation for energy consumptior# " ). The level
of environmental sustainability of the process (ppERvas 47%, and thus the process was not
considered sustainable. The manufacturing processia present an environmental management
system and did not measure the harmful gas emssaiad waste segregation, and therefore the
environmental indicators HRC, WSe, WTT and EMS wamesidered as being equal to zero.

5.4. Improvement opportunitiesin the case studies

The results obtained in the sustainability assessofehe case studies are summarizedable 5 It

can be observed that the conceptual method fossissmt of the manufacturing process allowed, in
all cases studies, identification of the fact ttheg bottleneck of the process fluctuated accortiing
the sustainability dimension. Thus, it was possiblelevelop improvements based on the different
bottlenecks.

Table 5: Result summary of the assessment of Gadies 1-3.

Case Lean Manufacturing Economic Dimension Socialdbsion Environmental Dimension
Lean PCE Economic | LEcS CCE Social LSSp Water Energy Environmental | LESp
bottleneck [%] bottleneck | [%] [%] bottleneck | [%] bottleneck bottleneck bottleneck [%]

1 Operation 3| 0.00028 Operation|1 92) 0.0004 Qioer8 93.0 Operation 3| Operation|3  Operations 2-397.0

N

3
Operation 2 0.020 Operation |2 81.6 0.000p8 Ojwerdt | 87.3 Operation 2|  Operation |2 Operation 1 79.
P

3 Operation 3 0.008 Operation|1 72. 0.0036 Opmrdti| 86.0 Not Applied| Operation [ Operation 5 47|

Figure 8 shows the assessment of the level ofisasiéity for each dimension in case studies 1-3.

Level of Economic
sustainability (LEcS)
100%

90% /\

Case Study 1

80%
Case Study 2

Case Study 3

Level of environmental = — § Level of Social
sustainability (LESp) sustainability (LSSp)

Figure 8: VSM applied in Case Study 3.

The conceptual method for assessment identifiddrdiit levels of sustainability in each case study
analysed. It can be seen that the sustainabilti ldifference occurred in the economic dimension
and especially in the environmental dimension.

Table 6shows a list of improvement actions based on ekseopportunities in VSM.

Table 6: Improvements Opportunities identified as€ Studies 1-3.



Action Study KPIs Dimension Improvement Opportunities
Case
1 1;2;3 PCE; Lean The improvement in the PCE indicator can be obthime reducing the volume of stogk
CCE Manufacturing; | during the process. The stock of raw materials@oducts can be reduced by increas|ng
Economic the frequency of deliveries (suppliers and custgjnand the implementation of a puyll
Dimension production system. The reduction of the WIP lewsl obtained by balancing the time aphd
efficiency of operations and implementation of Kanlsystems.
2 1;2;3 OEE; ECo Lean The improvement OEE indicator can obtained by rédocof the defects (Six Sigma
Manufacturing; | Tools), increased availability of equipment (TPMoE), reduced setup time (SMED
Economic tools) and improvement of process cycle times (Mdétand Time Measurement - MTN
Dimension Tools).
3 1;2;3 Eco Economic In addition to improving OEE (Action 2), the imprawent of the indicator ECo can occur
Dimension by reducing the cost of operation (OCo). The reducbf the cost operation occurs by
reducing the cycle time or by reducing the dirgxdirect and facilities costs.
4 1;2;3 Abs; Tov Social To improve the indicators Abs and Tov, it is neeegsto develop actions with the
Dimension department of Human Resources of the company. Taesens are directly related to
improving the working environment and employee watton.
5 1;2;3 ARa; NLe Social To improve the indicators ARa and NLe, it is neeegdo develop actions with the work
Dimension safety department of the company. These actionsliegetly related to the reduction ¢f
accidents and noise levels in the constraints tipes
6 1 NPR Economic To improve the indicators NPR, it is necessary ¢éwelop suppliers in Brazil of raw
Dimension materials for the cosmetics industry.
7 3 BCP Social To improve the indicator BCP, it is necessary teréase the level of Benefits,
Dimension Commission and Profit according to the values usetetermine the reference BCP.
8 3 HGR; Environmental | To improve the indicator HGR, WSe and DWT, it ic@ssary to implement a measuring
WSe; Dimension system of harmful gas emissions and waste segoegatthe manufacturing process.
DWT
9 3 EMS Environmental | To improve the indicator EMS, it is necessary toplement an environmental
Dimension management system in the manufacturing process (@ 14,000).
10 2 EPC Environmental | The power consumption in operation 2 occurred beead the use of electric heaters for
Dimension the fusion of the raw material. Among the solutiahere is the use of thermal protectipn
to prevent heat dissipation.
11 3 EPC Environmental | The power consumption of operation 1 was relatettieéagreat friction of the process and
Dimension low energy efficiency of equipment (old technolagyhus, the action can be directed|to
the renewal of equipment technology.
12 2 WCo Environmental | The water consumption of the operation 2 was alfitiesing water for cooling, and waste
Dimension occurs by evaporation, condensation and leaks. , Té&musopportunity for improvement
could be installation of thermal insulation andlizzdion of preventive maintenance an
the pipes.
13 3 WCo Environmental | Operation 4 used a high volume of water for clegnhich was discarded at the end|of
Dimension the operation. Thus, an improvement action canhegedevelopment of a system for
filtering and reuse of water.

6. Conclusions

The inclusion of the concept of sustainability e tmanufacturing process through integration of
Lean Manufacturing (VSM) and sustainability indmat has recently been discussed in the literature.
However, the development of assessment models madidators that effectively contribute to
increasing sustainability in manufacturing procesaee still in the development phase. Thus, the
proposed conceptual method and the results obtainigdits application in three manufacturing
processes in Brazilian industry (case studies heB)e the main objective of contributing to this
discussion and assisting in new directions forritesearch.

The conceptual method brings a new group of indrsatissociated with economic, social and
environmental dimensions, which, together with tlaglitional indicators of VSM (Lean KPIs), seek
to assess manufacturing processes and thus genetiates of continuous improvement (Kaizen) to
develop sustainable manufacturing processes. Tipdcafpon of VSM identified the need for
increased efforts in collecting data in relationthte traditional VSM. This is because information
related to the economic, social and environmentamhedsions are not monitored in the
manufacturing process but rather by other depatsnmench as accounting, human resources, work



safety and environmental management. The analystase studies allowed for identification of
important characteristics that should be considereth assessment method for improvement of the
manufacturing process sustainability. All casesengerstainable from the perspective of the customer
demand (Takt Time) but not sustainable in the esoaoesocial and environmental dimensions.

The use of the Takt Cost and OEE reference coméibiwio important analyses in VSM and
characterized the economic sustainability of thenfecturing process. Similarly, the identification
of the operation with higher cost enabled the dgwalent of effective improvement actions.
However, the use of stock cost (CCE) identifiedgdhme causes as the traditional indicators of VSM
(PCE). The high volume of the stock in the proaas#ributed to the increase of the lead-time and
operation cost. Thus, the indicators CCE and PCé&drie evolve to identify new causes or be
suppressed in future applications.

The use of indicators of absenteeism and turnameagsessing the social dimension contributed to
identifying distinct characteristics between theemgons of the process, and although these
indicators are normally general indicators of tbenpany, the analysis allowed for the identification
of critical operations. The accident and noise llendicators contributed to indicating the critical
operations to safety. However, the new group ofasaedicators was not susceptible to assessment
of workplace motivation and factors related to tlevelopment of people and the community in
which the company operates.

The use of consumption indicators of operationst¢wand energy) to assess the environmental
dimension contributed to identifying the bottleneagerations, and this allowed the development of
efficient improvement actions. However, the new ugroof environmental indicators was not
susceptible to the analysis of the product lifeeyahd the characteristics of the supply chain and
logistics. The identification of the bottleneckdtuation operation from the sustainability dimensio
contributed to a new approach to identify oppotiansifor sustainability in manufacturing process
improvements.

Thus, the conceptual method yielded an assessnifetiteosustainability of the manufacturing
process based on reference values set by the cgnigati and thus does not allow comparisons
between manufacturing processes. The developmdmrafhmarks for the sustainability indicators
should be addressed in future research. Simildre/jmprovement of sustainability indicators in the
direction of assessment of the workplace motivataod the development of people and the
community in which the company operates (socialdXRihd of the assessment of the product life
cycle and of the characteristics of supply chainvitonmental KPIs) should be other paths adopted
for future research.
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