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Abstract
Assessing the environmental impacts of product systems has become critical, with emphasis on reducing carbon dioxide 
emissions in line with the new climate change regime. Accordingly, environmental regulations have been newly issued 
or have stronger requirements for inducing more energy-efficient and environmentally-conscious product development. 
Therefore, product developers in new product development are being forced to consider various and heterogeneous design 
performance and are encountering more difficulty and chaos when selecting the best product design among design candidates. 
The relevant studies have contributed to providing tools and techniques for increasing the environmental soundness of the 
product; however, they do not holistically accommodate the quantification of functional and economic metrics, nor do they 
incorporate the compliance with recent environmental legislations. The present work proposes an environmentally-conscious 
design method that integrates functional, economic, and environmental assessments with the compliance of the energy-related 
products (ErP) legislation. This method provides analytical capabilities including: (1) a functional assessment to derive the 
durability of the product to be embedded for practical measurement in the following assessments, (2) a compliance check to 
ensure that energy-related products fulfill the ErP directive enacted by the European Union, (3) an economic assessment to 
calculate the total cost during the product lifecycle by using the life cycle cost concept, and (4) an environmental assessment 
to quantify the environmental loads of the product by using a simplified life cycle assessment. The present work also includes 
a case study to demonstrate the effectiveness of the proposed method; to this end, two different electronic vacuum cleaners 
are compared. The results of the present work help product developers use life cycle design thinking for determining their 
design parameters by checking their compliance with the ErP legislation and assessing economic and environmental metrics 
with a mechanical analysis of the durability of product systems.
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1  Introduction

1.1 � Background

New product development (NPD) is important for creating 
new products that satisfy the requirements of customers and 
leads to gaining competitive advantage in industries [1]. 
Recently, NPD has been adding more pressure to product 
developers who get involved in NPD as the environmental 
consciousness of product systems becomes critical with an 
emphasis on the reduction of carbon dioxide emissions in 
line with the climate change regime [2]. According to a news 
report [3], the European Union (EU) banned the import of 
vacuum cleaners made in an Asian country because they 
exceeded energy efficiency requirements. This was caused 
by violation of the energy-related products (ErP) Directive 
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2009/125/EC enacted by the EU, which establishes a frame-
work for setting environmentally-conscious (eco-) design 
requirements to promote better environmental performance 
of energy-related products [4]. This case implies that even 
excellent products cannot reach the target market unless the 
NPD addresses the satisfaction of environmental regula-
tions. Hence, the compliance with environmental regulations 
including the ErP becomes mandatory for product develop-
ers who lack environmental knowledge and work especially 
in small and medium-sized enterprises.

The environmental consciousness leads to the appearance 
of life cycle design (LCD) in environmental engineering. 
LCD represents a holistic design thinking throughout the 
entire product lifecycle, i.e., “cradle-to-grave”. The LCD 
builds upon sound techniques including life cycle assess-
ment (LCA) and life cycle cost (LCC) for performance quan-
tification in terms of both of the environment and economics 
[5]. LCA has been widely used in NPD to proactively esti-
mate environmental impacts imposed throughout the product 
lifecycle [6]. However, full LCA is inefficient in early NPD 
due to the scarcity of data, the intensity of labor and time, 
and the pressure of fast decision-making [7]. Thus, LCA 
for NPD needs to be simplified to drive fast decisions by 
product developers especially unskilled at LCA because fast 
decision-making matters in NPD.

On the other hand, LCC estimates the total cost incurred 
throughout the product lifecycle [8]. An LCC analysis is 
useful for product developers to figure out the relationship 
between costs and design parameters by identifying cost 
contributions [9]. However, the LCC analysis has been 
typically conducted in NPD within static scenarios when 
determining the product’s lifespan because estimating the 
lifespan of the product accurately is difficult during the early 
NPD. This static assumption can cause a gap between the 
LCC-driven and real costs and results in inaccurate cost esti-
mations. Thus, calculating LCC accurately during NPD is 
necessary for product developers who have to specify cost 
distributions throughout the product lifecycle. In fact, LCA 
also encounters the same problem.

1.2 � Aim of the Article

Early design decisions have a significant impact on environ-
mental consciousness [10]. Thus, product developers are faced 
with the complexity of achieving compliance with environ-
mental regulations as well as optimizing the environment, 
cost, and function. This is challenging to product developers 
who are unfamiliar with LCD. Furthermore, product devel-
opers encounter the difficulty in estimating environmental 
impacts and cost distributions accurately due to the limita-
tions of typical LCA and LCC. The present work is moti-
vated by the need to provide a design method that can lead 

such product developers to easily combine their typical NPD 
process with LCD thinking for their systematic decisions on 
design parameters.

Durability can be a key performance indicator to resolve the 
motivation of the present work. The durability of a product is 
the ability of a product to perform its function at the antici-
pated performance level over a given period, under expected 
in-use conditions and foreseeable actions [11]. The durability 
of a product is one of the major functional performances for 
energy-using products while functional performance is still 
indispensable despite of the significance of environmental 
consciousness. The durability has been estimated well during 
traditional NPD because product developers have vast knowl-
edge of product engineering including mechanical, material 
and electronic engineering. However, the durability estimated 
through product engineering knowledge is rarely forwarded 
to the LCA and LCC because it has been considered inde-
pendently of environmental performance. Despite the fact that 
durability can produce better quality of LCA and LCC analy-
sis, the domain difference between product and environmental 
engineering has been a barrier to the application of durability 
due to their lack of mutual understanding.

In view above, the present work proposes an eco-design 
method that specifies the procedure and its techniques to check 
the compliance with the ErP directive and to integrate the 
assessment of environmental, economic, and functional per-
formances of product systems. The proposed method provides 
the analytical capabilities including: (1) a functional assess-
ment to derive the durability of a product to be embedded for 
the following measurements, (2) a compliance check to ensure 
the fulfillment of the ErP directive, (3) an economic assess-
ment to calculate the total cost during the product lifecycle by 
using the LCC concept, and (4) an environmental assessment 
to quantify the environmental loads of the product by using a 
simplified LCA. The present work also describes a case study 
to demonstrate the feasibility and effectiveness of the proposed 
method. The case study demonstrates a comparative analy-
sis of two electronic vacuum cleaners by checking their ErP 
compliance and quantifying their functional, economic, and 
environmental performances.

The remainder of this paper is organized as follows. Sec-
tion 2 explains the literature review. Sections 3 and 4 present 
the methodology and techniques of the present work, respec-
tively. Section 5 describes the case study, and Sect. 6 offers 
a summary of the present work and conclusions.

2 � Literature Review

2.1 � Overview of NPD

NPD typically comprises multiple processes including plan-
ning, conceptualizing, designing, testing and refinement as 
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well as ramping-up and launching [12]. These processes are 
complicated because they necessitate the achievement of 
different goals and the fulfillment of various requirements 
across multiple dimensions, ranging from customer iden-
tification, requirement capture, concept development, and 
design creation, optimization and verification to cost and 
benefit evaluation [12]. Thus, product developers need to 
be concerned about integrating the specifications and imple-
mentations of all these aspects into their product systems; 
however, they are confronted with challenges due to com-
plex trade-offs between such requirements and satisfactions.

Decisions made during the NPD significantly affect the 
environmental and economic impacts of future decisions 
[13]. Accordingly, various eco-design approaches have been 
developed in response to the requirements of sustainable 
NPD since the 1990s and have contributed to implementing 
environmental consciousness in product systems by satisfy-
ing traditional requirements while minimizing environmen-
tal consequences [14]. Eco-design research streams can be 
comprehensively categorized into guidelines, methods and 
tools, LCA-driven methods, regulation-compliant methods 
and durability-embedded methods.

2.2 � Guideline and Method

Eco-design guidelines have been introduced to provide 
product developers with easy and operational instructions 
for tackling environmental design issues [14]. Anastas and 
Zimmerman suggested twelve principles of green engineer-
ing when designing new products benign to the environ-
ment [15]. Telenko and Seepersad introduced a step-by-step 
guideline to explore environmental design opportunities by 
integrating reverse engineering with life cycle analysis [16]. 
Spangenberg et al. proposed a design-for-sustainability for 
achieving customer satisfaction with fewer active resources 
[17]. Bovea and Pérez-Belis proposed a taxonomy of eco-
design tools to inform product developers about selecting the 
best tools [18]. These studies provide systematic instructions 
and good lessons learned from past experience; however, 
they are limited in delivering technical methods in an imple-
mentation view.

Eco-design methods have been developed to compro-
mise the limitation of eco-design guidelines by dealing with 
technical aspects. Huang et al. presented multi-criteria deci-
sion-making models and uncertainty analysis for material 
selection problems in the design stage [19]. Beng and Omar 
proposed a framework that integrated axiomatic design prin-
ciples into NPD with an emphasis on incorporating end-of-
life, supply chain and manufacturing [20]. Devanathan et al. 
[13] and Romli et al. [2] proposed integrated methods to 
simultaneously ensure environmental and functional satis-
faction through the application of LCA and quality function 
deployment, respectively. Shi et al. presented an eco-design 

strategy for material products through tracking and control-
ling toxic components carried by solid wastes [21]. Kazulis 
et al. suggested an eco-design method to forecast the envi-
ronmental impacts of production processes with the use of 
a computer program [22]. These studies have contributed to 
providing product developers with technical and engineer-
ing solutions through creating eco-design-driven processes, 
systems, mechanisms and tools. However, they are limited 
to incorporating economics and function with the environ-
mental issue for product developers who need to consider 
their product selection in a holistic view. Otherwise, they 
lack mechanism suggestions for complying with environ-
mental regulations, which should be a pre-requisite of design 
specifications.

2.3 � LCA and Regulation Compliance

LCA has been recognized as a powerful technique to evalu-
ate the environmental performance of energy-using products 
[23]. Large numbers of previous studies have applied LCA 
to eco-designs to calculate the environmental impacts of the 
product systems developed or under development (refer to 
Chang et al. [24] and Ahmad et al. [25]). LCA has been 
also applied to comparing the environmental performance 
of product candidates to aid the selection of the best candi-
date [14].

The full LCA consists of four phases: goal and scope 
definition, inventory analysis, impact assessment and inter-
pretation [26]. However, an argument remains against the 
full LCA because of its time-consuming and data-inten-
sive work [7]. This argument causes simplified or partial 
LCA approaches for the rapid estimation of environmental 
impacts of products [14]. Nielsen and Wenzel presented a 
quantitative LCA to identify environmental hot spots in a 
reference product life cycle and to select environmentally 
optimized solutions for a new product [27]. Poudelet et al. 
proposed a process-based LCA that provided economic and 
environmental decision criteria to support product devel-
opers through an integration with business process reengi-
neering [23]. Meng et al. proposed a rapid LCA to support 
conceptual designs by introducing green features that map 
between conventional design variables and green attributes 
[7]. Nam et al. developed an environmental impact assess-
ment method by combining LCA with work breakdown 
structures for environment [28].

As environmental regulations including ErP become 
stricter, they significantly affect the design of products by 
intensifying their specific thresholds and extending their 
scopes [29]. Because of this, Schischke et al. [30], Abramo-
vici et al. [31], and Cellura et al. [32] introduced methodo-
logical approaches and compliance checking mechanisms to 
satisfy the regulatory specifications of the ErP for welding 
machines, washing appliances and biomass-fueled boilers, 
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respectively. Kang et al. developed a user-friendly design 
software to produce the ecological profiles of energy-using 
products along with suggesting checklists and guidelines for 
material selections [33].

These studies related to LCA and environmental regu-
lations have been conducted to improve the environmental 
soundness of product systems during NPD. Some of the 
studies provide good solutions for product developers who 
lack environmental knowledge by creating rapid or sim-
plified LCA tools that indeed help promote fast decisions. 
However, these studies do not incorporate the measurement 
of functional performance with their eco-design methods. 
Otherwise, they use static assumptions when deciding the 
lifespans of the target products under plausible scenarios.

2.4 � Durability Embedment

Durability can be categorized in the level of a material, com-
ponent and product. The durability of a material stands for 
the period of service life of a given material under specific 
conditions; on the other hand, the durability of a component 
(part) deals with the service life of product’s components 
[34]. The durability of a product, of course, relates to the 
service life of a product, as described in Sect. 1. Deterio-
ration in materials or damages in components can cause 
breakdown of a product due to their chain reactions as the 
product consists of materials and then components [35]. The 
durability of a product is seen as a desirable goal in tradi-
tional design and has been associated with eco-design for 
the selection of design solutions because it influences the 
amount of energy and resources consumed during the in-use 
phase of a product [36].

Ardente and Mathieux proposed an environmental assess-
ment method with durability and showed the impacts of 
extending the lifetime of washing machines [36]. Miller 
et al. presented a durability-based service-life model to 
incorporate LCA with the deterioration of wood-polymer 
composites [35]. However, these two studies do not include 
LCC as an economic view. Bobba et al. presented a quantita-
tive assessment method for the durability of vacuum cleaners 
from environmental and economic perspectives [37]. They 
also provided a good insight for durability itself by sum-
marizing the literature related to durability. This study has a 
similar scope as our present work; however, it excludes the 
compliance with the ErP regulation and depends on static 
and scenario-based assumptions in its theory and practice.

2.5 � Research Gap

The major research gaps of eco-design methods can be sum-
marized from the literature review as follows. These gaps 
correspond to the technical challenges to be overcome by 
our proposed method.

•	 An integrated eco-design approach to accommodate 
the functional, economic, and environmental aspects of 
design specification

•	 A checking mechanism for ErP compliance based on the 
equations specified in the ErP directive

•	 A dynamic assessment technique to embed the durability 
derived from a mechanical analysis into economic and 
environmental performance measurements

•	 A simplified LCA technique to measure environmental 
loads for a rapid comparative analysis on product candi-
dates

3 � Methodology

This section presents the methodology of our eco-design 
approach. The objective is to provide a holistic and sim-
ple eco-design method that incorporates the assessment of 
functional, environmental, and economic performances as 
well as the check of ErP regulatory compliance during NPD. 
This approach is designed to deliver a convenient and viable 
method so that product developers perform LCD thinking 
and fast decision-making when selecting the best product 
design among design candidates.

Figure 1 presents the framework of our approach, which 
identifies the actions to be taken and the relationship with 
the NPD stages. The proposed method is aligned with the 
typical NPD such that product developers can understand 
the timing of performing the regulatory compliance check 
and environmental, economic, and functional assessments. 
In the present work, target product systems are restricted to 
energy-related products and environmental regulations to the 
ErP. The target performance for the functional assessment is 
set to durability of a product.

From the product engineering perspective, product develop-
ers take the design actions assigned in the individual stages in 
NPD [12]. In line with the NPD stages, target regulations and 
assessment goals need to be set in the concept development 
stage. It comes from that target specifications of the product 
need to be identified in concept development with the con-
sideration of regulatory thresholds and the functional, eco-
nomic and environmental goals of the product system. The 
materials and geometrics of the components of the product 
become more specific through proceeding with the system-
level and detail design stages. During these stages, categori-
cal or numerical values regarding the material properties 
and geometric parameters can be specified, and they enable 
product developers to check regulatory compliance and assess 
the functional, economic, and environmental performance of 
a product. The functional assessment needs to be performed 
in the system-level design stage because the durability influ-
ences regulatory compliance and the other economic and envi-
ronmental assessments. As the durability corresponds to the 
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in-use lifetime of a product system, it is involved in calculating 
the energy consumed during the in-use phase especially for 
energy-using products. While prototyping proceeds with field 
tests in the testing and refinement stage, product developers 
need to review and ensure the compliance with the target regu-
lations and the assessment results in functional, economic, and 
environmental aspects. These actions can occur repetitively 
and recursively to optimize the design and performance of 
the product.

Figure 2 presents the procedure of the proposed approach. 
This procedure defines the actions appropriately taken by prod-
uct developers within the framework presented in Fig. 1. The 
procedure comprises four stages: functional assessment, ErP 
compliance check, economic assessment, and environmental 
assessment. The functional assessment analyzes the durability 
of a product by failure mode effect analysis (FMEA), which 
identifies potential failure modes, evaluates the causes and 
effects of component failure modes and decides on methods 
for the elimination of failure occurrence [38]. Note that the 
durability derived from the functional assessment is forwarded 
to the following stages. The ErP compliance check qualifies 
the fulfillment of the ErP directive by using the calculation 
method stated in the directive and a descriptive checklist 
method. The economic assessment engages in calculating 
the total cost during the product lifecycle based on an LCC 
analysis. The environmental assessment quantifies the envi-
ronmental loads throughout the product lifecycle by means of 
a simplified LCA.

4 � Techniques

This section describes the technical details of the proposed 
approach presented in Sect. 3. We use a vacuum cleaner, 
which is an energy-related product, as an application for 
clear understanding.

4.1 � Functional Assessment

The durability of a product has been recognized as the pri-
mary metric in the functional perspective because it deter-
mines the lifetime of the product. The durability is also 
important in the economic and environmental perspectives 
because it is directly associated with the electricity con-
sumed during the in-use phase of energy-using products 
and the environmental loads emitted from the electricity 
usage [36]. This durability can be measured through the 
technical lifetime, on which the present work focuses, and 
the useful lifetime. The former indicates how long a prod-
uct lasts in its primary function until a first failure occurs; 
meanwhile, the latter indicates how long a product is con-
sidered useful by the user before it is obsolete [36].

The process of this functional assessment comprises 
the failure component selection, analytical modeling, and 
durability review. FMEA is useful to identify high-fre-
quent failure components that can cause the product to 

Planning Concept
development

System-level
design Detail design Testing &

refinement
Production
ramp-up

- Identify opportunities
- Evaluate & prioritize projects
- Allocate resources & timing
- Complete pre-project timing

- Identify customer needs
- Establish target specifications
- Generate product concepts
- Select product concepts
- Test product concepts
- Set final specifications

- Identify product architecture
- Generate functional schemes
- Integrate schematic components
- Design geometric layout
- Analyze functional interactions

- Create detail design
- Optimize detail design
- Freeze H/W & S/W design
- Complete engineering design 
documentation

- Demonstrate performance
- Complete prototype 
- Complete field testing
- Apply for regulatory approvals

- Launch products
- Finalize product metrics

Design stage

Design action

Eco-design
integration

Set target regulations Check regulatory compliance Verify compliance

Review functional, 
economic &environmental

performance

Set assessment goal
Assess functional performance

Assess economic performance

Assess environmental performance

Fig. 1   The framework of an eco-design approach
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seriously malfunction and to analyze the cause-and-effect 
with regard to potential failures. The analytical modeling 
derives the estimated lifetimes of these components by 
using mathematical equations. The estimated durability 
then needs to be carefully reviewed for the design selection 
of the product and components.

1.	 Failure component selection

FMEA first segments the components that comprise a prod-
uct system because the malfunction of the product typically 
originates from failures in particular components. The FMEA 
then analyzes the cause-and-effect of the failure modes of com-
ponents and identifies high-frequent failure components. The 
FMEA can be achieved by customer surveys, literature studies 
and real tests. Customer surveys can give practical insights 
regarding common problems in some components through 
customers’ real uses. Table 1 presents a survey report that 
shows major faults of upright and cylindrical vacuum cleaners 

Fig. 2   The procedure of an eco-
design approach

Product concept
selection

Failure component
selection & analysis

(FMEA)

Target specification
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Table 1   Fault frequencies on 
vacuum cleaners [39]

Upright Cylindrical

Fault Frequency (%) Fault Frequency (%)

Suction deteriorated 24.3 Suction deteriorated 19.5
Blocked filters 21.7 Blocked filters 17.8
Belt broken 16.9 Other 15.7
Split hose 13.7 Broken accessories 12.2
Motor broken 13.4 Brush not working properly 10.8
Brush not working properly 12.0 Casing cracked/chipped/broken 10.1
No suction 10.0 Overheating 8.7
Brush not working at all 9.4 Split hose 7.7
Casing cracked/chipped/broken 8.9 Motor broken 6.6
Other 8.6 Power cutting out 5.2
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[39]. The electric motor can be a high-frequent failure compo-
nent because it normally fails to work when it is broken, and 
this issue is a product design problem. Literature studies offer 
indirect but professional knowledge provided by experts who 
have conducted field or experimental tests. A study presents 
a FMEA structure for small-sized electric motors, as shown 
in Table 2, and figures out that a bearing component has the 
highest fault susceptibility (failure mode percentage: 84.67%) 
[40]. In addition, real tests using prototypes can produce direct 
and accurate results, although they are not easy in the design 
stage due to the difficulty in prototyping. FMEA results can 
identify high-frequent failure components and thus narrow the 
scope of analytical modeling.

2.	 Analytical modeling

It is necessary to model high-frequent failure compo-
nents through analytical means to estimate their lifetimes. 
The lifetimes of such components typically depend on vari-
ous mechanical, electrical, thermal, and environmental aging 
factors [41]. These aging factors cause metal fatigue due to 
the stress applied to the material beyond the limitation of its 
material strength. By analyzing these factors, the lifetime of 
a bearing component can be estimated based on rolling con-
tact fatigue [42]. Equations (1)–(5) express the estimated life-
time of a bearing component with 90% reliability, based on 
the formula provided by [42]. The durability of an electronic 
motor equals to the estimated lifetime (L10h) of the bearing 
component.

(1)L
10h =

106

60n
L
10

(2)L
10

=
(

C

P

)p

where L10h: nominal life (hours), L10: nominal life (revolu-
tion × 106), n: rotational speed (RPM), C: basic dynamic 
load rating (kN), P: equivalent dynamic load (kN), p: expo-
nent factor, Fr and Fa: radial and axial actual loads (kN), X 
and Y: load factors from a table, m: bearing mass (kg), g: 
gravity (mm/s2), N: number of bearings, Frm: radial mini-
mum load (kN), kr: minimum load factor, v: kinematic vis-
cosity (mm2/s), dm: 0.5 × (bearing inner diameter + bearing 
outer diameter) (mm)

3.	 Durability review

Product developers need to review the durability calcu-
lated from the analytic model. They then need to confirm 
whether the durability satisfies the target specification of a 
product system. This durability will be embedded into the 
ErP compliance check and economic and environmental 
assessments for their reasonable calculation based on the 
durability.

4.2 � ErP Compliance Check

The ErP directive provides the set of requirements which 
the energy-related products covered by these measures must 
fulfill to be placed on the EU market [4]. This directive deals 
with the energy-related products dependent on energy input 
and is incorporated into energy-using products (e.g., wash-
ing machines, vacuum cleaners, refrigerators, computers and 

(3)P = XFr + YFa

(4)Fa ≈ Fr

(5)Fr =
mg

N
Frm =

mg

N
kr

(

vn

1000

)2∕3
(

dm

100

)2

Table 2   FMEA structure for electric motors [40]

Mode identifier Failure mode Local effect Next effect End effect Cause of failure Frequency (%)

Bearing Warn, non-fixed material 
coupling, motor not 
functioning properly

Vibration, undesired 
noise, Friction between 
motor components

Overheating Blockage Insufficient lubrication, 
undesired particle pres-
ence, overload, often 
starting and stopping 
overheating

84.67

Winding Broken winding, short 
circuit

Spark inside the air gap – Motor stop Strong vibration, high 
temperature during 
working

14.93

Rotor Shaft rupture, fissured 
rotor parts

Friction between motor 
components

– Blockage Vibration, material 
fatigue, eccentricity, 
warn and damage bear-
ings

0.40

Stator Fissure Dust inside the motor Short circuit Blockage Vibration, material 
fatigue, external shocks

0.000627
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televisions) [33]. Thus, NPD should be evolved to observe 
and comply with the requirements stipulated in the ErP 
directive.

The process of this ErP compliance check consists of data 
collection, compliance check and compliance verification. 
Once a product is conceptualized in the concept develop-
ment, a compliance checklist needs to be investigated and 
prepared for identifying the ErP requirements. The relevant 
data then need to be collected to measure and calculate the 
metrics related to the ErP requirements. The compliance 
check based on the measurement and calculation methods 
stated in the ErP directive indicates whether the performance 
of the product satisfies the ErP requirements. If it does not, 
the concepts and specifications of the product are required 
to be updated, and this process can be repeated.

1.	 Data collection

The European Commission website provides an access 
to the ErP requirements that set out reliable, accurate, and 
reproducible measurement methods for their compliance 
[43]. For example, the ErP stipulates that vacuum cleaners 
should comply with the following requirements (note that 
the following captures only part of the entire requirement) 
[43]. Such specific thresholds for individual requirements 
make it possible to implement measures as the target speci-
fication of the product.

•	 Annual energy consumption (AEC) shall be less than 
43.0 kWh/year

•	 Rated input power shall be less than 900 W
•	 Sound power level shall be less than or equal to 80 dB(A)
•	 Operational motor lifetime shall be greater than or equal 

to 500 h

In turn, data should be obtained and collected to calculate 
the numerical values corresponding to the specific require-
ments. It is obviously not easy to collect the data associ-
ated with the ErP requirements because the final products 
are incomplete during the design stage. Data collection by 
direct or indirect measurement can be available, but direct 
measurement is preferable. The direct measurement gathers 
sensor-level data from measurement devices in an experi-
mental environment in which the components of the product 
are identified, or its prototypes are ready. For example, a 
power meter can be used to measure the rated input power 
and calculate the AEC of a vacuum cleaner. Indirect meas-
urement is a method of estimating the measured values until 
physical prototypes appear, and it includes approximation, 
reference, and simulation. Approximations derive the data 
values estimated under assumptions, and references obtain 
referential data from some reliable sources. Simulations use 
virtual data generated from simulation tools on computers.

2.	 Compliance check

Once the data are collected, calculation can be conducted 
based on the calculation methods stated in the ErP direc-
tive. Compliance with the requirements can be then checked 
depending on the calculation results. Equations  (6)–(9) 
express the calculation methods for the AEC (AECgp) for 
general-purpose vacuum cleaners [43]. In addition, the nom-
inal lifetime (L10h) derived from Eq. (1) is used to check 
the satisfaction of the operational motor lifetime in the ErP 
requirement.

where AEC: annual energy consumption (kWh/year) (gp: 
general purpose, c: carpet, or hf: hard floor), ASE: average 
specific energy consumption (Wh/m2), dpu: dust pick-up, 4: 
number of times that a cleaner passes over each point, 87: 
dwelling surface to be cleaned, 50: number of 1-h cleaning 
tasks per year, 0.001: conversion factor from Wh to kWh, 
0.2: difference between dust pick-up after five and after two 
double strokes, P: average power (W), NP: average power 
equivalent of battery operated active nozzles (W), t: total 
time spent for cleaning (h), A: surface area (m2)

3.	 Compliance verification

Product developers need to verify and confirm whether 
the measurements and calculations for the compliance check 
appropriately conforms to the equations and environments 
specified in the ErP directive. For example, if a vacuum 
cleaner consumes AECgp less than 43.0 kWh/year, it com-
plies with the AEC requirement. If it does over 43.0 kWh/
year, it fails to satisfy the compliance standard, and re-
specification or re-design is required. Product developers 
subsequently need to prepare technical documents for the 
obligation of submitting and disclosing such information.

4.3 � Economic Assessment

An LCC analysis is efficient for finding cost factors 
over the product lifecycle with the intention of reduc-
ing the total cost, identifying high-cost components and 

(6)AECgp = 0.5AECc + 0.5AEChf

(7)AECc = 4 × 87 × 50 × 0.001 × ASEc

(

1 − 0.20

dpuc − 0.20

)

(8)AEChf = 4 × 87 × 50 × 0.001 × ASEhf

(

1 − 0.20

dpuhf − 0.20

)

(9)ASE =
(P + NP)t

A
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comparing competing products [9]. The early implementa-
tion of the product-focused LCC analysis is particularly 
beneficial because the majority of the LCC is committed at 
the design stage [44]. Because of this, we adopt the LCC 
analysis for economic assessment with its simplification. 
The process of this economic assessment consists of a cost 
factor decomposition, LCC calculation and LCC review.

1.	 Cost factor decomposition

It is essential to identify and decompose the cost fac-
tors incurred during the product lifecycle so that product 
developers understand the cost flows of a product. Figure 3 
illustrates the major cost factors with regard to the acqui-
sition, in-use and disposal phases [45]. The acquisition 
phase relates to NPD and production as well as production 
system construction. The primary focus is to decide on 
the optimal design of a product and the optimal alloca-
tion of process sequences to fabricate and assemble parts 
and components into a complete product [45]. The in-use 
phase is associated with the period during which the con-
sumer operates the product. The cost factors can include 
Manufacturer’s Suggested Retail Price (MSRP), trans-
portation, energy consumption (e.g., electricity for home 
appliances and gasoline for vehicles), maintenance and 
material fulfillment. Energy consumption is a dominant 
cost factor for energy-related products; however, it is also 
the most unpredictable factor due to high uncertainties in 
product usages [45]. Finally, products expire after their 
useful life and can be disassembled into parts, compo-
nents, or materials in the disposal phase. These pieces are 
then landfilled, incinerated, recycled, reused, remanufac-
tured, and refurbished depending on their material proper-
ties and conditions. The relevant cost factors can contain 
the cost incurred from these disposal activities in addition 
to transportation. The disassembly cost is a key factor in 
the disposal phase [45].

2.	 LCC calculation

LCC needs to be quantified analytically to estimate the 
total cost incurred during the product lifecycle. Based on 
the above cost factors, the LCC on a functional unit can be 
calculated as in Eq. (10). In particular, the durability of a 
product, which was embedded from the functional assess-
ment, can be used to calculate the energy cost in the in-use 
phase. Here, the functional unit stands for the quantified 
performance of a product system for use as a reference unit 
(e.g., a vacuum cleaner on an operational lifetime to clean 
a given surface area) [26]. The use of the functional unit 
is also necessary for aligning the same unit with the next 
environmental assessment.

3.	 LCC review

The result of the LCC analysis needs to be reviewed to make 
compromises between cost factors and design decisions, to 
check the satisfaction of economic target specifications and 
to compare competing products. It is, of course, difficult to 
obtain an exact LCC during NPD owing to the scarcity of 
data, pressure of quick decisions, and high-degree of uncer-
tainty [44]. The LCC also contains allocation problems that 
partition the cost flow of a product system or transform bulk 
of costs into individual costs at the functional unit-level. 
LCC estimation can be imperfect in NPD; nevertheless, it is 
necessary to overcome this limitation. This is the reason we 
use the durability embedded from the functional assessment 
to reduce the uncertainty and to get closer than an assump-
tive energy cost to the real energy cost incurred from the 
in-use phase. Note that some studies introduced data-driven 
LCC estimation by simulation and machine-learning tech-
niques [44] [46].

(10)
LifeCycleCost =

∑

Costacquisition +
∑

Costin−use +
∑

Costdisposal

Fig. 3   Life cycle cost phases 
and factors (re-edited from [45])
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4.4 � Environmental Assessment

Adopting LCA makes sense for our environmental assess-
ment. However, the full LCA has shown its inadequacy for 
fast decision-making in NPD due to its inherent limitations 
including high cost, long time period, and data intensive 
work [7]. It also contains the complexity of identifying 
impact categories in terms of space and time in the impact 
assessment phase [24]. Hence, we simplify the LCA through 
the inclusion of an inventory analysis and partial impact 
assessment (classification and characterization). This sim-
plification helps product developers make fast decisions by 
quantifying environmental loads on the mass and energy 
flows of a product system. However, it is limited to inves-
tigating scientific meaning for identifying potential envi-
ronmental consequences on product alternatives. Figure 4 
shows the concept of the simplified LCA, which quantifies 
and compares environmental loads of product alternatives 
for selecting the best one. The process of the environmental 
assessment comprises data collection, environmental load 
quantification, and LCA review.

1.	 Data collection

Data collection is the process of acquiring input and out-
put data of material and energy flows associated with a prod-
uct system. This data collection is important, but it is dif-
ficult to acquire massive and accurate data in practice. There 
are several ways to collect data, as explained in Sect. 4.2 
(1). The most feasible way is to use referential Life Cycle 
Inventory (LCI) databases such as CO2PE! [47], Korean LCI 
database [48] and Ecoinvent [49]. These databases assist 
data collection work by offering several generic, transpar-
ent and consistent datasets. Nonetheless, product develop-
ers need to calibrate and adjust the referential data because 
such data rarely contain the data that best fit the goal and 
scope [50].

2.	 Environmental load quantification

It is necessary to specify the input and output of mate-
rials, energy and emissions in a process flow diagram, to 
calculate the environmental loads on individual unit-pro-
cesses and then to aggregate the environmental loads on a 
functional unit. The process flow diagram provides an out-
line to capture and calculate the amounts of environmental 
loads caused by the materials, energy, and emissions to be 
modeled including their relationships [51]. The amounts of 
materials, energy and emissions need to be assigned to the 
functional unit for understanding the fractional contribu-
tion of each unit-process to a product system.

Then, each environmental load on a unit-process can 
be quantified by multiplying the amount of materials, 
energy or emissions with a characterization factor, which 
classifies and converts an inventory analysis result into 
the common unit of a classified impact category [26]. In 
other words, we only include the classification and char-
acterization and exclude the normalization and weight-
ing while ISO14040 considers the two former elements 
as mandatory and the two latter elements as optional in 
the impact assessment phase. The characterization fac-
tor corresponds to the equivalent environmental load per 
inventory parameter (e.g., carbon dioxide, sulfur dioxide 
and nitrogen dioxide). In turn, aggregating environmental 
loads over all the unit-processes enables the acquisition 
of the total environmental load of a product system [51]. 
Equation (11) expresses the equivalent environmental load 
per inventory parameter. This partial impact assessment 
helps product developers make fast decisions by quantify-
ing and comparing the absolute environmental load val-
ues on product design alternatives. Allocation problems 
can also occur, as mentioned in Sect. 4.3, and need to be 
resolved (e.g., use physical quantities or economic values 
as allocation criteria) although ISO14040 recommends the 
avoidance of allocations as much as possible.

Material
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extraction

Assembly Transportation Use
Disassembly

Material
extraction

Material
extraction

Acquisition phase In-use phase Disposal phase

Energy: ∑(electricity * characterization factor)
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Environmental load quantification
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Operation MaintenanceProcess flow
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Fig. 4   The concept of a simplified life cycle assessment
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where Ia: load per inventory parameter (kg x-eq/fu), m: 
material weight (kg), e: energy consumption (kWh), p: emis-
sion weight (kg), f, g, h: characterization factor (g x-eq/kg 
or g x-eq/kWh), j: unit-process, n: number of unit-processes

3.	 LCA review

The results of the LCA need to be reviewed to make 
compromises between environmental soundness and design 
decisions, to check the satisfaction of environmental tar-
get specifications and to compare competing products. It 
is recommendable to check completeness, sensitivity, and 
consistency to ensure the confidence and reliability of the 
LCA results [26].

5 � Case Study

This section presents a case study to demonstrate the feasi-
bility and effectiveness of the proposed method. We use two 
cylindrical vacuum cleaners made by different manufactur-
ers located in an European country and an Asian country, 
named VCA and VCB. Commercial products are used in 
the case study due to the limitation of experiments, but their 
usage makes sense when they are assumed to be product 
design alternatives during NPD. The goal of the case study is 
to perform a comparative analysis to check their ErP compli-
ance and to assess their functional, economic, and environ-
mental performances. Here, material extraction, production 
and in-use processes on the lifecycle of the products are 
in the scope of the case study; meanwhile, transportation 
and disposal processes are out of the scope because their 
performances vary with the diversity of scenarios. In the 

(11)Ia =

n
∑

j=1

(

fjmj + gjej + hjpj
)

a

case study, we use Microsoft Excel for the compliance and 
performance calculations.

5.1 � Data Collection

We collect the data regarding product specifications as well 
as their component specifications. Figure 5 shows the dis-
assembled components of VCA and VCB. Table 3 presents 
the specifications of the two products and their associated 
materials that comprise the major components. The product 
specifications refer to the information disclosed by the man-
ufacturers, while the component weights are directly meas-
ured. Additionally, we collect the data related to production 
processes as presented in Table 3. We use referential sources 
(Ecoinvent version 3.5 [52] and Gallego-Schmid et al. [53]) 
to acquire electricity, heat and water values consumed dur-
ing the individual production processes. It causes from una-
vailability of direct measurements due to the restriction in 
accessing the real production data. In Table 3, all plastic 
materials are assumed to be fabricated by injection molding, 
and steel materials are assumed to be fabricated by metal 
extrusion.

The power metric matters because it relates to the energy 
consumed during the in-use phase [54]. Thus, this metric 
is expected to affect our comparative analysis. We directly 
measure real power values using a power meter (Yokogawa 
WT310E), and Fig. 6 shows the power patterns of the two 
products. VCA consumes an average of 566 W when turned-
on; whereas VCB averages 1298 W.

5.2 � Functional Assessment

We calculate the durability of VCA and VCB based on 
the method presented in Sect. 4.1. First, we select a high-
frequent failure component because it influences the deter-
mination of the lifetime of a vacuum cleaner. We select 
the electric motor as the high-frequent failure component, 

Fig. 5   Component disassembly of two vacuum cleaners
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as explained in Sect. 4.1. Our selection makes sense as 
the motor is tested to determine the operational lifetime 
of a vacuum cleaner in some ErP-relevant literature [39, 
55]. In turn, we select the bearing as the most critical 

sub-component that significantly influences the malfunc-
tion of the motor.

Next, we perform the analytic modeling using 
Eqs.  (1)–(5) to estimate the lifetime of the bearing 

Table 3   Data sheet of two vacuum cleaners

Type Parameter Unit VCA VCB Usage Source

Product Dust capacity L 3.5 1.5 Manufacturer
Noise level dBA 76 77 Manufacturer
Frequency of motor Hz 50 60 Manufacturer
Power consumption W 566 1298 Direct measurement
Total weight kg 6.122 6.268 Direct measurement

Component Polypropylene (PP) kg 0.817 1.013 Motor case, nozzle, inside case Direct measurement
Acrylonitrile butadiene styrene (ABS) kg 1.384 2.013 Main case Direct measurement
Polyamide kg 0.330 0.223 Motor Direct measurement
Steel kg 0.900 0.950 Motor Direct measurement
Brass kg 0.376 0.376 Motor Direct measurement
Stainless Steel kg 0.489 0.234 Handle Direct measurement
Nylon kg 0.655 0.288 Hose Direct measurement
Polyurethane kg 0.476 0.476 Small parts Direct measurement
Cardboard kg 0.695 0.695 Box Direct measurement

Production Injection molding (electricity) kWh 5.420 5.939 Plastic parts Ecoinvent
Injection molding (heat) MJ 0.839 0.919 Plastic parts Ecoinvent
Metal extrusion (electricity) kWh 0.206 0.175 Steel parts Ecoinvent
Metal extrusion (heat) MJ 0.327 0.279 Steel parts Ecoinvent
Screen printing (electricity) kJ 0.200 0.200 Box Gallego-Schmid et al.
Power cord, plug and cables (electricity) kWh 0.547 0.547 Power cord Ecoinvent
Power cord, plug and cables (heat) MJ 0.238 0.238 Power cord Ecoinvent
Assembly and packaging (electricity) MJ 46.002 47.100 Product assembly, box packaging Gallego-Schmid et al.
Assembly and packaging (water) L 22.739 23.281 Product assembly, box packaging Gallego-Schmid et al.

In-use Maintenance kg 0.378 0.378 Filter replacements (3 times) Gallego-Schmid et al.

(a) VCA (b) VCB 
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Fig. 6   Power patterns of two vacuum cleaners
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component. A deep groove ball bearing (608-z) is inves-
tigated and identically applied to the two products as it is 
commonly used in electric motors for vacuum cleaners. 
Table 4 presents its specifications and the mediate and 
final outputs derived from those equations. The motor 
rotation differs in that the motor frequency is 50  Hz 
(3000 RPM) in VCA and 60 Hz (3600 RPM) in VCB. 
VCA records 0.655 kN and VCB records 0.725 kN on the 
equivalent dynamic load (P). In the result, VCA records 
812.537 h and VCB does 498.811 h for the nominal life 
(L10h). We validate these nominal life values using a bear-
ing calculator [56] and confirm that they coincide with 
the outputs of the calculator. It is observable that the life-
time of the bearing in VCA is longer than that of VCB 
because the former motor rotates slower and requires less 
load and thus is less worn out than the latter one. Fig-
ure 7 explains the estimated lifetime hours as well as the 
estimated lifetime years with regard to different usage 
patterns. The light pattern assumes 15 min per week of 
use, and the heavy pattern assumes 4 h per week, and the 
average assumes 1 h per week, as referred from the usage 
scenario in [55]. Note that one year includes 50 weeks 
due to the coefficient of the number of one-hour cleanings 
per year in Eqs. (7) and (8).

5.3 � ErP Compliance Check

We check the ErP compliance of VCA and VCB. The data 
come from the product specifications (Table 3) and the esti-
mated lifetimes, which are the outcomes of the mechanical 
analysis (Table 4). Table 5 presents the result of the AEC 
calculation in which the AEC contains two different values. 
AEC (ErP base) is derived from Eqs. (6) to (9); meanwhile, 
AEC (equation base) is obtained from a simple equation 
(power × 50 h per year). We measure the time spent for 
cleaning dust on a hard floor surface area (0.9 m2). We 
apply the minimum values stated in the ErP directive to 
the dust pick-up for carpet (dpuc = 0.750) and hard floors 
(dpuhf = 0.980). Table 6 shows the result of the ErP compli-
ance for VCA and VCB. The result shows that VCA passes 
all the ErP requirements; however, VCB fails to satisfy the 
requirements regarding the operational motor lifetime, rated 
input power and AEC. Note that the compliance check is 
made within the stronger ErP requirements effective from 
September 2017 [4].

5.4 � Economic Assessment

We calculate the LCC of VCA and VCB, based on the 
method presented in Sect.  4.3. The functional unit is 
defined as the use of the vacuum cleaner for 50 h/year (the 

Table 4   Bearing specifications 
and functional assessment 
results

a Inner ring temperature = 70 °C
b Linear interpolation in a calculation factor table when f0Fa/C0 = 3.326 and normal clearance
c Linear interpolation in a calculation factor table when f0Fa/C0 = 3.756 and normal clearance

Type Parameter Symbol Unit VCA VCB

Specification Outer diameter D mm 22
Inner diameter d mm 8
Width B mm 7
Basic dynamic load rating C kN 3.45
Basic static load rating C0 kN 1.37
Fatigue load limit Pu kN 0.057
Mass m kg 0.013
Calculation factor kr – 0.025
Calculation factor f0 – 12
Number of bearings N – 2
Kinematic viscosity vn mm/s2 11.5a

Rotational speed n RPM 3000 3600
Mediate output Calculation factor e – 0.35 0.39

Radial load factor X – 0.56 0.56
Axial load factor Y – 1.164b 1.131c

Actual radial force Fr kN 0.380 0.429
Actual axial force Fa kN 0.380 0.429

Result Equivalent dynamic load P kN 0.655 0.725
Nominal life in rev × 106 L10 rev × 106 146.257 107.743
Nominal life in hours L10h h 812.537 498.811
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Fig. 7   Estimated lifetime years on different usage patterns

Table 5   AEC calculation result

a In our preliminary experiment, VCA and VCB record an average of 1.018 min and 3.139 min, respectively, in three trials for cleaning the same 
surface area. However, we identically apply the value of VCA to both the products for fair comparison

Type Parameter Symbol Unit VCA VCB Note

Input Surface area A m2 0.900 1000 × 900 mm on hard floor
Time spent t h 0.017a Time spent for cleaning dust (872 g) on 

surface area
Dust pick-up for carpet dpuc – 0.750 Assumed to use the minimum value of 

ErP
Dust pick-up for hard floor dpuhf – 0.980 Assumed to use the minimum value of 

ErP
Operational motor lifetime t h 812.537 498.811 Referred from Table 4
Power P W 566.000 1298.000 Direct measurement

Mediate output Specific energy consumption for carpet SEc Wh/m2 1.067 2.447 Annex II [4]
Specific energy consumption for hard 

floor
SEhf Wh/m2 1.067 2.447 Annex II [4]

AEC for carpet AECc kWh/year 27.005 61.931 Annex II [4]
AEC for hard floor AEChf kWh/year 19.042 43.669 Annex II [4]

Result AEC (ErP base) AECgp kWh/year 23.024 52.800 Annex II [4]
AEC (equation base) AECgp kWh/year 28.300 64.900 Power × 50 h per year

Table 6   ErP compliance 
checklist

Parameter Unit Requirement VCA VCB

Value Compliance Value Compliance

Sound power level dBA ≤ 80 76 Pass 77 Pass
Operational motor lifetime h ≥ 500 812.537 Pass 498.811 Fail
Rated input power W < 900 566 Pass 1298 Fail
AEC (ErP base) kWh/year < 43.0 23.024 Pass 52.800 Fail
AEC (equation base) kWh/year < 43.0 28.300 Pass 64.900 Fail



575International Journal of Precision Engineering and Manufacturing-Green Technology (2021) 8:561–581	

1 3

average usage pattern in Fig. 7) to clean 0.9 m2 hard floor 
(the surface area in Table 5). Table 7 presents the result 
of the LCC assessment and Fig. 8 shows the comparative 
graph of the LCC assessment. The amount of material and 
electricity in the acquisition phase is referred from Table 3, 
while the electricity in the in-use phase is obtained from 
the estimated lifetime in Table 4. It is observable that the 
LCC of VCB records 301.238 USD (US Dollar) while that 
of VCA does 347.175 USD. The MSRP and electricity cost 
spent during the in-use phase are determined to be domi-
nant cost factors. The MSRP of VCB is 53.6% of that of 
VCA, although the electricity cost for the former is 40.8% 
higher than the cost for the latter. It is noted that collecting 
cost data is also labor-intensive. We collect cost data from 
multiple sources including Ecoinvent [52], which facili-
tates the gathering of the market data of the materials.

5.5 � Environmental Assessment

We perform our simplified LCA to assess the environmental 
loads incurred during the acquisition and in-use phases. The 
functional unit is the same with that of LCC as the use of 
the vacuum cleaner for 50 h/year to clean 0.9 m2 hard floor. 
We only measure the environmental loads of four major 
inventory parameters: carbon dioxide (CO2) correspondent 
to climate change, nitrogen oxide (NOx) and sulfur dioxide 
(SO2) to acidification, and water (H2O) to abiotic resource 
depletion. Their characterization factor values are referred 
from Ecoinvent. Table 8 presents the results of the LCA, 
and Fig. 9 summarizes the comparison of the environmental 
loads. This figure implies that VCA is less impactful on the 
environment with an average 39.6% less than that of VCB. 
CO2 is investigated as the most significant inventory param-
eter followed by H2O, SO2 and NOx. The environmental 

Table 7   Economic assessment result

a 1 USD = 0.900 EUR

Phase Parameters VCA (USD)a VCB (USD) Source and Note

1Acquisition Polypropylene (PP) 0.690 0.856 Market for polypropylene, granulate (GLO) 
[52]

Acrylonitrile butadiene styrene (ABS) 1.969 2.864 Market for acrylonitrile–butadiene–styrene 
copolymer (GLO) [52]

Polyamide 0.477 0.322 Market for glass fiber reinforced plastic, poly-
amide, injection molded (GLO) [52]

Nylon 0.939 0.413 Market for nylon 6-6 (GLO) [52]
Polyurethane 0.683 0.683 Market for polyurethane, rigid foam (GLO) 

[52]
Steel 0.468 0.494 Market for steel, unalloyed (GLO) [52]
Stainless Steel 7.100 3.397 Market for outside air intake, stainless steel, 

DN370 (GLO) [52]
Brass 1.768 1.768 Market for brass (GLO) [52]
Cardboard 0.657 0.657 Market for carton board box production, with 

gravure printing (GLO) [52]
Sum of material cost 14.750 11.453
Injection molding (electricity) 0.620 0.680 Electricity prices for industry [57]
Steel extrusion (electricity) 0.030 0.025 Electricity prices for industry [57]
Steel extrusion (heat) 0.013 0.011 Electricity prices for industry [57]
Screen printing (electricity) 8.03E−06 8.03E−06 Electricity prices for industry [57]
Power cord, plug and cables (electricity) 0.079 0.079 Electricity prices for industry [57]
Power cord, plug and cables (heat) 0.010 0.010 Electricity prices for industry [57]
Assembly and packaging (electricity) 0.185 0.189 Electricity prices for industry [57]
Sum of production cost 0.937 0.994

In-use Electricity 101.212 142.490 Electricity prices for household [57]
Maintenance (three-times filter replacement) 55.281 65.082 18.427 USD for a VCA filter, 21.694 USD for a 

VCB filter in the Asian country
MSRPa 174.995 81.218 Purchase in an online market of the Asian 

country because VCB is not shown in Euro-
pean market

Sum of in-use cost 331.488 288.790
Total life cycle cost 347.175 301.238
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burdens mostly come from the electricity consumption dur-
ing the in-use phase for which VCB consumes 40.8% more 
electricity than does VCA.

5.6 � Discussion and Future Direction

1.	 Discussion

ErP compliance: ErP has become a mandatory regulation 
as it specifies the measurement of energy and environmental 
performances of product systems. As presented in Table 6, 
VCA passes all the requirements regulated by the ErP, while 
VCB fails the ErP compliance due to the excess of the opera-
tional motor lifetime, rated input power and AEC. The main 
reason is that their power demands (VCA 566 W vs. VCB 
1298 W) affect their electricity usages differently during the 
in-use phase. Consequently, VCA can gain accessibility in 
the European market; however, VCB cannot.

Functional, economic and environmental performances: 
the measurement of multi-criteria performances needs to be 
accompanied during NPD with the inheritance of the ErP 
compliance. Thus, the functional, economic, and environ-
mental metrics of a product system need to be quantified to 
specify design parameters and compare design alternatives. 
In the case study, VCA gains a competitive advantage in 
the functional and environmental aspects; meanwhile, VCB 
performs better in the economic aspect. In our analysis, VCA 
operates with a lower power demand and motor rotation in 
the in-use phase, and thus it can prolong its durability and 
impose less environmental burdens throughout its lifecycle. 
On the other hand, VCB possesses cheaper MSRP, thereby 
gaining benefit for its LCC. The case study implies that 

VCB needs to replace its current motor with a more energy-
efficient one with an improved suction performance to pass 
the ErP requirements and increase its functional and envi-
ronmental performance. Meanwhile, VCA requires a lower 
MSRP to gain cost attraction. Such implications can drive 
product developers to decide on their target specifications 
and real performances to create better product designs. In the 
case study, we leave product developers the product choice 
in the three performance aspects. It comes from that the 
selection of the superiority among the three performances 
and the calculation of synthetic indices to determine the best 
product are the out of scope of the present work.

2.	 Future direction

ErP compliance: we address that product developers 
should consider the ErP compliance a pre-requisite for 
design parameters. Even excellent products may not be able 
to enter the marketplace unless they can satisfy the eco-
design parameters stipulated in the ErP. Checking the ErP 
compliance becomes a critical process in NPD while it is 
quite challenging to product developers due to the lack of 
knowledge and the relevant methods. Thus, more practical 
methods, including the present work, need to be developed 
and deployed to resolve environmental regulation problems 
during NPD. Such methods can be formalized in ways of 
guidelines, manuals, instructions, checklists, templates and 
software.

Improvement of functional, economic and environmen-
tal performances: in the marketplace, consumers typically 
want more durable and innovative products that provide 
monetary savings and an increased quality of life [55]. 
Recently, consumers have become smarter as the num-
ber of consumers who have interest in energy savings has 
increased [55]. Product developers therefore need to incor-
porate the design parameters relevant to the environmental 
aspect and align them with the conventional parameters 
associated with the functional and economic aspects. 
Design for X (DfX) can be a good methodology and tech-
nique to improve functional, economic and environmental 
performances. DfX emphasizes the incorporation of the 
issue given by X through setting X as the design goals 
and constraints during NPD [58]. The implementations of 
design for manufacturing, assembly, quality and reliabil-
ity led to benefits traditionally including simplification of 
products, reduction of manufacturing costs, improvement 
of quality and reduction of time to market [58]. Design 
for durability can implement better choice of materials, 
components and products by guiding the selection of more 
durable ones or the development of new ones that lead to 
minimize their defects. Meanwhile, design for sustainabil-
ity (DfS) becomes essential since 1990s, as described in 
Sects. 1 and 2. DfS can respond to the improvement of the 
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environmental and economic performances by applying 
LCD techniques like LCC and LCA appropriately to the 
conventional NPD processes [59]. These DfX applications 
can work independently but furthermore their integration 
needs to be achieved because X issues are mutually influ-
ential. The result of our case study is a good example in 
that the durability of vacuum cleaners directly affects their 
economic and environmental performances. Therefore, it 
is necessary to apply a holistic design approach to improve 
functional, economic and environmental performances. 
This approach enables product developers to consider the 
conventional (functional and economic) and recent (envi-
ronmental) requirements of their design decision-making.

Table 8   Environmental assessment result

1 MJ = 0.278kWh
Heating operations (steel extrusion and power cord, plug and wire cables) and maintenance are excluded
N/A remarks data absences in Ecoinvent

Phase Parameters VCA VCB

CO2 (kg-
CO2/fu)

NOx (kg-
NOx/fu)

SO2 (kg-
SO2/fu)

H2O (kg-
H2O/fu)

CO2 (kg-
CO2/fu)

NOx (kg-
NOx/fu)

SO2 (kg-
SO2/fu)

H2O (kg-
H2O/fu)

Acquisition Polypropyl-
ene (PP)

1.36E + 00 2.69E−03 3.09E−03 1.60E−02 1.68E + 00 3.33E−03 3.83E−03 1.98E−02

Acrylonitrile 
butadiene 
styrene 
(ABS)

4.22E + 00 7.62E−03 1.10E−02 9.77E−02 6.14E + 00 1.11E−02 1.60E−02 1.42E−01

Polyamide 5.12E−02 1.38E−03 9.34E−04 5.53E−04 3.46E−02 9.30E−04 6.31E−04 3.74E−04
Nylon 4.27E + 00 8.87E−03 1.17E−02 1.85E−01 1.88E + 00 3.90E−03 5.13E−03 8.15E−02
Polyurethane 2.43E−02 N/A N/A 2.56E−06 2.43E−02 N/A N/A 2.56E−06
Steel 6.80E−02 1.13E−05 N/A 6.88E−03 7.18E−02 1.19E−05 N/A 7.27E−03
Stainless 

Steel
6.70E−04 1.43E−06 N/A N/A 3.20E−04 6.84E−07 N/A N/A

Brass N/A N/A N/A 4.23E−04 N/A N/A N/A 4.23E−04
Cardboard N/A N/A N/A 1.43E−05 N/A N/A N/A 1.43E−05
Injection 

molding 
(electricity)

4.39E + 00 1.47E−02 2.42E−02 4.17E−01 4.81E + 00 1.61E−02 2.66E−02 4.57E−01

Steel 
extrusion 
(electricity)

1.67E−01 5.57E−04 9.20E−04 1.58E−02 1.42E−01 4.75E−04 7.84E−04 1.35E−02

Screen 
printing 
(electricity)

4.50E−05 1.51E−07 2.49E−07 4.28E−06 1.62E−01 5.42E−04 8.95E−04 1.54E−02

Power cord, 
plug and 
cables 
(electricity)

4.43E−01 1.48E−03 2.45E−03 4.21E−02 4.43E−01 1.48E−03 2.45E−03 4.21E−02

Assem-
bly and 
packaging 
(electricity)

2.87E−01 9.62E−04 1.59E−03 2.73E−02 2.94E−01 9.85E−04 1.63E−03 2.80E−02

In-use Electricity 3.72E + 02 1.25E + 00 2.06E + 00 3.54E + 01 5.24E+02 1.75E+00 2.90E+00 4.99E+01
Sum of environmental loads 3.88E+02 1.28E+00 2.11E+00 3.62E+01 5.40E+02 1.79E+00 2.95E+00 5.07E+01
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It is worth mentioning that the input power range of 
vacuum cleaners has increased in the last decades because 
consumers’ common sense was the higher input power, 
the higher cleaning performance of vacuum cleaners [39]. 
However, a report argues that more power does not equate 
to better cleaning and a good cleaning performance can be 
achieved through changes in motor, airways, and nozzle 
designs [60].

Furthermore, as product developers are faced with solv-
ing multi-criteria design problems, they need to determine 
the best option within the situation in which design param-
eters have both merits and demerits together with their 
complex correlations. Single indexing including weighting 
methods and the analytic hierarchy process can be feasi-
ble for increasing functional, economic and environmental 
performances by solving multi-objective optimization prob-
lems [61]. Such single indexes can represent the integrated 
measure of multiple performances for fast decision-making. 
However, product developers need to be aware of the short-
coming of the single indexing, which may eliminate the dis-
tinctions pervasive in individual aspects or reach different 
results depending on weighting preferences.

Software support: eco-design software is useful for 
improving environmental performance and desirable to 
product developers who lack knowledge of the environmen-
tal domain. As discussed in Sect. 2, some software solutions 
provide good functionalities to aid the eco-design actions 
of product developers. Even the Excel calculator, which we 
used, can be a simple template for automatic calculation by 
coding numerical equations. Nevertheless, the eco-design 
software needs to be more advanced to connect with referen-
tial databases for convenient data collection. Data collection 
is labor-intensive, and it is difficult to sustain data consist-
ency because these data can be sourced from dispersed data 
repositories and may contain spatial and temporal differ-
ences. This problem will be more critical to product develop-
ers. To solve this problem, LCI databases need to be evolved 
to provide better accessibility and openness by means of 
application programming interfaces and web-services. 
Accessibility and openness can lead to the implementation 
of automatic data ingestion through a direct connection 
between data repositories and eco-design software.

6 � Conclusion

The present work proposes an eco-design method that inte-
grates functional, economic, and environmental assess-
ments with a compliance check of eco-design requirements 
covered by the ErP directives. The proposed method is 
designed to provide analytical capabilities including a 
durability estimation based on a mechanical analysis, a 
regulatory compliance check based on the ErP calculation 

methods, a realistic LCC based on the embedment of the 
derived durability and a simplified LCA based on the 
environmental load quantification. The case study dem-
onstrates a comparative analysis to determine whether 
vacuum cleaners satisfy the ErP requirements and which 
vacuum cleaner is superior in terms of functional, eco-
nomic, and environmental aspects.

From the industrial perspective, the proposed method 
contributes to providing an easy and simplified eco-design 
approach so that product developers who have to be con-
cerned with the anticipation of cost and functionality with 
environmental soundness can make fast decisions on their 
design specifications. Returning to the news in Sect. 1, the 
present work originated from our questions—why did this 
happen? how this can be prevented?—and suggests solu-
tions for these questions. From the academic perspective, 
the present work designs an analytical method for comply-
ing with the ErP requirements as well as integrating three 
disperse assessment techniques into one holistic and sys-
tematic procedure. The present work also shows that the 
mechanical domain for the durability can be merged with 
the environmental domain underlying the LCC and LCA.

The present work is limited in dealing only with the 
durability in the functional assessment and excluding other 
important metrics such as usability, manufacturability, 
and practicability. Although the durability is important in 
assessing economic and environmental performances, other 
functional metrics need to be considered in real industries. 
Product developers require a comprehensive understanding 
of all functional metrics for their accurate decision-making. 
Other limitations can be found in our LCA simplification 
in the environmental assessment. Our LCA method cannot 
reach to determining scientific meaning in terms of impact 
categories. Transportation and disposal processes are out of 
the scope of our study; however, they obviously influence 
environmental performance due to pollutant emissions and 
the nontrivial energy consumption of product systems. Our 
method excludes the evaluation elements including com-
plete, sensitivity, and consistency checks, which are typi-
cally undertaken in the full LCA for enhancing the confi-
dence and reliability of LCA studies.

In the future, we will extend the coverage of multiple 
functional metrics including usability, manufacturability, 
and practicability for increasing the convenience of prod-
uct developers. We will intensify our simplified LCA for 
a more rigid assessment by integrating the full LCA in 
ways extending toward the entire product lifecycle and 
incorporating the evaluation elements. We will implement 
a software prototype for eco-design decision supports to 
improve the comfort of product developers.
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