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ABSTRACT 
Approximately one-third of anthropogenic greenhouse gas 

emissions from energy and processing are from making products 
and chemicals. These emissions can be lowered if they are 
deliberately considered during the design of products. How can 
lean product and process development (LPPD) be used to build 
environmental considerations into the product development 
system? We explore if LPPD is an effective system in delivering 
sustainable manufacturing. We conducted case studies in the 
automotive and oil & gas industries in which LPPD was used to 
deliver significant physical changes to the product and product 
manufacturing. We completed semi-structured interviews with 
stakeholders and focused on the motivation for the change, how 
LPPD was either a help or hindrance, and the delivered cost 
savings and environmental benefits. Findings from the case 
studies were used to structure a workshop on LPPD and 
sustainability held at a leading manufacturing (industry focused) 
conference. In this workshop, we focused on first identifying the 
main environmental impacts in each industry, the physical 
opportunities to reduce those impacts, and how LPPD might 
help or hinder delivering that change. This article structures the 
findings from the case studies and workshop. We present a guide 
(with examples) for how various LPPD methods (e.g., concept 
papers, value stream mapping, and design guides) might be used 
to meet sustainability challenges (e.g., reducing the generation 
of manufacturing scrap). While LPPD is itself agnostic to 
sustainability, we suggest that it is an effective method of 
creating an organizational system for promoting sustainable 
manufacturing particularly in complex environments.   

Keywords: Design for Sustainability; Lean Manufacturing; 
Product Development; Complexity 
 
1. INTRODUCTION 

According to the latest report by the Intergovernmental Panel 
on Climate Change (IPCC), annual anthropogenic greenhouse 
gas (GHG) emissions must be reduced to at least 40% of 2010 
levels by 2050 if we are to avoid 2ºC of warming this century 
and therefore the worst consequences of climate change [1]. 
Increasing environmental awareness over the last few decades 
has led to many environmental regulations that target increasing 
efficiency in the use-phase of products [2]. Examples include the 
Energy Labeling program for appliances in the EU [3] and the 
Corporate Average Fuel Economy (CAFE) standards for vehicles 
in the U.S. [4]. However, approximately one-third of 
anthropogenic greenhouse gas emissions from energy and 
processing are released by industry [5], which makes products 
and chemicals [6]. As product use-phase improvements plateau, 
both green conscious customers and government regulators are 
likely to turn their attention to the environmental impacts of 
production [7,8].  

Environmental impacts from manufacturing are largely 
derived from upstream material production and the direct energy 
(electricity and onsite fuel burning) used to convert feedstock 
into fabricated products [9]. Despite this, material and energy 
utilization are rarely considered in the development process, or 
are not considered until late in the process when the design and 
impact on the environment are already “locked in” [10]. The 
environmental impact of production is now being amplified by 
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increasing use of energy-intensive materials (e.g., carbon fiber 
composites [11]) and new manufacturing technologies such as 
additive manufacturing, whose green credentials are still unclear 
[12,13]. Typically, the industrial ecology and sustainable 
production/manufacturing literature uses analyses of the 
environmental impacts associated with a product (e.g., Life 
Cycle Assessment (LCA)) to make design recommendations, 
often along the lines of the Design for X literature [14-18]. There 
is, however, a gap between recommending designers consider 
the environment and tangible improvements to sustainable 
production systems. As more firms adopt lean product and 
process development approaches, there is the opportunity to 
integrate environmental sustainability into their methods and 
tools. There have been numerous reviews of lean product and 
process development (e.g., [19-24]) and, separately, on industrial 
sustainability (e.g., [9]). Analysis of the relationship between 
lean and sustainable product development is still in its infancy 
[25] but is needed to provide the most effective sustainable 
product development [26]. We help to address that gap by 
considering if the lean product and process development (LPPD) 
system could be an effective means of building environmental 
sustainability into the development system. 

 Existing literature includes Johansson and Sundin [27], who 
observe a number of similarities between “lean and green” 
product development with both approaches emphasizing a 
systems perspective linking process, people, and 
tools/techniques; however, there are potential differences in their 
goals, focus, and performance metrics. Elsewhere, Souza and 
Dekkers [25] review the literature on lean product development 
tools and methods that contribute to sustainability. They assert 
that the main problem is not the existence of methods and tools 
but lack of their application. There have been extensive studies 
into using lean to promote industrial sustainability. There have 
also been a handful of studies on the use of value stream mapping 
(a key tool in lean manufacturing and product development) to 
promote environmental sustainability in manufacturing. 
Recently, Garza-Reyes et al. [28] proposed an approach, based 
on the Deming's Plan-Do-Check-Act (PDCA) improvement 
cycle, to implement what they call an Environmental-VSM, with 
encouraging results based on a case study of rolling process 
development at a multinational mining company. We are 
unaware of any other work that has used lean principles or 
methods, such as value stream mapping, in product development 
to promote industrial sustainability.  
 
1.1 Existing Environmental Analysis and Product 
Design Tools 

Recent surveys have identified over 600 eco-design (or 
circular design, sustainable design, or design for X) tools that 
have been developed in recent decades [29]. These design tools 
can typically be classified under the banners of checklists, 
LCA  tools, or Quality Function Deployment (QFD) tools [30]. 
Since ISO published the first LCA standard in 1997, LCA has 
become the most widely used tool for environmental 
performance evaluation [30]. LCAs consider the system inputs 
and outputs to the environment across the product life cycle. 

However, as explained by Devanathan et al. [30], LCA is 
typically conducted to provide detailed analysis of each 
component, assembly and the final product after the conceptual 
design, detailed design and manufacturing planning have already 
been completed. This is when LCA is least useful for informing 
new product design as it is the decisions made during conceptual 
design that will largely determine much of the product’s 
environmental performance [9]. In conceptual design, however, 
there is often data scarcity and great uncertainty as to the final 
design of the product. Efforts in the literature to address this 
problem include the concepts developed around 
anticipatory/prospective LCAs of individual products or 
technologies [e.g., 31,32] and whole systems [e.g., 33] that 
include parameter uncertainty in the technology model, allowing 
feedback to the technology developers. Elsewhere, Devanathan 
et al. develop a function–impact matrix method that attempts to 
link environmental impacts to engineering functions [30]. There 
are also data driven approaches using LCAs on previous 
analogous products in order to correlate product characteristics 
with impacts making use of neural networks [34,35]. Other than 
LCA, material flow analyses (MFA) are a key tool in industrial 
ecology that can be used to track the flow of material(s) through 
a supply chain over a given time scale (e.g., annual U.S. steel 
flows [36]) and are often visualized using compelling Sankey 
diagrams. MFAs are used to identify resource inefficiencies 
(e.g., low manufacturing material utilizations) and are a critical 
tool in the pursuit of a more circular economy [37].  

 Sutherland et al. [9] note the need to exercise systems 
thinking across the product life cycle to anticipate and avoid 
creating environmental problems by addressing and eliminating 
the root causes of these problems at their source. They call for 
following the teaching of W. Edward Demming with a “process 
control” like approach to modify or replace industrial processes 
to consume fewer resources and produce fewer wastes. Deming 
identified 14 management principles, which were the basis for 
the lessons for top management learned from Deming in Japan 
in the 1950s [38]. Sutherland et al. connect industrial 
sustainability to Deming’s principle to build quality into the 
product through process control. While all of Deming's 
principles are useful for a holistic management system, for the 
purposes of this paper we will focus on the ones that are 
particularly helpful to integrating sustainability principles into a 
holistic product development system. These are: (1) Create 
constancy of purpose toward improvement of product and 
service; (2) Build quality into the product through process 
control, (3)  End the practice of awarding business on the basis 
of price tag - minimize total cost (which we consider could 
include environmental impacts), and (4) Break down barriers 
between departments - People in research, design, sales, and 
production must work as a team, to foresee problems of 
production and in use that may be encountered with the product 
or service [38]. 

 
1.2 Complexity of Product and Process Development  

Product development is a complex cross-functional effort 
where a lack of effective coordination and integration can be the 
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biggest impediment to best quality, lowest cost, and on-time 
delivery. The high level of coordination required across 
functions further emphasizes the need to follow Deming’s 
principle to break down barriers between departments. 
Overlapping product and process design with early downstream 
involvement and effective communication between product and 
process development has been found to lead to high-performance 
in both development and manufacturing [39]. Such overlapping 
from the earliest stages of product design to production is 
required to make effective use of the sustainability design tools 
discussed above; however, this inevitably introduces complex 
interdependencies between the teams in an organization. It is 
hypothesized that one of the main benefits of using LPPD for 
industrial sustainability is in how the system effectively deals 
with such complexity.  

This increasing complexity can be seen by the increasing 
levels of interdependence between project tasks. As levels of 
interdependence between tasks increase from pooled, to 
sequential, to reciprocal the complexity increases [40]. Pooled 
interdependence exists when the tasks can be accomplished by 
parts of the organization working independently of other parts of 
the organization; e.g., in computing the hard disk may be 
developed fairly independently of the motherboard. Sequential 
interdependence is when output from one part of the organization 
is an input into another part of the organization; e.g., an LCA 
used only to quantify impacts (not change the product) 
performed after detailed design and manufacturing planning. 
Reciprocal interdependence is when outputs of one part are the 
inputs to another and the outputs of that become the inputs for 
the first and so on in an iterative manner [40]; e.g., iterative 
LCAs used to repeatedly inform the conceptual and detailed 
design and manufacturing planning. Concurrent engineering is 
an example of an attempt to address this reciprocal 
interdependence across functions. The difficulty in coordinating 
tasks increases as the levels of interdependence increase from 
pooled to reciprocal, with the increased reliance on other parts of 
the organization [40]. 

Over recent decades, several product development 
approaches (of which LPPD is one) have emerged to handle the 
increasing complexity of product development [41], see Table 1. 

 
TABLE 1: APPROACHES TO COMPLEXITY IN PRODUCT 

DEVLOPMENT 
Approach Methodology Key Practices 

Stage Gate System1 

Reduce variation by 
defining the innovation 
process in stages with 
predetermined 
activities 
Use quality checkpoints 
to determine if the 
project proceeds to the 
next stage 

High level definition of 
development process to 
provide a common 
understanding of 
requirements 
Gate reviews to 
establish discipline, 
evaluate projects, and 
align resources 

Product Lifecycle 
Management 
Software2 

Manage product 
lifecycle by defining 
and making available 
all information related 

High level definition of 
development process to 
provide a common 
understanding of 
requirements 

Approach Methodology Key Practices 
to the product and 
related activities 

Software allowing 
access to all project 
information  

Concurrent 
Engineering:  Dedicate
d Collocated Teams3 

Cross functional teams 
are dedicated to the 
development team 
sharing all information 
to ensure mutual 
understanding 

Dedicated collocated 
teams 

Lean Product & 
Process Development4  

Cross-functional teams 
meet to resolve cross-
functional issues and 
achieve mutual 
understanding while 
remaining in functional 
areas to maintain 
technical competence 

Standardized processes 
to achieve an 
understanding of 
expectations   
Chief engineer to 
coordinate and integrate 
work across functions  
Obeya to highlight and 
enable the solving of 
cross-functional issues 

1. Interdependence: Sequential within defined stages. 
Reciprocal at gate reviews 

2. Interdependence: Sequential with all aspects defined 
3. Interdependence: Reciprocal with mutual adjustment in meetings 
4. Interdependence: Reciprocal with mutual adjustment 

 
1.3 The Lean Product and Process Development 

(LPPD) System  
LPPD is a development system built off of Deming’s 

management principles as practiced at Toyota [42-44]. Implicit 
in LPPD is that the development of the product and process will 
be done with some degree of concurrency with consideration of 
the process of making the product in product design and in turn 
consideration of how the product will be made in the design of 
the product. Morgan introduced a model of high performance 
product development as a socio-technical system with thirteen 
principles in the subsystems of people, process, and technology 
based on research of Toyota’s product development system 
[45,46]. As described by Al-Ashaab and Sobek [24], lean 
product development is typically seen to focus on value creation, 
provision of knowledge, continuous improvement, and 
collaboration based on Set-Based Concurrent Engineering. 
There are also some similarities between LPPD and lean 
manufacturing: a focus on shortening lead time by eliminating 
waste, striving to make the workflow in a smooth and leveled 
way, improvement through rapid cycles of PDCA, teamwork 
focused on shared measurable objectives, and building quality 
into the work instead of fixing problems after the fact.  

As LPPD has been better understood through research and 
practice evolving models have been developed. The LPPD 
model that was used in the interactive workshop as part of this 
research (Figure 1) comes from Designing the Future by Morgan 
and Liker. This model was created by them based on the 
literature, their research, and their own experiences of putting 
LPPD principles into practice with several multinational 
companies [47]. 
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FIGURE 1: LPPD Model from Designing the Future 

The LPPD principles in this model are: (1) Understand 
customers: Creating the right product, (2) Process excellence: 
Deliver with speed & precision and fixed and flexible, (3) 
Exceptional people: Build high performance teams and members 
and leading development, and (4) Documented know-how: 
creating & applying knowledge. Commonly used practices to 
implement these principles, which are aligned to Deming’s 
management principles include: having a chief engineer who is 
immersed in understanding how the product is likely to be used 
(understand customers) and who integrates development from 
start to finish (exceptional people and process excellence);  the 
generation of a concept paper in the study / concept phase of 
development in which concrete targets are defined (creating the 
right product); creating actionable plans for the execution phase 
of development including milestones and glide paths to meet the 
targets set in the concept paper (process excellence); using value 
stream mapping, synchronizing cross-functional work using 
incomplete but stable data ensuring compatibility before 
completion, and obeya rooms to support collaboration (process 
excellence and exceptional people); co-location of 
interdependent teams and co-responsibility of teams in meeting 
targets (exceptional people); enhanced supply chain 
collaboration and an understanding of their objectives and 
constraints (process excellence and exceptional people); and, 
documenting the learning in design guidelines and trade-off 
curves for future use (documented know-how). Figure 2 shows a 
simplistic view of typical phases in product and process 
development. The LPPD principle of understanding customers 
to create the right product emphasizes spending time up-front in 
the study / concept phase to enable delivering with speed and 
precision in the execution phase of development.  

 
FIGURE 2: PHASES OF PRODUCT AND PROCESS 
DEVELOPMENT (AUTHORS’ WORK) 

 
Table 2 notes how common LPPD practices support the most 
relevant Deming principles for building environmental 
considerations into the development process.  

 
TABLE 2: DEMING PRINCIPLES AND LPPD PRACTICIES 

Deming Principle  LPPD Practices  
Create constancy of purpose toward 
improvement of product and service 
(including environmental) 

Concept paper, obeya management 

Build quality into the product 
through process control 

Milestones and glide-paths for 
targets, design guides   

End the basis of awarding business 
on the basis of price tag – minimize 
total cost (including environmental) 

Concept paper, obeya management, 
trade-off curves  

Break down barriers between 
departments - People in research, 
design, sales, and production must 
work as a team 

Concept paper, obeya management, 
value stream mapping 

 
Enabling effective cross-functional collaboration to 

overcome barriers between departments is a key tenet of LPPD. 
Value stream mapping (VSM) is a tool often used to help plan 
for effective collaboration in LPPD. A VSM in product 
development is often visually represented as a series of swim 
lanes where each lane corresponds to the sequential activities 
performed by a group (e.g., manufacturing engineering team) 
within the organization as part of the product and process 
development activity (Figure 2). Dependencies across the swim 
lanes are identified (using a marker or string) and used to enable 
the cross-functional team to see and understand the 
interdependencies of their work, identify wastes and assist in 
their elimination, enable the team to synchronize their work, 
identify opportunities for greater cross-functional collaboration, 
and identify opportunities for more value creation. Only a 
handful of studies have examined the application of VSM to 
enhance environmental sustainability and, to the authors’ 
knowledge, none in the wider context of LPPD.  

 
FIGURE 3: AN EXAMPLE OF A VSM FOR PRODUCT AND 

PROCESS DEVELOPMENT (AUTHORS’ WORK) 
 

2. MATERIALS AND METHODS 
In this scoping study, our aim is to explore how LPPD may 

be an effective system in delivering sustainable manufacturing 
by conducting case studies and interviewing industry experts. In 
all case studies and workshop discussions we limited the scope 
of environmental impacts to greenhouse gas emissions.  
2.1 Case studies where LPPD delivered environmental 
benefits 

A search of the academic and gray literature was conducted 
for manufacturing companies that had used LPPD to deliver 
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projects with environmental benefits. Three companies were 
identified (Toyota, Ford, and TechnipFMC) and the literature on 
case studies reviewed. Four key personnel at two of the 
companies agreed to be interviewed. Semi-structured interviews 
were subsequently conducted with Ford Motor Company’s Jim 
Morgan (Director, Global Body Exterior and SBU Engineering) 
and Laurent Chappuis (Technical Expert, Lightweight 
Stampings), and with TechnipFMC’s Alan Labes (Chief Product 
Developer, SubSea 2.0) and Kerry Stout (Systems Engineer). 
The Ford project was focused on increasing the material 
utilization during stamping of sheet metal panels for the 
aluminum F-150, which began mass production in 2015. The 
TechnipFMC project was creating an efficient product design for 
subsea oil and gas production systems to control and commingle 
fluids on the seafloor, which launched in 2018. LPPD was used 
to design smaller and lighter modular designs with easier 
installation and more efficient field performance. All interviews 
with the industrial experts focused on the motivation for the 
product change, the implementation of LPPD principles, how 
LPPD was either a help or hindrance, and the delivered cost 
savings and environmental benefits.  

2.2 Workshop at an industry focused manufacturing 
conference 

The preliminary findings from the case studies were used to 
structure a workshop on LPPD and sustainability at the annual 
Association for Manufacturing Excellence (AME) conference 
held in Chicago 4-7 November 2019. AME is a leading 
manufacturing (industry focused) conference. The workshop 
was attended by 26 different industry representatives. The 
industries represented included metal fabrication, oil & gas 
manufacturing, healthcare, dairy, and greeting card 
manufacturing. After a 20 minute introduction to the topics of 
LPPD, LCA, and MFA (led by the authors), with examples given 
from the Ford and TechnipFMC interviews, self-selecting 
breakout groups addressed each of the following questions: 

 Question 1: Where are the environmental impacts in your 
manufacturing operations? 

 Question 2: What are the opportunities to improve the 
environmental impact and improve the bottom line? 

 Question 3: How can LPPD help to deliver these benefits? 

The responses to these questions were used to highlight LPPD 
strategies that the participants recognized as helpful in the 
pursuit of industrial sustainability. 

3. RESULTS AND DISCUSSION 
 

3.1 Business motivations 
It is notable that in neither the case studies nor the workshop 

were any companies making environmental sustainability a 
primary driver for the project or the use of LPPD; however, 
significant environmental benefits were still achieved as a 
consequence.  

The projects at Ford and TechnipFMC were not primarily 
motivated by environmental concerns. Instead, Ford was focused 

on material utilization to deliver cost savings. Ford’s switch from 
a steel intensive to aluminum intensive F-150 was driven by a 
wish to deliver fuel economy and performance (e.g., hauling 
capacity) to its customers, to demonstrate Ford’s engineering 
prowess, and to be a market leader in anticipation of a long-term 
trend towards aluminum in the car industry. The cost of 
aluminum further increased the importance of the work towards 
improving material utilization in the production of aluminum 
panels. Aluminum is expensive and poor material utilization in 
stamping could have made the project inviable; e.g., French car 
maker Panhard were bankrupted by the inflated material costs of 
scrap generation during aluminum stamping [48]. Ford achieved 
a 10% increase in sheet metal material utilization and effective 
closed-loop recycling of their aluminum stamping scrap.  

TechnipFMC were motivated to decrease the cost of 
extracting oil from the sea floor. Oil prices plummeting from 
$100 to $50 per barrel confirmed the need to reduce costs within 
the company.  TechnipFMC approached lowering the cost of oil 
extraction through developing a product to transform the 
business and industry. They used a simple approach to set targets 
of half the size, half the part count, half the weight, and half the 
cost. The objectives of half the weight, half the size, and half the 
part count were achieved along with a lower price point. 
TechnipFMC have compared the GHG emissions attributed to 
both their old and new designs across 29 families of components. 
The application of LPPD principles reduced the carbon footprint 
of their new installation systems (Christmas tree, manifold and 
electronics) by 40-50%. 

Business motivations are likely changing at both of these 
companies and across industry. For example, Ford is now 
committed to carbon neutrality by 2050 [49]. TechnipFMC now 
has a target to reduce scope 1 and 2 emissions by 50% by 2030. 
TechnipFMC revealed in 2019 that although they report 
environmental impacts in tender proposals, they do not believe 
the impacts influence their customer’s decision. Furthermore, 
aspects of the systems life cycle perspective appear to have 
historically been missing from their industry. For example, 
TechnipFMC reported in 2019 that they are unaware of any client 
that factors in decommissioning costs and/or impacts when 
making a purchasing decision. However, as of 2021 
TechnipFMC reports that the industry view on greenhouse gas 
emissions has shifted with environmental impacts now 
influencing customer decisions. TechnipFMC has recently 
introduced a carbon assessment tool to assess key contributors to 
carbon footprint and identify opportunities to minimize the 
carbon impact of building and operating a development to 
support their clients’ in reducing their carbon footprint. This 
reflects the importance of providing environmental impact 
information into the development process when it can influence 
the decisions being made.  

 
3.2 LPPD strategies that delivered change 

Both Ford and TechnipFMC interviewees highlighted the 
importance of the following practices to achieving their project 
goals and the accompanying challenges: 
 Setting clearly defined targets.  
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Ford: Defining tangible specific targets (e.g., on the 
manufacturing material utilization for a part or the weight of 
a subassembly) early into the program helped to orient the 
whole team towards the goal. Ford found that having both 
design (Body & Engineering) and manufacturing (Stamping) 
teams set targets together ensured buy-in from the 
stakeholders and challenging but feasible targets. These 
targets were tracked part by part progressively throughout the 
program using glide-paths, which are the plan to meet the 
target. At Ford, part specific material utilization targets were 
built into milestone checks with lower utilizations elevated to 
a formal design review.  
TechnipFMC: TechnipFMC clearly defined and achieved 
alignment across the team through using a concept paper with 
the targets of half the size, half the part count, half the weight, 
and half the cost across the system. Each component had 
these same targets. Using glide-paths and daily stand-up 
meetings for collaboration the teams were able to collaborate 
to meet the system targets.  

A challenge experienced at both Ford and TechnipFMC was 
different parts of the organization pursuing local rather than 
global objectives. For example, automotive design engineers 
may design for individual parts rather than for a die-in-die 
strategy that saves material (e.g., by using the same thickness 
sheet) or for ease of recycling (e.g., by using the same or 
compatible alloys). At Ford, the challenge of design and 
manufacturing pursuing different objectives was addressed by 
integrating them into the same group, giving them co-ownership 
of the targets, and working for the same boss. An example from 
TechnipFMC was that purchasing would often pursue minimum 
price components without considering the needs of 
manufacturing including, for example, lead time, quality, 
transport costs and emissions. TechnipFMC brought the whole 
enterprise (including purchasing) into the development much 
earlier in order to understand the different incentives in the 
different teams and to produce a better product without the need 
for lots of re-work. 

 Communication. How best to apply existing but 
organizationally distributed knowledge was seen as a key 
challenge by both Ford and TechnipFMC.  
Ford: Ford addressed this challenge by encouraging national 
and international dialogue; e.g., through their existing multi-
national Steel Board, coordination, site visits, plant-to-plant 
discussions and information funneled through an overseeing 
manager. Locally, colocation of teams (e.g., body 
engineering and stamping teams) was seen as an effective 
means of training, for example, designers of the 
manufacturing consequences of their part designs. 
TechnipFMC: TechnipFMC utilized a concept paper to 
communicate and discuss the key aspects needed for the 
program to be successful. The concept paper included “the 
why” of the urgency of the current state in the company, the 
vision for the product, targets, schedule, what specific design 

work would be done in various engineering centers around 
the world, and connections with manufacturing. Obeya 
rooms were used for open transparent communication. This 
enabled fast decision making and a deep and common 
understanding for all the team members of the most valuable 
characteristics of the system and what their work must deliver 
to support it. Milestones including glide-paths were tracked 
on a daily basis in the Obeyas to achieve the project targets. 
For example, TechnipFMC tracked part count and weight 
near constantly with glidepaths.  

 Deep collaboration with the supply chain. Many of the costs 
(and environment impacts) of manufacturing are derived 
from the supply chain.  
Ford: Ford recognized that their ability to effectively 
(closed-loop) recycle their aluminum sheet was dependent on 
the acceptable chemistries used by their suppliers. 
Subsequently, they integrated their aluminum suppliers (and 
purchasing) into the development of the aluminum F-150 so 
that suppliers could define new chemistries that would allow 
any supplier to take-back and recycle the metal scrap from 
another supplier. Elsewhere, Ford realized that some 
suppliers were not being incentivized to maximize material 
utilization because Ford provided them with the material. 
Subsequently, Ford reviewed, improved and approved part 
targets for suppliers and then monitored material utilization 
at these plants between launch and later on during 
production. This supplier collaboration was enabled by 
Ford’s matched pair process where leaders from engineering 
and purchasing were matched together to better collaborate 
for relationships with suppliers. The matched pair process 
started by matching the global engineering directors and the 
global purchasing directors and worked down the 
organization with the leaders of each subsystem matched 
together.   
TechnipFMC: TechnipFMC instigated daily meetings with 
supply chain and manufacturing, which they view as vital to 
getting a design that meets design and manufacturing 
feasibility without re-work. They also found that many 
supply chain coordination problems were due to the needless 
customization they were doing for different clients that made 
each job a one-off with long assembly times. 

 Pushing towards optimal standard architectures.  
Ford: Pushing towards the standardization of high material 
utilization designs for inner stamping parts (which are 90% 
of parts) and are invisible to the customer.  
TechnipFMC: The subsea 2.0 project delivered a product 
platform using standard components configured in a modular 
architecture. This product replaced the need to have 
customized engineering design on each subsea project. The 
modular designs have also had a significant impact on 
reducing greenhouse gas emissions in the supply chain. 
When each design was customized the schedule was 
compressed with engineering often being late. To mitigate 
schedule delays from late engineering releases or supplier 
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delays with the unique manufacturing customized designs 
projects often used air freight. The stability of module 
designs allows the schedule to be planned using 
transportation with ships still meeting the project timelines 
with significantly lower greenhouse gas emissions.  

 Education and Technical Excellence. Many of the strategies 
described above could not have worked without having deep 
technical expertise in relevant areas; e.g., on aluminum sheet 
recycling or how to design dies with maximum material 
utilization on the edge of stamping feasibility. Co-location of 
design and manufacturing teams allowed both groups to 
become more informed regarding the objectives and 
constraints of the other team; e.g., beforehand designers were 
only equipped with general guidelines regarding 
manufacturing feasibility.   TechnipFMC used trade-off 
curves to capture knowledge visually to make it easier to 
make decisions between different design options. Capturing 
this knowledge in trade-off curves also makes it more 
accessible for use on future projects. Through external 
coaching and training TechnipFMC learned the LPPD 
methods used on the subsea 2.0 project. TechnipFMC also 
created a simple book of LPPD principles for managers to use 
and coach their teams on LPPD principles.  

 Managing tradeoffs. A key challenge for both Ford and 
TechnipFMC was managing trade-offs; e.g., aesthetic design 
for outer car panels with irregular “tab” shapes that 
significantly decrease the material utilization. Trade-off 
curves were used extensively by both companies. The 
knowledge in the trade-off curves made it easier for the teams 
to make informed decisions. If decisions had to be escalated, 
they would ultimately be made by the project chief engineer.  
 

3.3 Insights from the industry conference workshop 
The breakout groups addressed the three questions 

described in Section 2.2. In response to questions 1 and 2, 
participants in upstream industry (e.g., oil & gas and glass 
manufacturing) identified energy waste/efficiency (e.g., reduced 
flaring and furnace heat recovery for glass production) as 
primary targets for reduced GHG emissions. However, 
downstream manufacturers identified material 
savings/recycling/remanufacturing as the primary opportunity 
for significant environmental benefits, an exception being a 
healthcare provider who identified the energy associated with 
sterilizing medical equipment.  

In response to question 3, most participants identified the 
potential for greater standardization in their company (only 
changing where the greatest value is provided to the customer), 
which would lead to reduced material usage and less re-work. 
Several companies (e.g., an oil & gas company at the workshop, 
not TechnipFMC) reported that their projects were unnecessarily 
bespoke which meant that the company had little time to develop 
optimized energy and material efficient designs. Another 
common theme across the companies was the need for tangible 
engineering targets that act as environmental key performance 
indicators (KPIs). These were missing from most of the 

organizations at the workshop. In contrast, the Ford and 
TechnipFMC case studies reveal the use and benefit of KPIs 
(e.g., material utilization or part weight) which in those cases 
also had clear environmental benefits. Other common themes at 
the workshop included the opportunity for higher material 
utilization (e.g., opportunities in this space were identified by 
card manufacturers, PCB manufacturers, metal fabricators, and 
in health care), greater understanding and collaboration between 
the design and manufacturing teams, and greater use of design 
guides in order to effectively utilize the disparate knowledge 
already contained within the organization. An example of an 
identified opportunity for material savings was reduced scrap 
production and improved scrap recycling during greeting card 
manufacturing. Greeting card manufacturing was revealed to 
suffer from similar issues to those addressed in the Ford case 
study: flat shapes destined to become cards (or car panels in 
Ford’s case) are cut from a coil of flat material with waste 
occurring due to poor tessellation of the shapes on the coil and 
remaining material at the end of the coil. Mixing of the scrap 
streams then prevents effective recycling. For the card 
manufacturer, many of the lessons from Ford’s experience could 
be translated over; e.g., the requirement for material utilization 
and material recycling targets and co-location and target 
ownership by design and manufacturing teams.  

 
4 Future work and a vision of LPPD for industrial 
sustainability 

The interviews and workshop conducted as part of this 
scoping study highlighted the benefits of LPPD in reducing 
environmental impacts; however, in none of the case studies was 
environmental sustainability the primary motivation for the 
projects. In future work, we plan to work with companies to 
explicitly include reduced environmental impact objectives 
during their product and process development. We are currently 
in discussions with furniture and appliance manufacturers. We 
describe our preliminary approach below based on the learnings 
of the work presented in this article.  

Our preliminary approach when working with companies 
will be to use the study phase to understand what the product 
should be: understanding what is important to users across the 
life cycle, including sustainability aspects, and developing a 
learning a plan that determines the pertinent knowledge gaps that 
must be filled in order to achieve alignment on the project vision. 
Determining these knowledge gaps will be aided by adding a 
(life cycle) environmental impact workstream to the VSM that is 
developed as part of project planning (see Figure 3). In 
collaboration with the company, we will first identify the role of 
environmental analysis in their current VSM extended beyond 
the boundary usually used in companies (the manufacturing 
plant) to include the whole life cycle including end-of-life. We 
will then identify the interdependencies between the life cycle 
environmental impacts of the product and the other VSM 
workstreams and use this to define a new environmental VSM 
that defines where environmentally conscious discussions and 
decisions should take place (see Figure 4). We will identify these 
interdependencies through an LCA hotspot analysis of a 
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previous generation of the product and by determining the 
relevant timing and workstream of managerial decisions that 
affect these critical elements of the LCA. A benefit of developing 
an environmental VSM in collaboration with the company is that 
the whole organization gets to understand the drivers (and 
interdependencies) of environmental (un)sustainability in their 
organization. Many companies now have a Sustainability Officer 
and Sustainability team. This is typically going to be necessary 
given the deep knowledge necessary to understand a product’s 
life cycle impacts; however, others must not abdicate 
responsibility and they must gain an appreciation for the drivers 
of sustainability in the organization even without the deep 
technical knowledge of a dedicated unit. Training engineers in 
the principles and strategies of industrial sustainability will not 
only lead to more environmentally benign products but also 
lower cultural resistance to the change as environmental 
stewardship then becomes an aspect of professional development 
and not simply a constraint on the engineer’s design space. 

 
Figure 4: THE ENVIRONMENTAL SUSTAINABILITY 
FUNCTIONS INCLUDED IN THE ENVIRONMENTAL VSM 

After the development of the environmental VSM, we will 
use the LPPD strategies presented in Table 3 to implement a 
drive towards reducing environmental impacts at the company. 
Success will be assessed by comparing product generation LCAs 
before and after the project. For example, for the majority of 
products, environmental analysis will need to be included in the 
conceptual design stage as well as during detailed design and 
process engineering. It is decisions taken at the early design stage 
that are likely to determine the scale of the impacts and, as 
described by Sutherland et al. [9], “A poor concept design, from 
an environmental standpoint, cannot really be remedied during 
manufacturing.” In order to drive these environmental decisions, 
environmental sustainability needs to be included in the concept 
paper and material utilization and energy targets defined and the 
relevant groups assigned responsibility. As demonstrated by the 
Ford case study, this is likely to require both design and 
manufacturing teams working together to ensure the targets are 
met with the chief engineer presiding over any conflicts. Over 
time, as companies successfully complete product and process 
development projects with an environmental sustainability 
objective, they should document their know-how and 
incorporate environmental sustainability into design guides for 
their engineers and build it into the tools being used in product 
development (e.g., limited material selection dropdown menus 
for design engineers). 

  

TABLE 3: LPPD STRATEGIES AND THEIR POTENTIAL 
APPLICATION TO INDUSTRIAL SUSTAIANBILITY 

LPPD 
Principles 

LPPD Strategies Potential application 
for environmental 
sustainability 

Understand 
customers: 
Creating the 
right product 

Understanding before 
execution, often documented in 
a concept paper 

Front-load the product 
development process to 
thoroughly explore alternative 
solutions while there is 
maximum design space 

Predictive LCA with 
sustainability relevant 
targets including 
critical product 
characteristics 
identified in the 
concept paper 

Translate sustainability 
aspirations to specific 
targets & key 
performance indicators 

Exceptional 
people 

High performance teams with a 
culture of pursuing excellence 

Develop a “chief engineer 
system” to integrate 
development from start to 
finish 

Organize to balance functional 
expertise and cross-functional 
integration. 

Develop towering technical 
competence in all engineers. 

Supply chain & 
departmental 
collaboration creating 
an understanding of the 
environmental 
implications of 
decisions with clear 
roles and 
responsibilities for 
execution. 

Promoting a culture of 
environmental 
stewardship 

Integrate development 
from start to finish with 
environmental 
stewardship as a key 
objective 

Training engineers in 
the principles, 
strategies, tools, and 
methods of industrial 
sustainability so that 
it’s part of their 
professional 
development not just a 
constraint 

Documented 
know-how  

Creating and applying 
knowledge through, for 
example, design guides 

Rapid learning using root 
cause analysis 

Align your organization 
through simple, visual 
communication 

Dedicated 
sustainability expertise 
including in design, 
reinforced with design 
guides for others 

Predictive 
analytics/root cause 
analysis of 
environmental hotspots 

Build sustainability 
knowledge into design 
standards such as 
restricted drop-down 
lists for menus (e.g., for 
material selection). 

Setting sustainability 
targets for each part 
based on previous 
relevant design 
standards  

Process 
excellence 

Design a value stream map 
(e.g., Figure 4) and 
synchronize work flows to deal 

Appreciate life cycle 
consequences of 
design. The design will 
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LPPD 
Principles 

LPPD Strategies Potential application 
for environmental 
sustainability 

with 
reciprocity/interdependence 

Develop a “chief engineer 
system” to integrate 
development from start to 
finish 

Fully integrate suppliers into 
the product development 
system. 

The use of incomplete but 
stable data for concurrent 
engineering. 

determine 
manufacturability, 
serviceability, how the 
product will used, and 
how it is treated at end-
of-life. 

Measurement of KPIs 
in manufacturing and 
(if possible) use and 
end-of-life 

Environmental 
sustainability as part of 
risk assessment 

Set final and 
progressive 
(glidepaths) targets for 
environmental 
considerations that are 
tracked throughout the 
development. 

Use an internalized 
carbon cost 

Organizing the work to 
be done with 
incomplete but stable 
data enabling 
sustainability 
considerations to have 
a larger impact on 
design. 

 
Creating new value through learning, which fits in the 

documented know-how principle in the Designing the Future 
model is key to success with lean product and process 
development. As the organization gains more knowledge on 
designing efficiently for material and energy utilization, this 
knowledge should be captured in design guides and standards. 
This enables the knowledge to be accessible and used when 
designing future products. It again creates a mechanism for 
developing engineers, which aligns with the lean product-
process development principle of exceptional people. Lean 
product-process development aspires to provide a system and 
structure to enable people to bring their best selves and 
contribute to making great products that are design efficient from 
both a financial and environmental perspective.  

Another one of the LPPD principles is process excellence, 
which can be executed by creating flow and eliminating waste 
for speed to market, which comes into play when you transition 
into the execution phase of development. This includes creating 
actionable plans to meet the targets set in the concept paper, 
including milestones and glide paths to meet the targets. Since 
product development is a team sport it takes effective 
collaboration to meet the targets, which are supported through 
having compatibility before completion and using obeya rooms 
effectively. For example, we found that at Ford, body 
engineering and stamping engineering were able to improve 
material utilization by nearly 10% per program utilizing the idea 

of compatibility before completion through feasibility 
checkpoints. This is an example of how LPPD enables dramatic 
cost savings and can also enable lower carbon emissions.  

 
5. CONCLUSION 

As the need to reduce GHG emissions becomes ever more 
pressing, companies need effective tools for translating high-
level design for environment principles into concrete strategies 
and reduced life cycle impacts. This scoping study has found that 
while LPPD is in itself agnostic to environmental sustainability, 
it is a system that could be effectively used to deliver reduced 
environmental impacts through its efficacy in cutting waste and 
delivering on organizational objectives. 
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