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Abstract

Purpose The purpose of this study is to provide an integrated method to identify the resource consumption, environ-
mental emission, and economic cost for mechanical product manufacturing from economic and ecological dimensions
and ultimately to provide theoretical and data support of energy conservation and emission reduction for mechanical
product manufacturing.

Methods The applied research methods include environmental life cycle assessment (LCA) and life cycle cost (LCC). In life
cycle environmental assessment, the inventory data are referred from Chinese Life Cycle Database and midpoint approach and
EDIP2003 and CML2001 models of life cycle impact assessment (LCIA) are selected. In life cycle cost assessment, three cost
categories are considered. The proposed environment and cost assessment method is based on the theory of social willingness to
pay for potential environmental impacts. With the WD615 Steyr engine as a case, life cycle environment and cost are analyzed
and evaluated.

Results and discussion The case study indicates that, in different life cycle phases, the trend of cost result is generally similar to the
environmental impacts; the largest proportion of cost and environmental impact happened in the two phases of “material
production” and “component manufacturing” and the smallest proportion in “material transport” and “product assembly.” The
environmental impact category of Chinese resource depletion potential (CRDP) accounted for the largest proportion, followed by
global warming potential (GWP) and photochemical ozone creation potential (POCP), whereas the impacts of eutrophication
potential (EP) and acidification potential (AP) are the smallest. The life cycle “conventional cost” accounted for almost all the
highest percentage in each phase (except “material transport” phase), which is more than 80% of the total cost. The “environmental
cost” and “possible cost” in each phase are relatively close, and the proportion of which is far below the “conventional cost.”
Conclusions The proposed method enhanced the conventional LCA. The case results indicate that, in a life cycle framework, the
environment and cost analysis results could support each other, and focusing on the environment and cost analysis for mechanical
product manufacturing will contribute to a more comprehensive eco-efficiency assessment. Further research on the life cycle can
be extended to phases of “carly design,” “product use,” and “final disposal.” Other LCIA models and endpoint indicators are
advocated for this environmental assessment. Environmental cost can also be further investigated, and the relevant social
willingness to pay for more environmental emissions is advocated to be increased.
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1 Introduction
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“high cost” time is coming, the costs of land, raw materials,
labor, and energy, among others, are on the rise, and the sus-
tainable development of the mechanical product manufactur-
ing industry is facing huge challenges.

The improvement of eco-efficiency has become the practi-
cal way for the sustainable development of the mechanical
product manufacturing industry. The eco-efficiency analysis
(EEA) method proposed by BASF, a chemical firm, is a well-
known quantitative tool used to provide life cycle assessment
(LCA) for products or processes with regard to the environ-
mental impact and cost-effectiveness (Landsiedel and Saling
2002; Saling et al. 2002; Saling et al. 2005; Uhlman and
Saling, 2010). The method has been conducted in more than
600 studies (BASF 2015), e.g., the applications of environ-
ment and cost assessment for chemical processes and products
(Shonnard et al. 2003) and the comparison of conventional
polyol production with polyol manufacturing routes that uti-
lize renewable or natural oils (Uhlman and Saling 2010).
However, the method has some inevitable limitations, such
as the violation of the well-founded rationality axiom inde-
pendence from irrelevant alternatives, as discussed by
Dyckhof et al. (2015), or stakeholders of eco-efficiency stud-
ies “are not as well versed in many of the common units of
measurements” due to “not be able to adequately assess the
relative significance of the measured impacts” as Saling
(2015) mentioned. Nevertheless, EEA still seemed to be an
effective method for the precise assessment procedure of eco-
logical performance measurement.

In recent years, LCA and life cycle cost (LCC) have been
developed as the effective and operative tools to evaluate the
eco-efficiency of the product life cycle. The literature has pre-
sented some examples by combining LCA and LCC to
product evaluations from economic and ecological
dimensions. Typical applications of the LCA and LCC
integration were used by several researchers. For example,
Mistry et al. (2016) conducted potential environmental
impacts and reinforced the structure of the net present cost
of the stainless steel through the combination of LCA and
LCC. Lee et al. (2010) identified the environmental and eco-
nomic aspects of the wind-hydrogen system using LCA and
LCC methodologies. Luo et al. (2009) conducted
environmental and economic analyses of the Brazilian
ethanol industries, which are of crucial importance based on
the theories of LCA and LCC. Islam et al. (2015) described
LCA and life cycle cost analysis for typical Australian houses.
Chiesa et al. (2016) performed the life cycle environmental
impact and environmental LCC assessment for three different
high-efficiency residential pellet boilers manufactured by an
Austrian company. Kjer et al. (2015) proposed an environ-
mental and economic input—output model, which avoided cut-
offs in the LCA; this model was used to verify the efficacy of a
tanker ship. Bovea and Vidal (2004) proposed a model to add
value to a product by means of the integration of environment,

cost, and customer valuation during the design process. Kim
et al. (2011) evaluated the food waste disposal options by
LCC analysis from the perspective of global warming and
energy and/or resource recovery. Tapia et al. (2008) conducted
an environmental, financial, and quality assessment of six
alternative processes of drinking water processes based on
LCA and LCC theories. Barrios et al. (2008) performed
LCA and LCC theories to an environmental and financial
impact assessment of an existing water treatment facility.
Lindahl et al. (2014) quantified environmental and economic
benefits of the Integrated Product Service Offering in real
practice from a life cycle perspective using LCA and LCC.
Ristiméki et al. (2013) analyzed LCC and carbon emissions of
a district energy system for a new residential development in
Finland. Heijungs et al. (2013) provided an explicit and trans-
parent description of how to calculate the life cycle cost.
Further studies on LCC and LCA integrations have been in-
troduced (Senthil et al. 2003; Hoogmartens et al. 2014;
Ferreira et al. 2014; Cerria et al. 2014; Norris 2001; Kannan
et al. 2004), but these studies were not detailed.

Although fruitful results have been achieved in LCC and
LCA integration, the applications are not comprehensive
enough and are rarely applied to mechanical product
manufacturing in China. However, large resource consump-
tion, environmental emission, and economic cost are generat-
ed in the process of mechanical product manufacturing, and
the effective and accurate evaluation method is not available
by now. To overcome the research gap, this study proposed an
integrated environment and cost assessment method by
employing LCC and LCA for mechanical product
manufacturing. The aims of the present study are to examine
and identify the resource consumption, environmental emis-
sion, and economic cost for mechanical product manufactur-
ing process; to ultimately provide theoretical and data support
of energy conservation and emission reduction for more
environmental-friendly and cost-effective measures; and by
focusing on the environment and cost analysis in the mechan-
ical product manufacturing process, to contribute to a compre-
hensive assessment of eco-efficiency.

2 Integrated method of life cycle cost
and environmental assessment

2.1 Research methods

In this study, the applied research methods include environ-
mental LCA and LCC. The former is used for environmental
assessments, whereas the latter is for purely economic assess-
ments. LCA quantifies and evaluates the environmental im-
pacts throughout the whole life cycle of industrial system or
product through the “cradle to grave” approach. LCA contains
four phases: goal and scope definition, life cycle inventory
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(LCI) analysis, life cycle impact assessment (LCIA), and in-
terpretation (ISO 14044 international standard 2006). LCC
refers to the costs incurred in the product life cycle, and the
aim of LCC analysis is to provide a comprehensive evaluation
of product cost, reduce the life cycle cost, and improve the
product performance.

Referred to the standard of ISO 14045 international stan-
dard 2012 for Eco-efficiency assessment of product systems,
the environment and cost calculation method presented in this
study is based on potential environmental impacts, and the
theory of social willingness to pay is a useful innovation to
life-cycle cost analysis.

2.2 Objective and scope
2.2.1 Objective

The objective of this study is to qualify and quantify the en-
ergy and material consumption, environmental emission, and
economic cost of mechanical product manufacturing process;
to identify the main types of life cycle environmental impact
and cost in different phases; and to propose effective measures
of energy saving, emission reduction, and cost minimization.

2.2.2 System boundary

Generally, the entire life cycle is usually “from cradle to
grave.” In this study, the system boundary is restricted to the
product manufacturing phases, and the relevant life cycle
mainly includes material production (MA), material transport
(MT), component manufacturing (CM), product assembly
(PA), and product sale (PS), whereas the two phases of use

and disposal are not relevant. The system boundary is shown
in Fig. 1.

2.3 Life cycle inventory (LCI)
2.3.1 Environmental LCI

The environmental LCI data of mechanical product mainly
include raw materials (steel, alloy, and rubber, to name a
few), energy (electricity, natural gas, diesel, and coal), and
environmental emissions (CO,, SO,, CO, CHy, dust, and oth-
er forms of exhaust waste).

2.3.2 Life cycle cost inventory

The cost includes material cost, energy fee, labor, depreciation
cost, transport, office, management expenses, sales expenses,
personnel injury, pollutant removal, and fines, among others.
However, the cost should also include environmental costs.
Although comprehensive evaluation for a particular product is
difficult, in this study, an environmental cost calculation method
based on the potential environmental impacts and social willing-
ness to pay is proposed, in which the environmental cost is quan-
tified by the environmental input, output, and environmental
currency payment intention for a given product or system.

2.4 Life cycle impact assessment
2.4.1 Life cycle environmental impact

The life cycle impact assessment (LCIA) attempts to link LCI
data to the potential environmental impacts. In LCIA,
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Fig. 1 The system boundary of this integrated method based on LCA and LCC
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midpoint approach is used to illustrate the environmental im-
pact because of the strong scientific robustness of the mid-
point indicators (Bare et al. 2000), and the EDIP2003 and
CML2001 models are selected. According to UNEP/SETAC
(2011), LCIA should include at least three steps, namely, clas-
sification, characterization, and normalization.

Classification: LCI results are organized into relevant im-
pact categories. The selection of LCIA categories depends on
the main substances of recourse consumption and waste emis-
sion in LCI. According to EDIP2003, CML2001, and
IPCC2007, the main LCIA categories include Chinese re-
source depletion potential (CRDP), global warming potential
(GWP), eutrophication potential (EP), acidification potential
(AP), photochemical ozone creation potential (POCP), ozone
depletion potential (ODP), and human toxicity (HT), among
others. What needs illustration is that, CRDP is not a common
resource depletion factor, it is expressed as ADP index divided
by the self-sufficiency rate of the resource in China, and the
resource characteristic factors are indicated by the substance
of “antimony” (USGS Minerals Yearbook 2005; China
nonferrous metal industry yearbook 2006). CRDP is often
used to describe the scarcity of resources in China.

Characterization: The potential contribution of different
pollutants to an environmental impact category is calculated.
The characterization factors in this study are based on GB/
T2589-2008, IPCC2007/2002, and CML 2002 (de Bruijn et
al. 2002), supposing that the environmental impact potential is
expressed as S, which is given by Eq. (1):

£(8)=5i = 3 0, x EP(). (1)

where Sy is the kth environmental impact potential result, Q; is
the quantity of the ith substance emission, and EP (i) is the
characterization factor of the ith substance.

Normalization: Environmental impact potential is
quantified according to the standard of the selected envi-
ronmental impact equivalent year, which provides a

unified comparison standard of different environmental
impact potentials. In this study, normalization factor is
adapted from Wenzel et al. (1997). Based on the assump-
tion that the normalization result is expressed by N, the
calculated method is shown in Eq. (2):

S(N) = Ni = Si/Re, (2)

where N, is the kth environmental impact normalization
result and R; is the normalization factor of the kth envi-
ronmental impact potential.

2.4.2 Life cycle cost classification

Life cycle cost can be classified by different standards. In
this study, based on the work of Leng (2007), three cate-
gories of life cycle costs are classified by capital uses:
conventional cost (C,), possible cost (C,;), and environ-
mental cost (C,3). Conventional cost is associated with
the common financial debt, including general funding,
operating costs, or tax (funds, equipment, labor, and en-
ergy supply and use). Possible costs depend on the possi-
bility of future events, which is not directly considered by
policymakers, such as personnel injury, removal of pollut-
ants, and unforeseeable management cost. Environmental
costs are associated with the impact of human activities
on the natural environment. Unlike conventional costs and
possible costs, policymakers believe that the environmen-
tal cost is the typical intangible costs and cannot be accu-
rate and quantitatively expressed.

Table 1 shows the three cost classifications, in which con-
ventional cost and possible cost can be obtained through com-
pany financial accounting. For the environmental cost, this
study proposes an analysis method based on the potential
environmental impacts and the theory of social willingness
to pay (see Sect. 2.4.3).

Table 1 Life cycle cost

classification Conventional cost

Possible cost Environmental cost

Capital

Equipment

Labor

Material

Energy

Depreciation of fixed assets
Transportation

Sales expenses

Tax

Management, office, service
Maintenance

Waste disposal

Legal adviser Global warming

Personal injury Ozone depletion
Fine Photochemical
Property loss Acidification

Remedial actions Eutrophication

Property loss Resource degradation
Public image loss Water pollution
Future market changes Chronic health effect

Serious health damage

Biodiversity changes
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2.4.3 Environmental cost analysis method

Social willingness to pay is the willingness to pay for a
certain amount of money to avoid (or exchange) some
kind of change. In this study, the environmental cost is
expressed as social paying money for the environmental
impacts. The money quantity of social willingness to pay
for environmental impact is obtained from Li et al.
(2005). Monetary factors of the five main environmental
impacts are shown in Table 2, in which only coal, oil, and
natural gas are considered in the environmental costs of
CRDP, due to the missing environmental monetary factors
of metals. Five environmental cost analysis steps are in-
volved, namely:

1. Construction of environmental output matrix, as shown in
Eq. 3):

el e €1n
- o €1 €2 €
€ml  €m2 ... Epmp

where e;; represents the substance quantity of the ith environ-
mental output in the jth unit process, subjected to e; > 0; m is
the total number of environmental emissions; and 7 is the total
number of unit processes.

2. Construction of one-order summation matrix, as shown in
Eq. (4):
B, =(1,1,..1,1)" (4)

mx1*

3. Construction of monetary matrix of social willingness to
pay, as shown in Eq. (5):

E°D*°K — (ey X d[/l % kll+tz+...+t/>

i

D' = (DD ....D,.. D"
dil diz dzn

d21 d22 t d2n (5)
I T
drlnl drznZ d::m

where dfl is the monetary factor of social willingness to pay
for the ith environmental emission in the jth phase.

4. iv. Creation of future cost value coefficient matrix.

Because of the dynamic and time-varying LCI, capital time
value should be considered, and the final cost value coefficient
k can be determined by Eq. (6):

k= (P/F,i.,n), (6)

where P is the discounted present value, F'is the future cost, i,.
is the benchmark discount rate of the product industry, and # is
the time period (unit: year).

Therefore, the future cost value coefficient matrix K can be
expressed in Eq. (7):

tH i+t ti+th+...+t,
R N
kT v kTR
— | %2 T2 ittt Ky
K= ok (7)
1 ti+t ti+t+...+t,
km kln km
L+ttt .
where k' ’ represents the future cost value coefficient

of the ith environmental output in the jth phase.

v. Hadamard integration of matrixes E, D, and K is given in
Eq. (8), and the calculation of the environmental cost matrix
Cris expressed in Eq. (9):

el e ... e d%l d%z e dy, k[f ktllﬂz kt11+lz+m+t"
Clen en ... em dél d%z . &, Ky R . it (8)
- e,]- ’ dljj ’ k?+t2+m+t!

el €m2 .- Cmn dzlnl dfnz o d;m ki’;l k£'11+tz k2+lz+...+tn
Table 2 Monetary factors of five main environmental impacts (RMB/kg)
Environmental impact category CRDP GWP
Materials inventory Coal Crude oil Natural gas CcO NO, CO, CH,
Monetary factor 0.001 0.008 0.006 0.11 0.0007 0.22 0.009
Environmental impact category EP AP POCP
Materials inventory NO, COD NH,4 SO, NO, H,S HCI CcO
Monetary factor 0.53 3.13 0.21 0.63 0.9 0.335 0.72 12
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Cp = [(EOD*) OK} TBmel. (9) Table 3  Technical parameters of WD615 Steyer engine

Technical parameters Quantity Unit
2.5 Result interpretation Number of cylinders 6 -

Net weight 850 kg
The main purpose of this section is to explain and analyze the =~ Displacement 9726 ml
results of life cycle environment and cost in different phases  Rated power 213 kw
for mechanical product manufacturing and search for more  Net power 2200 r/min
environmental friend and cost-effective measures. Torque 1160 N'm

Torque speed 1100~1600 r/min

3 Case study

In this study, a Steyr engine is selected as the case to evaluate
the environmental and economic performance of the proposed
method. Steyr engines are mature products that are commonly
used in heavy-duty trucks in China. Steyr engines account for
more than 50% production of China’s heavy-duty vehicle en-
gines, with large recourse consumption and environmental
emissions generated in the manufacturing process each year.

3.1 Objective and scope
3.1.1 Research objective

The objective of the study is to analyze the resource consump-
tion, environmental emission, and cost of the Steyr engine
manufacturing as well as to qualify and quantify the main
environmental impacts and cost in different phases.

3.1.2 Function unit and system boundary

In this study, the functional unit is defined as a “WD615 Steyr
engine” produced by Jinan Fugiang Power Co. Ltd., and the
components of the engine include “seven pieces,” namely,
cylinder head, cylinder block, connection rod, timing gear
box, crankshaft, fly wheel housing, and fly wheel. Other ac-
cessories are purchased from providers. The technical param-
eters of WD615 Steyr engine are shown in Table 3.

The life cycle involves five phases, namely, material pro-
duction, material transport, component manufacturing, prod-
uct assembly, and product sale. The system boundary is shown
in Fig. 1.

3.2 Life cycle inventory

3.2.1 Life cycle environmental inventory

Material production Steel, cast iron, aluminum, and alloy con-
stitute the main materials of engine components, including

185.05 kg steel, 594.64 kg cast iron, 41.23 kg aluminum,
and 35.32 kg alloy.

Material transport The main raw material supplier for engine
component manufacturing is Shanghai Baosteel Group
Corporation. The materials are transported by truck using gas-
oline fuel, with load of 10 t. The total distance is 880 km, and
transportation distance inside the factory is ignored.

Component manufacturing and product assembly The related
data of engine component manufacturing and product assem-
bly are obtained from the company production site, mainly
including energy consumption of the “seven pieces” of
manufacturing and engine assembly, which have total energy
consumption of 2296.21 kWh.

Product sale The engines are sold separately or along with the
heavy truck. They are sold in 4S shops or markets near the
provinces. The average distance between Jinan Fuqiang
Power Co. Ltd. and the selling spots is 400 km.

3.2.2 Chinese life cycle database

The unit process inventory data of electric power, transporta-
tion, raw material production, and environmental emissions
are obtained from the Chinese Life Cycle Database (CLCD).
CLCD is currently the only publicly available Chinese local
LCA database and was developed by Sichuan University and
IKE Co. Ltd. The data represent the average Chinese produc-
tion technology and market. CLCD contains more than 600
types of Chinese life cycle data, such as inventory data of
energy consumption, mineral resource consumption, green-
house gases, acidification, and solid waste, among others. At
the same time, CLCD contains the common characteristic
factor, China 2005 and 2010 normalized factors, and
weighting factor of energy conservation and emission reduc-
tion. The LCI data of the engine are shown in Table 4.

3.2.3 Life cycle cost inventory
Conventional cost (C,7) and possible cost (C,,) of engine The
conventional cost and possible cost of WD615 Steyr engine in

different phases are shown in Table 5, of which only legal
adviser, personal injury, and property loss are considered in
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Table 4 LCI in different phases

Environmental Impact Inventory Material Material Component Product Product Total
category production transport manufacturing assembly sale
Natural resources (kg) Steel, iron - - 7.80E+02 - - 7.80E+02
cast
Aluminum - - 4.12E+01 - - 4.12E+01
Alloy - - 3.53E+01 - - 3.53E+01
Coal 1.39E+03 4.04E-03 1.30E+03 9.74E+00 1.84E-03 2.70E+03
Crude oil 6.14E+01 3.51E+01 6.59E+00 1.05E+00 1.60E+01  1.20E+02
Natural gas  1.28E+01 8.13E-04 1.13E+01 7.09E-01 3.70E-04 2.48E+01
Air pollution emissions (kg) CO 1.77E+00 1.79E-02 3.71E-01 1.32E+01 8.14E-03 1.54E+01
CO, 2.63E+03 1.00E+02 2.08E+03 2.99E+01 4.55E+01 4.89E+03
SO, 7.19E+00 2.03E-04 7.22E+00 2.98E-02 9.23E-05 1.44E+01
NOy 4.43E+00 2.03E-03 5.82E+00 1.58E+00 9.23E-04 1.18E+01
CH,4 6.77E+00 8.53E-04 6.05E+00 5.99E-01 3.88E-04 1.34E+01
H,S 2.88E-02 1.96E-07 1.00E-03 2.00E-04 8.91E-08 3.00E—02
HCl 2.58E-01 1.48E-06 5.60E-01 2.20E-02 6.73E-07 8.40E-01
CFCq 1.28E-06 9.48E-07 2.82E-06 1.06E-06 431E-07 6.54E-06
Dust 2.10E-01 2.91E-03 7.15E-01 1.70E-03 1.32E-03 9.31E-01
Water pollution emissions ~ BOD 4.84E+00 9.65E-05 1.03E-01 2.87E-01 4.39E-05 5.23E+00
(kg) COD 5.57E+00 3.93E-04 2.80E-03 3.67E-01 1.79E-04  5.94E+00
NH,4 5.24E-03 1.79E—-05 4.20E-02 2.74E-03 8.14E-06 5.00E—02

the possible cost. In this study, capital time value of the two
costs is also considered. If the time span from raw material

Table 5 Conventional and possible cost in different phases (Unit: RMB)

production to engine sale is 1 year, and the benchmark dis-
count rate of the product industry is 5%, then k= (F/P, 5%,

Cost category Detailed cost item Material Material Component Product Product Total
production transport manufacturing Assembly sale
Conventional cost ~ Capital 7550 0 1000 0 0 8550
Con Material 0 0 3800 30 50 3880
Energy 2200 30 3500 100 35 5865
Fixed assets depreciation 2000 25 1500 400 0 3925
Transportation 100 50 0 0 300 450
Sales expenses 0 0 0 0 2500 2500
Labor 4100 300 2800 1300 350 8850
Management, office, 560 120 245 80 130 1135
service

Tax 6500 0 0 0 8500 15,000
Financial expense 45 10 35 5 20 115
Waste disposal 180 10 56 10 20 276
Water pollution control 8 0 15 2 0 25

C,; Total 24,243 545 12,951 1927 10,905 50,571

NFV(C,,) 254552 5723 13,598.6 2023.4 11,4503  53,099.6

Possible cost C,, Legal adviser 10 0 4 2 4 20
Personal injury 54 4 20 10 10 98
Property loss 150 20 70 10 20 270

C,, total 214 24 94 22 34 388

NFV(C,0) 224.7 25.2 98.7 23.1 35.7 407.4

NFV(C,;) + NFV(C,y) 25,679.9 597.5 13,697.3 2046.5 11,486 53,507
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1)=1.05. According to Table 5, the total future value of the
conventional and possible costs is calculated as

NFV(Co1) + NFV(C,) = 53099.6 4 407.4
= 53507(RMB)

Engine life cycle environmental cost C,3 According to the
environmental cost analysis steps in Sect. 2.4.3, the life cycle
environmental cost of the engine is calculated as follows:

1. Construction of engine environmental output matrix
E= (eij)m X ne

2. Construction of one-order summation matrix:

Bis=(1,1,..1, 1) .
3. Construction of monetary matrix:

According to Table 2, environmental monetary factors are

D = (dy,ds, ....dis)" = | 0.001,0.008,0.006,0.11,0.0007,0.22,0.009
,0.63,0.9,0.335,0.72,0.53,3.31,0.21, 1.2

which is converted to 15 x 5 matrix D* and expressed as

The row vector of matrix £ is the corresponding environ- [0.001 0.001 0.001 0.001 0.001
mental output factor for CRDP, GWP, AP, EP, and POCP. 0.008  0.008 0.008 0.008 0.008
According to Table 4, the environmental output of the engine %01016 00'01016 00'01016 0601016 00'01016
can be set up, as shown in Table 6. The environmental output 0.0007 0.0007 0.0007 00007 0.0007
matrix E is expressed as 022 022 022 022 0.0009
0.009 0.009 0.009 0.009 0.009
[ 1390  0.004 1300 9.74  0.0018 E=] 0.63 0.63 0.63 0.63 0.63
61.4 35.1 6.59 1.05 15.955 0.9 0.9 0.9 0.9 0.9
12.8 0 11.3 0.709  0.0004 0.335 0335 0335 0.335 0.335
2730  0.126 2080 29.9 0.0573 0.72 0.72 0.72 0.72 0.72
6770 0 6.05 0.599  0.0004 0.53 0.53 0.53 0.53 0.53
4.43 0 5.82 1.58 0.0009 3.13 3.13 3.13 3.13 3.13
1.77 132 0.0179 0.371 6 0.21 0.21 0.21 0.21 0.21
E=| 719 0 722 0.0298 0 1.2 1.2 1.2 1.2 1.2
443 0.0020 5.82 1.58 0.0009
0.0288 0 0.001  0.00002 0
0.258 0 0.56  0.022 0 4. Future cost value coefficient matrix.
0.0052 0 0.042  0.0027 0
4.43 0.0020 5.82 1.58 0.0009 . . . .
557 00004 00028 0367  0.0002 In this study, the time span from raw material production to
| 1.77 132 0.0179 0371 6 engine sale is 1 year, and we set n= 1. The benchmark dis-
Table 6 Environmental output in
different phases Environmental Inventory ~ Material Material Component Product Product
impact category production transport manufacturing assembly sale
CRDP Coal 1.39E+03 4.04E-03 1.30E+03 9.74E+00 1.84E-03
Crude oil  6.14E+01 3.51E+01 6.59E+00 1.05E+00 1.60E+01
Natural 1.28E+01 8.13E-04 1.13E+01 7.09E-01 3.70E-04
gas
GWP CO, 2.73E+03 1.26E-01 2.08E+03 2.99E+01 5.73E-02
CHy4 6.77E+00 8.53E-04 6.05E+00 5.99E-01 3.88E-04
NOy 4.43E+00 2.03E-03 5.82E+00 1.58E+00 9.23E-04
CcO 1.77E+00 1.32E+01 1.79E-02 3.71E-01 6.00E+00
AP SO, 7.19E+00 2.03E-04 7.22E+00 2.98E-02 9.23E-05
NOy 4.43E+00 2.03E-03 5.82E+00 1.58E+00 9.23E-04
H,S 2.88E-02 1.96E-07 1.00E-03 2.00E-04 8.91E-08
HCI 2.58E-01 1.48E-06 5.60E-01 2.20E-02 6.73E-07
EP NH4 5.24E-03 1.79E-05 4.20E-02 2.74E-03 8.14E-06
NO4 4.43E+00 2.03E-03 5.82E+00 1.58E+00 9.23E-04
COD 5.57E+00 3.93E-04 2.80E-03 3.67E-01 1.79E-04
POCP CcO 1.77E+00 1.32E+01 1.79E-02 3.71E-01 6.00E+00
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Table 7  Environmental cost in different phases (Unit: RMB)

Environmental Material production Material transport Component Product assembly Product sale Total
impact category manufacturing

CRDP 2.06E+00 2.95E-01 1.49E+00 2.35E-02 1.34E-01 4.00E+00
GWP 3.05E+02 1.17E+01 2.42E+02 3.82E+00 5.32E+00 5.68E+02
AP 9.15E+00 2.05E-03 1.07E+01 1.53E+00 9.32E-04 2.14E+01
EP 1.98E+01 6.77E-03 1.92E+01 5.28E+00 3.08E-03 4.43E+01
POCP 2.23E+00 1.66E+01 2.26E-02 4.67E-01 7.55E+00 2.69E+01
NFV(C,3) 3.46E+02 2.86E+01 2.73E+02 1.11E+01 1.30E+01 6.72E+02

count rate is 5% and k= (F/P, 5%, 1)=1.05. The future cost

value coefficient matrix K is expressed as

k]] k12

K — ko1 kx

kis
kas

kist ki kst kiss

5. The total environmental cost matrix C,3; can be obtained

as follows:

Cor = [(£:D") K] "Bl =

Therefore, we can obtain the following future environmen-
tal cost values: 345.58 RMB in the material production phase,

345.58
28.62
273.42
11.12
13.01

1.05
1.05

1.05 1.05

Table 8 Characterization and normalization results

1.05
1.05

1.05

28.62 RMB in the material transport phase, 273.42 RMB in
the component manufacturing phase, 11.12 RMB in the prod-
uct assembly phase, and 13.01 RMB in the product sale phase,
which amount to a total of 671.74 RMB. Furthermore, the
environmental costs of CRDP, GWP, AP, EP, and POCP in
different phases are calculated, as shown in Table 7. The total
future environmental cost value in the life cycle is

NFV(C,3) = 345.58 + 28.62 + 273.41 + 11.12 + 13.01
= 671.74(RMB)

To sum up, the total value of conventional cost, possible
cost, and environmental cost in life cycle is

NFV(C,1) + NFV(Cy) +NFV(Cy3)
= 53099.6 + 407.4 + 671.74 = 54178.74(RMB)

Environmental impact Materials Inventory Quantity (kg) Characterization factor ~Characterization result Normalization factor Normalization

category result
CRDP Steel 779.69 4.45 kg 9776.45 3959 2.47
Aluminum 41.23 2.88 coal eq
Coal 2699.75 1
Crude oil 120.10 26.4
Natural gas 24.82 12.8
GWP CO, 4840.09 1 kg 9007.61 8700 1.04
CH, 13.44 25 CO, eq
NOx 11.84 320
(6[0) 21.36 2
AP SO, 14.44 1 kg 23.55 36 0.65
NOx 11.84 0.7 SO, eq
H,S 0.039 1.88
HCI 0.85 0.88
EP NH,4 0.05 3.44 kg 17.52 62 0.28
NOx 11.84 1.35 NO; eq
COD 5.9436 0.23
POCP (6[0) 21.36 0.03 kg 0.64 0.65 0.99
C2H4 €q
eq
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Table 9 Normalization results in

different phases Environmental Material Material Component Product Product Total
impact category production transport manufacturing assembly sale (PS)

(MP) MT) (CM) (PA)

CRDP 8.02E-01 2.34E-01 1.32E+00 1.18E-02 1.06E-01  2.47
GWP 4.85E-01 1.16E-02 4.70E-01 6.63E-02 527E-03 1.04
AP 2.94E-01 4.52E-05 3.27E-01 3.21E-02 2.05E-05 0.65
EP 1.17E-01 4.67E-05 1.29E-01 3.59E-02 2.12E-05 0.28
POCP 8.17E-02 6.09E-01 8.26E-04 1.71E-02 2.77E-01  0.99
Total 1.78E+00 8.55E-01 2.25E+00 1.63E-01 3.88E-01 543

3.3 Life cycle impact assessment
3.3.1 Life cycle environmental impact analysis

Five main environmental impact categories are selected
considering the main substances of recourse consumption
and waste emission in engine manufacturing, namely,
CRDP, GWP, EP, AP, and POCP. CRDP is mainly deter-
mined by the energy consumption of steel, aluminum,
coal, oil, and natural gas. GWP is expressed in kg CO,-
eq. AP is expressed in kg SO,-eq. POCP is expressed in
kg C,Hy-eq. EP is expressed in kg NO3 -eq. Other envi-
ronmental impact categories are not considered because of
their minimal impact. Moreover, solid wastes are mainly
dust and metal filings whose weight accounts for more
than 90% of the total waste emissions. Treatment methods
include discharge, which can minimize the environmental
impact. Therefore, solid wastes are also not considered.

The characterization and normalization results of five
environmental impacts can be obtained by Egs. (1)—(2), as
shown in Table 8, and the normalization results for five
environmental impacts in different phases can be obtain-
ed, as shown in Table 9. Figures 2 and 3 present the pie
charts and histograms of the engine life cycle environ-
mental impacts in different phases. Due to the long range
of the data values, a log scale is used to pull it down to a
more tractable range.

u CRDP

uGWP AP  mEP

uPOCP

18.23%

45.49%

5.16%

11.97%—"

19.15%

Fig. 2 Percentage of five environmental impact categories

3.3.2 Life-cycle cost analysis

Based on the cost inventory, the conventional cost, possible
cost, and environmental cost of the engine in different phases
are shown in Table 10, and the comparison of the cost results
is illustrated in Figs. 4 and 5, in which a log scale is also used.

3.3.3 Comprehensive environmental and cost analysis

To compare the environmental impact and cost in different
phases comprehensively, the unit of cost is converted to 10,000
RMB, which makes the cost numerical order close to the envi-
ronmental impact results. The result of the comparison of cost
and environmental impact is shown in Table 11 and Fig. 6.

3.4 Result discussion
3.4.1 Environmental impact result

As shown in Fig. 2 and Table 8, the environmental impact
category of CRDP accounts for the largest proportion of
45.49%, followed by GWP and POCP, which account for
19.15 and 18.23%, respectively. The impacts of EP and AP
are smallest at 5.16 and 11.97%, respectively. The environ-
mental impact comparisons in different stages are shown in
Fig. 3 and Table 9, material production and component
manufacturing have strong impacts on the environment, and
CRDP in component manufacturing is the largest, followed by

1.00E+01
1.00E+00
1.00E-01
1.00E-02
1.00E-03
1.00E-04
1.00E-05
MP MT CM PA PS

u CRDP EGWP AP = EP = POCP

Fig. 3 Environmental impacts comparison in different stages
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Table 10  Life cycle cost in different phases

Cost category Material Material transport ~ Component Product assembly (PA)  Product sale (PS)  Total
production (MP)  (MT) manufacturing (CM)

Conventional cost 2.42E+04 4.50E+01 1.30E+04 1.93E+03 1.09E+04 5.01E+04

Possible cost 2.14E+02 2.40E+01 9.40E+01 2.20E+01 3.40E+01 3.88E+02

Environmental cost ~ 3.46E+02 2.86E+01 2.73E+02 1.11E+01 1.30E+01 6.72E+02

Total 248E+04 5.98E+02 1.33E+04 1.96E+03 1.09E+04 5.16E+04

GWP. The environmental impacts on material transport and
product sales are the smallest, especially for AP and EP; how-
ever, the two phases produce the most POCP.

The reasons for the above results are that in the material
production and component manufacturing phases, large
amounts of energy (electricity) and materials (steel, alumi-
num, and alloy, among others) are consumed, and the produc-
tion of electric power would consume an amount of natural
resources of coal, crude oil, and natural gas, which contribute
a great to the CRDP, and as a result, the whole proportion of
CRDP is much higher than other categories. At the same time,
a large amount of CO,, CO, and other greenhouse gases are
generated by electric power and metal materials of alloy and
aluminum production, which leads to the rise of the whole
GWP. On the other hand, the distance of material transport
and product sale is relatively far from the engine production
company, which resulted in a large number of CO in the truck
transportation and leads to the increase of GWP and POCP in
the two phases. By contrast, less emissions of SO, and HCI,
especially NH4 and COD, are generated in the five phases, and
therefore, the impact proportion of AP and EP is relatively
lower.

Accordingly, the raw materials of alloy and aluminum are
suggested to be reduced as much as possible during engine
manufacturing. Then, alternative materials, which could pro-
duce low environmental impact, improve the efficiency of
component manufacturing, and reduce the consumption of
electric power, are advocated to choose, through which
CRDP and GWP could be reduced largely. Moreover, in the

1.00E+05

1.00E+04

1.00E+03

1.00E+02

1.00E+01

1.00E+00

MP MT CM PA PS

B Conventional cost M Possible cost Environmental cost B Total

Fig. 4 Costs comparison in different stages
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material transport and product sale processes, the suppliers
and selected 4S shops should be near the engine production
company to shorten the total transportation distance and re-
duce the environmental impact of POCP and GWP.

3.4.2 Cost result

Figures 4 and 5 and Table 10 indicate that the total costs in the
three phases of material production, component manufactur-
ing, and product sales are much higher than those of the other
two phases. Conventional cost accounts for almost the highest
percentage in each phase (except the material transport phase),
which accounts for more than 80% of the total cost.
Environmental cost and possible cost are higher in the mate-
rial production and component manufacturing phases.
However, in the material transport phase, the three types of
cost are approximately in the same magnitude order. The en-
vironmental cost and possible cost in each phase are relatively
close, and the proportion of which is far below that of the
conventional cost.

The reasons for the preceding results are that the large
conventional cost of capital, labor, equipment energy, and
material are placed in the material production and component
manufacturing phases. Based on the analysis presented in
Sect. 3.3.1, the environmental impacts in the two phases are
higher than those of the other phases, and consequently, the
environmental costs are higher. In the product sale phase,
more sale fees and taxes are expended, which raises the con-
ventional cost. In the product assembly and material transport

MP

PS MT

==@= Conventional cost
==@= Possible cost
Environmental

cost
=== Total

PA M

Fig. 5 Radar chart of three costs comparison
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Table 11 Comparison of life
cycle cost and environment Item Material Material Components Product Product
impact in different phases production transport manufacturing assembly sale
Costs (Unit: ten 2.48E+00 5.98E—02 1.33E+00 1.96E-01 1.09E+00
thousand RMB)
Environmental impacts ~ 1.78E+00 8.55E-01 2.25E+00 1.63E-01 3.88E-01

phases, energy and material inputs are less, which reduced the
total cost.

Although environmental cost accounts for a small propor-
tion of the total, it should not be ignored as the growing con-
cerns for environmental protection and the potential cost paid
for environment pollution have become urgent problems faced
by companies and governments, and therefore necessitate se-
rious thinking to ensure eco-efficiency improvement. For the
production program with large environmental impact, the
backward technology should be eliminated and advanced
cleaning production technology should be used. In addition,
company management should be strengthened, and the unnec-
essary utilization of resources and energy should be
maximized.

3.4.3 Comprehensive result

Figure 6 shows that, in different phases, the trend of cost result
is generally close to the environmental impact. In the material
production and component production phases, the cost and
environmental impact results are the largest and smallest ma-
terial transport and product assembly phases, respectively. In
the material production and component manufacturing
phases, the cost result is inconsistent with that of environmen-
tal impact; the former is much higher than the latter, and the
environmental impact result is opposite. The cost of compo-
nent manufacturing is close to that of product sale, but the
environmental impact result is much higher.

In conclusion, the material production and component
manufacturing phases should be given high attention, and cer-
tain measures should be taken to minimize the use of raw
materials and improve the processing efficiency of raw mate-
rials and components. In the product sale phase, the sales

3.00E+00

2.50E+00 3

oomsa ——\ A

L\ W4
\ AN

»
Y/ N\~
5.00E-01 W—
0.00E+00 V
MP MT CM PA PS
e CoSt === Environment impact

Fig. 6 Results comparison of cost and environment impact

expense and transport distance should be reduced and there-
fore the cost and environment pollution should decrease.

4 Conclusions

An integrated environment and cost assessment method based
on LCA and LCC for mechanical product manufacturing is
proposed in this study. The differences of LCA and LCC in
functional unit, system boundary, and inventory analysis are
overcome. In the environmental assessment, inventory data of
energy consumption and environmental emissions are ana-
lyzed in different phases, and the midpoint approach of
LCIA is selected. Through classification, characterization,
and normalization, the LCIA results in different phases can
be obtained and evaluated. Three cost types are selected in life
cycle cost analysis, namely, conventional cost, possible cost,
and environmental cost. The theory of “social willingness to
pay” is introduced to analyze the life cycle environmental
cost. Finally, this integrated method is applied to the environ-
mental and cost assessment for the WD615 Steyr engine,
which proved the validity and practicality of this method.
The case results could provide a reference for similar mechan-
ical product manufacturing in China.

The case of this study shows that, in a life cycle framework,
the environment and cost analysis results could support each
other. Consequently, by combining LCC and LCA, the eco-
nomic and ecological performance evaluation appears viable
to a more comprehensive eco-efficiency assessment.
Nowadays, our modern society is continually dependent on
the machinery manufacturing industry. With the increase in
ecological problems caused by environmental pollution and
insufficient resources, effective environmentally friendly and
cost-effective measures for mechanical product manufactur-
ing should be taken, which are done through the effective
and accurate evaluation of resource consumption, environ-
mental emission, and economic cost.

The objective of this study is to provide an integrated meth-
od to depict the economic and environmental performance of
mechanical product manufacturing process and ultimately
propose effective measures to improve eco-efficiency. The
proposed methodology enhanced the conventional LCA.
Additionally, the LCA framework can be used in decision-
making processes. Further research on the system boundary
can be extended to the early design, product use, and final

@ Springer



76

Int J Life Cycle Assess (2019) 24:64-77

disposal phases by taking a life cycle perspective that focuses
on the economic and ecological aspects. Other LCIA models
and endpoint indicators are advocated for the environmental
assessment. Environmental cost can also be further studied by
employing a more effective method, and the relevant social
willingness to pay for more environmental emissions is also
advocated to increase.
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