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Abstract: Life cycle assessment (LCA) involves many temporal issues. It is necessary to make a clear
distinction between long-term impacts and short-term impacts, especially for those structures with
long service life, such as buildings. With their long service life of 50 years, a great deal of maintenance
and repairs could be conducted, causing a respective environmental impact. In this paper we explored
a monetization method to convert the life cycle environmental impact into a life cycle environmental
cost to address the temporal issues involved in LCA by discounting. This method can facilitate
decision-making when tradeoffs between current and future environmental impacts exist. Moreover,
this method can be used as an effective supplement to life cycle cost and provide decision support
for making trade-off between cost and environmental impact. Finally, a building located in Xiamen
City, China was selected as a case study and analyzed by the proposal LCA method. The results
indicated that carbon cost in the operational stage is the maximum, building material production
and transportation stages are ranked second, and the amount in the demolition stage is negligible,
compared with the other three stages. Additionally, with the increase of the discount rate, the carbon
cost in different life cycle stages will decrease, the percentage of the carbon cost in the operational
stage will gradually decrease, but the percentage of the carbon cost in building material production
and transportation stages will gradually increase.
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1. Introduction

Life cycle assessment (LCA) is a pre-eminent and effective tool for estimating environmental
effects of different products, processes, or activities over their life cycle [1,2]. Despite its popularity
and codification by organizations, such as the International Standards Organization (ISO) and the
Society of Environmental Toxicology and Chemistry (SETAC), LCA still has several aspects that
need to be taken into account and is a tool in need of improvement [3,4]. Reap et al. [3,5] identified
15 major problem areas of LCA and organized them by the LCA phases in which each appears.
Functional unit definition, boundary selection, allocation, spatial variation, and local environmental
uniqueness are critical problems of LCA requiring particular attention. In addition, LCA integrates
environmental impacts over time, to which special attention should be paid. It is worth noting that
LCA involves many temporal issues [6], and decision-makers are often faced with tradeoffs between
current and future environmental impacts. For example, Option A and Option B have the same overall
environmental impact, but Option A has a high initial environmental impact while having a low future
environmental impact, and Option B is the opposite. In this situation, how do the decision-makers
choose a suitable option? However, LCA makes no explicit differentiation between emissions at

Sustainability 2017, 9, 922; doi:10.3390/su9060922 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
http://dx.doi.org/10.3390/su9060922
http://www.mdpi.com/journal/sustainability


Sustainability 2017, 9, 922 2 of 14

different times. For instance, the carbon emissions emitted today or 100 years later are treated equally
in LCA, as only different time horizons have been chosen for the global warming effect, typically 20,
100 and 500 years [7,8]. Depending on this choice, the global warming potential of a pollutant may
differ considerably. Therefore, it is necessary to make a clear distinction between long-term impacts
and short-term impacts in LCA, especially for those structures with long service lives, such as buildings
with their service life of 50 years, in which maintenance and repair works could be conducted causing
additional environmental impacts.

Nowadays, most studies on LCA assume that environmental impact occurs with absolute
certainty and the magnitude of the impact is always the same. The environmental impact of seven
concrete and steel representative building frames in Sweden was analyzed using the LCA method
by Jonsson et al. [9], in the assumed user time of 50 years, the energy use during service life largely
exceeded the impacts from other parts of the life cycle. Kofoworola and Gheewala [10] provided
an environmental LCA of a typical commercial office building in Thailand, and indicated that the
operational phase has the highest energy and environmental impacts, followed by the manufacturing
phase. In addition, the analysis of the manufacturing phase indicates that steel reinforcement and
concrete are the most significant materials in terms of their associated environmental impacts as they
accounted for about 17% and 64%, respectively; lighting, air conditioning, office equipment, and other
office appliances in the operational phase produced 40% or more of the overall impact in any given
category. Chau et al. [11] provided a review on three streams of LCA studies (life cycle assessment, life
cycle energy assessment, and life cycle carbon emissions assessment) on buildings. From the review,
we can see that all of the studies of LCA of the mentioned buildings adopted a deterministic analysis,
i.e., the environmental impact will not change over time.

However, since LCA integrates the environmental impact over time, valuing impacts distributed
in time is a problem of continuing discussion in the LCA community [5]. Only a few studies have
realized that whether an identical environmental impact can be worth more or less in the future than
today is an important question that needs to be addressed. Huijbregts et al. [12] found that metal
toxicity potentials differed up to 6.5 times depending on the time horizon chosen in the fate model.
Hellweg et al. [13] analyzed the time-dependent life cycle assessment of slag landfills and suggested that
landfills remain a risk to the environment for very long time periods. The long-term emissions might
be valued differently than current emissions, for instance, as a result of a changing the background
concentration in the environment. Hellweg et al. [14] presented an environmental impact discounting
method to consider the effect of the time characteristic on the results of LCA. They indicated that
discounting in environmental impact should take the following factors into consideration: (1) changes
in the magnitude of damage; (2) pure time preference; (3) productivity of capital; and (4) uncertainties.
However, the principle of sustainable development [15] claimed that future generations have the same
right to a good environment as current generations. Thus, the welfare of future generations should be
a concern to us and that all members of all generations deserve equal treatment, including those not yet
born. Based on this discussion, the discounting rate should be set to zero.

Given the consideration that it is controversial to discount the environmental impact
directly [3,5,15], in this paper, a method of discounting the monetary value of the environmental
impact is presented in Section 2. Firstly, the impact quantified by LCA is converted to monetary
units, and it is worth noting that the pollutant damage cost should not be defined as a fixed value,
since the money needed to pay in order to avoid the environmental impact and the policy targets
on environmental impact mitigation are both time-varying. Then, the related depreciation by the
discounting rate is considered, which is often employed in the method of life cycle cost (LCC) [16].
In Section 3 the method mentioned above is applied to a building located in Xiamen Province, China,
as a case study. According to the case study, the environmental cost was calculated, and the main
impact phase was identified. Finally, the scenario analysis method was used to analyze the effect of
the discount rate on the life cycle cost of building. In conclusion, we discuss our findings and address
remaining challenges of the LCA approach with a time effect.
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2. Method of Life Cycle Assessment with a Time Effect

A method of life cycle assessment with a time effect was put forward in this paper. The method
integrates two steps. First, the environmental impact quantified by LCA is converted to monetary
units (eco-cost). Second, similar to the traditional LCC analysis [16,17], the eco-cost is discounted
according to the relevant discounting rates. The following sections describe the method in detail.

2.1. Monetary Valuation of the Environmental Impact (Environmental Cost)

The LCC-oriented environmental accounting tools suggested as useful in environmental
decision-making have been identified [18]. In environmental economics it is common practice to
assign prices to external benefits and costs [19]. These prices can be called virtual costs, which quantify
the cost of preventing a certain amount of environmental burden related to a product or activity.
There are various methods to estimate these virtual costs, such as willingness to pay (WTP) and
willingness to accept (WTA), etc. [20]. WTA is the minimum amount of money that person is willing to
accept to abandon a good or to put up with something negative, such as pollution. It is the equivalent to
the minimum monetary amount required for the sale of a good or acquisition of something undesirable
to be accepted by an individual. Conversely, WTP is the maximum amount an individual is willing
to sacrifice to procure a good or avoid something undesirable. The price of any goods transaction
will, thus, be any point between a buyer’s willingness to pay and a seller’s willingness to accept.
The net difference between WTP and WTA is the social surplus created by the trading of goods.
These two methods mentioned above both have good application. For example, Barrington-Leigh and
Behzadnejad [21] presented a life satisfaction approach in the valuation of air quality. According to
the calculation, an individual with a household average income is willing to pay $890 to reduce the
SO2 level by 1 µg m−3 throughout the year. Ferreira et al. [22] presented an environmental valuation
method to convert the environmental results into a common unit (EUR), and applied this method to
a packaging waste management system. Carreras et al. [23] put forward a method that translated
the environmental impact of a product or activity into a monetary value, which can be incorporated
explicitly into the economic performance assessment. However, in the previous studies, there is no
explicit differentiation among the environmental impacts (environmental costs) occurring at different
times. It is worth noting that when converting the environmental impact into an environmental cost,
the pollutant damage cost should not be defined as a fixed value, since the money needed to pay in
order to avoid the environmental impact, and the policy targets on environmental impact mitigation,
are both time-varying.

In this paper, the environmental cost is determined by the life cycle inventory of the impact and
the relevant unit pollution damage cost associated with a specific process or activity. The calculation
method of the life cycle environmental cost is shown in Equation (1):

EC = ∑
i,j

IMi,j × Ci,j (1)

where EC is the life cycle environmental cost, IMi,j are the environmental emissions, such as CO2, SO2,
etc., in different life cycle stages, Ci,j is the unit pollution damage cost of the environmental impact i
in the different life cycle stages, and j represents the life cycle stage. Usually, a building’s life cycle
includes four stages, which begins with building materials production, through including construction
and operation, then ends with building demolition [24,25].

The research on the unit pollution damage cost is still very weak, making it difficult to convert
all of the environmental impacts into an environmental cost. Kendall et al. [26] provided pollution
damage cost estimates, and these cost estimates were adjusted to 2003 United States dollars, as shown
in Table 1.
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Table 1. Pollution damage costs by impacted region [26].

Pollutant Name
Average Cost (2003 $US/t)

Urban Urban Fringe Rural Global

Particulate Matter 6144 2750 800 /
Nitrogen Oxides 156 65 19 /
Sulfur Dioxides 170 88 21 /

Carbon Monoxide 2 1 0 /
Lead 3955 2059 480 /
VOC 1960 1960 1960 /

Carbon dioxide / / / 21
Nitrous oxide / / / 7112

Methane / / / 384

According to the WTP method, Li et al. put forward the carbon emission and energy damage costs
of China, with 0.22 Yuan/kg CO2-e and 3.79 × 10−3 Yuan/kgce, respectively [27]. By reviewing the
existing literature, Isacs et al. [28] give some guidance to practitioners who want to—or must—apply
a monetary value of CO2 and other greenhouse gases in tools, such as cost-benefit analysis (CBA) and
LCA. For example, the minimum level of the Swedish tax on carbon emissions in 2015 is 72 EUR/ton
CO2. Additionally, in the study of Kumer [29], the carbon price is equivalent to 10–15 EUR/ton CO2.

However, it is worth noting that Ci,j should not be defined as a fixed value, since people’s
willingness to pay a given amount of money in order to avoid global warming and the policy targets
on climate change mitigation are both time-varying. Therefore, Equation (1) should be changed to:

EC(t) = ∑
i,j

IMi,j × Ci,j(t) (2)

Based on a thorough review of the corresponding literature, the European Investment Bank
(EIB) [30,31] indicated that the unit pollution damage cost of carbon emissions increased geometrically
over time, reflecting the cumulative damage of increasing concentrations of carbon dioxide in the
atmosphere (Figure 1 in Annex 2 of Reference [30]). The unit pollution damage cost of carbon emissions
rises by approximately half a euro per year through to 2030. Thereafter, it rises to approximately one
euro per year to 2040, and approximately two EUR per year thereafter.

2.2. Discounting the Environmental Cost

In economics, money is thought to have a time value. The future costs and benefits are often
discounted to a present value in order to make them comparable to current costs and benefits [19].
This is also applicable to the environmental cost. The time value of money and the concept of economic
equivalence allows money spent over various points in time to be converted to a common basis.
This study considers the environmental cost in terms of the present value of the environmental cost at
time t, PV(t), as follows:

PV(t) =
EC(t)
(1 + υ)t (3)

where υ is the discount rate, which refers to the interest rate used in discounted cash flow analysis to
determine the present value of future cash flows [32].

The selection of the discount rate will directly affect the ultimate result of the cost analysis [33].
The discount rate depends on the expectations about the development of the world’s economy [34].
Generally, in the case of economics, a positive discount will be used, and in the case of a recession,
a negative rate will be adopted. In addition, the risk or uncertainty about future developments
might have an influence on the discount rate [14,35]. The greater the risk or uncertainty of future
developments, the higher the discount rate. The Board of Governors of the Federal Reserve [36] provide
three types of discount items: main credit, subprime credit, and seasonal credit, with different discount
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rates of 0.75~6.25%, 1~6.75% and 0.15~5.65%, respectively. China’s National Development and Reform
Commission (NDRC) and the Ministry of Housing and Urban-Rural Development (MOHURD) [37]
recommended that the selection of the discount rate should be based on the project nature. For instance,
for those projects with low risk, the discount rate can be less than 8%. According to China’s current
situation of civil engineering, Shao [38] presented the suggested values of the discount rate in different
provinces, for example, 5.5% in relatively developed areas, 6.5% in developed areas, and 8% in the less
developed areas, respectively.

3. Case Study

3.1. Description of the Building

A residential building with 27 stories, 82.95 m high, and a total floor area of 12,594.89 m2 in
Xiamen City, Fujian Province, China was chosen for the case study [39]. According to the construction
organization plan, the building started construction in 2000, its project time limit is two years, and its
designed service life is 50 years. As mentioned above, four stages are investigated in this study,
including the building material production and transportation stage (Stage 1), construction stage
(Stage 2), operational stage (Stage 3), and demolition stage (Stage 4), respectively. Due to the
incomplete unit pollution damage cost, in this study, we only calculate carbon emissions as the
environmental impact.

3.2. Carbon Emissions Calculation of the Case Building

(1) Carbon Emissions in Stage 1

In this stage, carbon emissions mainly consist of direct carbon emissions from materials production
and indirect carbon emissions from energy consumption. For a specific building case, the carbon
emissions calculation is based on the consumption of building materials and the corresponding carbon
emission factors. The equation is as follows:

Cm = ∑
i

CMi × Qi + Ct (4)

where CMi is the carbon emission factor of material i, which is provided in the Chinese life cycle
database (CLCD) developed by IKE Environmental Technology CO., Ltd (IKE, Chengdu, China) [40];
Qi is the quantity of material i; Ct is the carbon emission of transportation, mainly related with the
quantity of material, transportation distance, and fuel type, which can be expressed as:

Ct = ∑
i

CTi × Qi × TDi (5)

where CTi is the carbon emissions factor of transportation with material i (kg/t·km), which is provided
by the Chinese life cycle database (CLCD) developed by IKE Co. Ltd [40], and TDi is transportation
distance of material i.

According to the bill of materials, transportation mode, and distance, the carbon emission in
building material production and transportation stages can be acquired. Since hundreds of types
of building materials are involved in the building, it is difficult to quantify them all. Therefore, by
consulting the bill of quantities, the consumption data of three types of main building materials
(concrete, reinforcement bars, and blocks) was collected. Their consumption is 5831.02 m3, 881.64 t,
and 2110.28 m3, respectively. Investigating the results indicate that the materials are transported from
the suburbs by diesel truck (the carbon emission factor of diesel trucks is 1983 kg CO2-e/104·t·km). Due
to the inability to specifically measure the transport distance, this paper assumes that the transportation
distance is 15 km. The carbon emission in this stage can be calculated by Equation (4) and Equation (5).
The calculation results of carbon emissions in Stage 1 are shown in Table 2.
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Table 2. Summary of carbon emissions in Stage 1.

Types Quantities Carbon Emission
Factors [40]

Carbon Emissions (t)

Materials Production Transportation Total

Concrete 5831.02 m3 561.7 kg/m3 3275.28 41.63 3316.91
Reinforcement 881.64 t 3.5 kg/kg 3085.74 2.62 3088.36

Block 2110.28 m3 156.9 kg/m3 331.10 5.02 336.12
Total 6692.12 49.27 6741.39

(2) Carbon Emissions in Stage 2

Building construction stage means the construction process after building materials transported
to the construction site. Carbon emissions of the construction stage can be calculated according to
construction technology, as shown in Equation (6):

Cc = ∑
i

Ri × Pi (6)

where Ri is total construction of construction method i, and Pi is carbon emission factor of the
construction method i. Construction technology normally includes earthwork excavation, earthwork
leveling, crane handling, horizontal transportation, lighting, and concrete pouring. Table 3 shows the
carbon emission factors of different construction technologies.

According to the machine-team table, the carbon emission in the construction stage can be
calculated by the construction technology, as shown in Table 3.

Table 3. Summary of carbon emissions in stage 2 [40].

Construction
Technology

Earthwork
Excavation

Earthwork
Leveling up

Crane
Handling

Horizontal
Transportation Lighting Concrete

Pouring Total

Unit m3 m3 m2 t·km m2 m3 -
Quantities 6859.87 932.38 186.1 6230.5 12,594.89 13,061.48 -

Pi 3.5 10.9 561.7 6.1 15.4 0.91 -
Carbon emissions (t) 24.01 10.16 104.53 38.01 193.96 11.89 382.56

(3) Carbon Emissions in Stage 3

Carbon emissions of the operational phase are mainly converted from energy and resource
consumption used during the building’s life, such as lighting, heating, air conditioning, ventilation,
and others:

Co = ∑
i

CEi × ei × a (7)

where CEi is the carbon emission factor of energy i, ei is the quantity of energy i consumption, and a is
the building design service life of 50 years.

The main resource consumed in the building operational stage is tap water; 1 m3 tap water will
create 0.213 kg of carbon emissions [27]. It is worth noting that the carbon emissions of the operational
phase are not only related to building energy consumption, but also related to the energy structure
of the area where the building located. The Intergovernmental Panel on Climate Change (IPCC) [41]
pointed out that the carbon emissions from fossil fuel combustion can be estimated based on the total
amount of used energy and their average carbon content. Carbon emission factors of different fossil
energy types are shown in Table 4.



Sustainability 2017, 9, 922 7 of 14

Table 4. Carbon emission factors of fossil energy (kg CO2-e/kg) [41].

Types Standard
Coal

Raw
Coal

Cleaned
Coal Coke Crude Oil Motor

Gasoline
Aviation
Gasoline

CEi 20.08 1.48 1.87 2.95 3.23 3.51 3.54
Types Kerosene Diesel Fuel oil Natural gas Liquefied petroleum gas Coke oven gas Refinery gas
CEi 3.27 3.68 3.75 2.36 3.78 0.84 2.80

Electricity, as a secondary energy, is closely related to the local energy structure. The higher the
proportion of thermal power, the greater the unit power of carbon emissions. The 2010 China Regional
Power Grid Baseline Emission Factor released by China’s National Development and Reform Commission
climate division announced the carbon emission factors of the regional power grid [42], as seen in
Table 5.

Table 5. Carbon emission factors of regional power grid (t CO2-e/MWh) [42].

Northern China Northeast Eastern China Northwest Central China South China Hainan

CEi 0.9914 1.1109 0.8592 1.0871 0.9947 0.9762 0.7972

In the operational stage, carbon emissions are related to many factors, such as human behavior,
methods of energy consumption, and so on. Since the case building is a newly-constructed building,
there is no related data. Thus, in this study, the average value of Xiamen City by searching the
statistical yearbook is adopted; the annual water consumption per capita is 54.3 t, and the electricity
and natural gas consumption is 1163.93 kWh and 17.39 m3, respectively. According to the design
drawing of residential architecture, there are 78 households in total. Assuming that every household is
a typical Chinese family of three—in this case, a residential building—the annual water consumption,
electricity, and natural gas consumption are 12,706.2 t, 272,359.62 kWh, and 4069.26 m3, respectively.
In addition, the two elevators equipped in the building also consume some energy. The nominal
power of each elevator is 18 kW. According to the calculation method of elevator energy consumption
presented by Al-Sharif, the annual energy consumed by the two elevators is 32,850 kWh. The detailed
calculation process can be found in the supplementary material. According to the carbon emission
conversion factors of different types of energy, the annual carbon emissions in the operational stage
can be calculated. Since natural gas is measured by m3, and the carbon emission factor for natural
gas is 2.36 kgCO2-e/kg, it is necessary to convert the volume of natural gas to calculate the carbon
emission. Table 6 shows the annual carbon emissions in the operational stage.

Table 6. Annual carbon emissions in operational stage.

Quantities Carbon Emission Factors Carbon Emissions (t)

Tap water 12,706.2 t 0.213 kg/t [27] 2.71
Electricity consumption 305,209.62 kWh 0.9762 kg/kWh [42] 297.95

Natural gas 4069.26 m3 2.36 kg/kg [41] 7.01
Total - - 307.77

(4) Carbon Emissions in Stage 4

The demolition stage refers to the demolition process of the site, site preparation, and solid waste
shipping and handling, etc. Carbon emissions in this stage are mainly indirect carbon emissions caused
by energy consumption, such as construction machines and equipment operation, transportation
energy, and disposal of solid wastes. The equation is as follows:

Cd = ∑
i

CEi × ei (8)
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Since the building is still in operation, there is no relevant demolition data. According to Japanese
AIJ-LCA research [43], the carbon emission in the demolition stage is about 10% of the construction
stage. Therefore, the carbon emission in the demolition stage is about 38.26 t CO2-e.

(5) Total Carbon Emissions of the Case Building during its Life Cycle

The calculation model of the total life cycle carbon emissions of the case building can be
determined as follows:

LCCO2 = Cm + Cc + Co + Cd (9)

The carbon emissions in the four stages have been calculated, then the total carbon emissions can
be obtained. Table 7 summarized the carbon emissions in the case building’s different life cycle stages.

Table 7. Carbon emissions in different life cycle stages of the case building.

Life Cycle Stage Carbon Emissions (t) Percentage

Stage 1 6741.39 29.89%
Stage 2 382.56 1.70%

Stage 3 (Annual) 307.77 /
Stage 3 (Total) 15,388.50 68.24%

Stage 4 38.26 0.17%

3.3. Determining Life Cycle Carbon Cost

Supposing that the carbon cost in the building materials production and transportation stage
occurred in the initial year (2000), this carbon cost is the present value. In addition, the building’s
project time limit is two years, assuming that the annual carbon emission in the construction stage is
similar, so the related carbon cost in this stage can be calculated. Figure 1 shows the quantity of carbon
emissions and their occurrence time.
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Figure 1. Quantity and occurrence time of carbon emission.

Due to the scarcity of research on unit pollution damage costs of carbon emission, in this study,
EIB’s research results are adopted [30,31]. In addition, it is noted that the selection of a suitable discount
rate is crucial in LCC analysis. Kishk et al. gave a review of various criteria proposed in the literature
for the selection of the discount rate [44]. For example, the discount rate may be established as the
highest interest an organization expects to pay to borrow the money needed for a project; or defined
as the rate of return that could be earned from the best alternative use of the funds devoted for the
project under consideration. Nowadays, there is no consensus regarding the selection of the most
suitable discount rate. In the UK, a discount rate of 8% is usually used, whilst in the USA the rate is
6%, in Germany, 3%, and in Switzerland, 2% [45]. Rebitezer [46] proposed to use a 5% discount rate
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and employ a sensitivity analysis, varying the rate from 0% to 10%, to test the robustness of the results.
Research indicated that a high discount rate will tend to favor options with low capital cost and high
recurring cost, whilst a low discount rate will have the opposite effect [47]. That is to say, the higher
the discount rate, the less important are the long term costs.

Therefore, a scenario analysis of the discount analysis is conducted. According to the previous
studies on the discount rate mentioned above and at the end of Section 2.2, the discount rate is chosen
as 4%, 6%, and 8% for comparison. According to Equation (3) mentioned above, the present value of
the life cycle carbon cost can be determined, with the known discount rate, quantity, and occurrence
time of carbon emissions, and the relevant unit pollution damage cost of carbon emissions.

4. Results and Discussion

4.1. Results

The calculated results of the carbon cost in different life cycle stages under different discount rates
are shown in Table 8.

Table 8. Carbon cost calculation result (EUR).

Carbon Cost (EUR)

Life Cycle Stage Discount Rate

4% 6% 8%

Stage 1 33,706.95 33,706.95(–) 33,706.95(–)
Stage 2 2072.67 2013.92(–58.75) 1958.06(–114.61)
Stage 3 101,563.89 62,276.79(–39,287.10) 41,328.29(–60,235.603)
Stage 4 268.02 97.66(–170.36) 36.26(–231.76)
Total 137,611.54 98,095.33(–39,516.21) 77,029.57(–60,581.97)

Note: The values in brackets refer to the variation calculated by the discount rates of 6% and 8% when comparing
with the discount rate of 4%, respectively.

As seen in Table 8, it is well-know that with the increase in the discount rate, the carbon cost
will decrease, except for the carbon cost in the building material production and transportation stage.
The reason is that a positive discount rate will reduce the present value of any future environmental
damage, and the carbon cost in the building material production and transportation stage occurs in the
initial year (t = 0), thus, this carbon cost is the present value and will not change with the discount rate.
Moreover, at low discount rate, long-term future costs are immediately meaningful and, therefore,
investment for a better future would look more rewarding.

Figure 2 shows the percentage of the carbon cost at different stages. We can see that, for this case
building, the carbon cost in the operational stage is the maximum, the building material production
and transportation stage ranks second, and the amount in the demolition stage is negligible, compared
with the other three stages. It is worth noting that with the increase in the discount rate, the percentage
of the carbon cost in the building material production and transportation stage gradually increases,
but the percentage of carbon costs in the operational stage gradually decreases.
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4.2. Discussion

According to the results or the analysis mentioned above, we can see that the operational stage
accounted for the majority of the life cycle environmental impact, regardless of the means of expression
(life cycle carbon emission or life cycle carbon cost). When considering the discount rate in calculating
the carbon cost, the present value of any future environmental damage will be reduced and, thus,
the percentage of the carbon cost in the operational stage is gradually decreasing.

Note that the case building is located in Xiamen City, Fujian Province, China, and the calculation
of life cycle carbon emissions is based on China’s life cycle inventory database. However, the unit
pollution damage cost of carbon emissions is adopted by EIB’s research results, which is based on the
situation of European countries. Therefore, in view of the difference between China’s situation and the
European situation, the validity of the life cycle carbon cost calculation results of the case building
remains open to question. Further studies are required to explore the time-dependent unit pollution
damage cost in China.

According to Equation (3), we can see that when the time-dependent environmental impact EC(t)
is determined, the present value is only related to the discount rate. In this paper, the different discount
rates (4%, 6%, and 8%) are used to analyze its effect on the present value of the carbon cost. However,
the discount rate is directly related to inflation. Its selection should be determined according to the
country’s social and economic development goals, development strategy, and other factors, and should
reflect the impact of historical trends in the past period of time. Therefore, it is more reasonable to
consider the discount rate as a variable, not a constant. The determination of the time-varying discount
rate is one of the problems which requires thorough study.

5. Conclusions and Policy Proposals

In this paper, we explored a monetization method to convert the life cycle environmental
impact into a life cycle environmental cost. In addition, by discounting, we attempted to solve
the temporal issues involved in LCA. This method can facilitate decision-making when tradeoffs
between current and future environmental impacts exist. Moreover, this method can be used as
an effective supplement to life cycle cost and provide decision support for making trade-offs between
cost and environmental impacts.
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5.1. Conclusions

By conducting a carbon cost calculation of a residential building in Xiamen City, China, several
concrete conclusions for the case building are drawn, as follows:

(1) The operational stage accounted for the majority of the life cycle environmental impact, regardless
of the means of expression (life cycle carbon emission or life cycle carbon cost).

(2) With the increase of the discount rate, the carbon cost will decrease, except for the carbon cost
in building material production and transportation stage. The reason is that a positive discount
rate will reduce the present value of any future environmental damage, and the carbon cost in
building materials production and transportation stage occurred in the initial year (t = 0); thus,
this carbon cost is a present value, and will not change with the discount rate.

(3) Carbon cost in the operational stage is the maximum, the building material production and
transportation stage ranks second, and the amount in demolition stage is negligible, compared
with the other three stages.

(4) It is worth noting that with the increase in the discount rate, the percentage of the carbon cost
in the building material production and transportation stage is gradually increasing, but the
percentage of the carbon cost in operational stage is gradually decreasing.

Although a monetization method to analyze the life cycle environmental impact is presented
and, by discounting, the temporal issues involved in LCA are attempted to be solved in this paper.
Moreover, a residential building located in Xiamen City, China, is taken as an example to verify the
effectiveness of the proposed method. However, there are still some shortcomings that remain to be
improved, as described below.

(1) In this paper, only carbon emissions were considered as the indicator of the environmental
impact. It is advisable to investigate other environmental impacts, such as resource and energy
consumption, ozone depletion, and eutrophication, etc. In addition, the unit pollution damage
costs of different environmental impacts and their values as they change with time also need to
be studied.

(2) It is widely accepted that life cycle environmental impact is a function of space and time [48,49].
In this study, due to the lack of relevant data, a hybrid of the environmental impact data in China
and the unit pollution damage cost of carbon emissions in European countries is used. Thus,
the validity of the life cycle carbon cost calculation results of the case building remain open to
question. Further studies are needed to explore the time-dependent unit pollution damage cost
in China.

(3) The discount rate is directly related to inflation. Its selection should be determined according to
the country’s social and economic development goals, development strategy, and other factors,
and should reflect the impact of historical trends in past time periods. Therefore, it is more
reasonable to consider the discount rate as a variable, not a constant. The determination of the
time-varying discount rate is one of the problems which requires thorough study.

5.2. Policy Proposals

Since the operational stage and the material production and transportation stage account for the
majority of the life cycle carbon emissions and carbon costs of buildings, it is necessary to reduce the
carbon emissions by policy instruments, as well as by using abatement technologies.

To reduce the carbon emissions and carbon costs in the material production and transportation
stage of buildings, related policies should be formulated that encourage the use of green building
materials to reduce the embodied carbon of materials. In addition, local materials should be
recommended for use to reduce the transportation emissions and related carbon costs. The carbon
emissions and carbon costs in the operational stage of buildings are directly related to the energy
consumption and energy structure. Therefore, it is advisable to advocate the use of renewable energy
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to reduce carbon emissions [50]. Moreover, some market-based mechanisms, such as a carbon trading
system, to put constraints on emissions for different market parties, should also be established [51].
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