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Abstract
Urban water pollution has been well controlled by strict management in the past few decades in China. Thus, the central 
government started to place emphasis on rural water pollution, and increasing number of sewage treatment facilities have 
been constructed, and currently, they are operating in China. Therefore, thoroughly assessing the operating conditions and 
the performance of these facilities is important. This article analyzes life cycle assessment and life cycle cost to evaluate 
the environmental and economic performance of four common technologies to determine how the emerging rural sewage 
treatment facilities in China are running. The results showed that the plant-adopted anaerobic-anoxic–oxic process was an 
optimal scheme for lower environmental impact that was also cost-effective. All technologies had similar impacts on eleven 
environmental categories. Due to cement consumption during the construction phase and electricity consumption during 
the operation phase, the marine aquatic ecotoxicity potential was the greatest contributor, accounting for approximately 90% 
of the total potential impact. In addition, this research revealed that electricity consumption during the operation phase was 
responsible for almost all environmental impact categories, except for eutrophication potential and ozone layer depletion 
potential categories. Lastly, scenario analysis indicated that reusing treated water and adjusting power structure could be 
useful measures to promote the sustainable development of rural water environments.

Keywords  Life cycle assessment · Life cycle costing · Membrane bio-reactor · Sequencing batch reactor · Anaerobic-
anoxic–oxic · Bio-trickling Filter

Introduction

In 2015, China's total annual sewage discharge was 60 bil-
lion tons, of which urban sewage was 20 billion tons and 
rural domestic sewage was 8 billion tons (National Bureau 
of Statistics of China 2015). During the past decade, the 
number and the treatment capacity of urban sewage treat-
ment plants increased greatly, and the urban water pollution 

problem has been solved satisfactorily (Jiang et al. 2020). 
However, 96% of villages have no drainage channels or sew-
age treatment systems at present. As such, the problem of 
rural sewage has gradually become one of the key factors 
affecting the quality of the regional water environment. To 
improve the quality of the rural water environment, the cen-
tral government carries out many rural sewage treatment 
projects in major rivers, the number of which increased from 
763 to 4,810 from 2006 to 2016 (Ministry of Housing and 
Urban–Rural Development of China 2018). Although the 
growth rate of China's rural sewage treatment capacity is 
much higher than that of urban sewage, the performance 
of rural sewage treatment facilities has been controversial 
due to unreasonable design and backward management in 
rural areas.

Scientific and effective performance assessment helps 
to identify technologies with high-cost effectiveness and to 
provide guidelines for the design and operation optimization 
for wastewater treatment projects. Although many studies 
have addressed the performance evaluation of urban sewage 
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treatment plants, there are few studies on the assessment 
of emerging rural sewage facilities. Previous studies have 
mainly compared the sustainability of several treatment pro-
jects based on evaluation index systems covering different 
dimensions (Aulong et al. 2009; Cheng et al. 2020; May 
et al. 2010; Molinos-Senante et al. 2014). These studies were 
carried out in a specific area, and the data were not repre-
sentative. Furthermore, due to the lack of a unified indicator 
system, it is difficult to arrive at a comparable conclusion.

Life cycle assessment (LCA) is a tool with a universal 
index system that quantifies the potential environmental 
impacts of products, processes and systems throughout their 
life cycle (Finkbeiner et al. 2006). This method has been 
used to evaluate the performance of wastewater treatment 
plants since the 1990s, and it was shown to be an ideal evalu-
ating tool in this field (Corominas et al. 2013). Initially, a 
few studies quantified the environmental burdens of specific 
sewage treatment cases (Clauson-Kaas et al. 2001; Pasqual-
ino et al. 2009; Venkatesh and Brattebo 2011). Subsequently, 
several researchers committed to using the LCA to compare 
and analyze the environmental impacts of a single waste 
water treatment system under different scenarios, such as 
determining the best rate for the reuse of water (Tong et al. 
2013; Zhang et al. 2010), selecting the best sludge disposal 
method (Lundin et al. 2004; Xu et al. 2014) and determining 
the economic and environmental impacts of raising stand-
ards (Clauson-Kaas et al. 2004; Mels et al. 1999). With the 
optimization of traditional technologies and the develop-
ment of advanced technologies, LCA was used to select the 
best treatment technology by comparing the environmental 
impacts of different treatment systems (Dixon et al. 2003; 
Fuchs et al. 2011; Lundin et al. 2000; Sombekke et al. 1997; 
Thibodeau et al. 2014). However, these assessments were 
limited to case studies or the environmental burden com-
parison of different technologies, which failed to identify 
the hot issues in the life cycle of these treatment systems. In 
fact, the construction, operation and end-of-life of treatment 
facilities consumed enormous energy and materials and pro-
duced various waste emissions (Zang et al. 2015). Therefore, 
it is essential to identify these important issues over the life 
cycle of the facilities, including the energy, materials and 
emissions with large contribution. In addition, few studies 
are targeted at emerging rural sewage treatment technologies 
at the national level at present.

With the development of the life cycle approach, life 
cycle costing (LCC) has been used to assess the sustain-
ability of the treatment system (Rossi et al. 2020). LCC 
is a method to evaluate the costs of products, processes 
and systems through the life span (Petit-Boix et al. 2017; 
Reich 2020). LCA limits the introduction of other assess-
ment indicators except for environmental dimensions. 
According to previous studies, if the two methods have 
the same scope and basic assumption, LCC can effectively 

supplement the LCA results to achieve sustainability 
assessments (Di Maria et al. 2020; Hoogmartens et al. 
2014). Therefore, it is common to combine LCC and LCA 
to evaluate the environmental load and the cost benefits of 
processing systems.

In this context, this paper combined LCA and LCC to 
assess the environmental and economic integrated loads of 
four kinds of emerging rural sewage treatment facilities in 
China. All samples were selected from the biggest demon-
stration area, truly reflecting the overall level of rural sewage 
treatment in China. The purpose of this study was (1) to 
assess emerging rural sewage treatment technologies in rural 
areas of China and to answer which one is the best; and (2) 
to provide targeted suggestions based on the identification 
and analysis of hot issues, including construction materials 
replacement, tail water reuse and power structure adjust-
ment. As the largest developing country, these results could 
provide scientific suggestions for policy decision manag-
ers to promote the improvement of water pollution in rural 
areas in China and to guide other developing countries in the 
effective treatment of rural sewage.

Methodology

Life cycle assessment

This study used 681 rural sewage treatment facilities in 
Wuxi as the evaluation object. As one of the first demon-
stration rural areas to build rural sewage treatment stations, 
more than 40% of China’s running facilities are operated in 
Wuxi, including four typical technologies, namely anaero-
bic-anoxic–oxic process (AAO), membrane bio-reactor pro-
cess (MBR), sequencing batch reactor process (SBR) and 
(iv) bio-trickling filter (BTF). Therefore, these samples can 
best represent the current performance of China’s rural sew-
age treatment facilities. The characteristics of waste water 
and treated water for each facility are shown in Table S1.

According to ISO 14040 (Klüppel 2005; Lewandowska 
et al. 2011), LCA assessment consists of four parts, namely, 
definition of goal and scope, inventory analysis, life cycle 
impact assessment and interpretation of results.

Functional unit

As most of the LCA of wastewater treatment in developing 
countries used 100 m3 as the functional unit (Li et al. 2013; 
Gallego-Schmid and Tarpani 2019), this research also used 
100 m3 as the functional unit for comparison with other stud-
ies. All materials, energy consumption, emissions, waste dis-
posal and economic costs were based on this functional unit.
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Definition of goal and scope

The purpose of this study was to analyze the environmental 
load of sewage treatment projects throughout the whole life 
cycle, providing optimization suggestions for the construc-
tion and operation of sewage treatment facilities in rural 
China. According to the existing studies, the environmental 
impacts of treatment systems mainly came from the con-
struction and the operation phases (Song et al. 2019). Thus, 
the impact of the end-of-life phase was not considered in 
this article. The treatment facilities produced little sludge 
every day, so the environmental impacts of sludge treatment 
were also excluded. The system boundaries of the four sew-
age treatment technologies are shown in Fig. 1. Due to the 
differences in the effluent quality of the four treatment tech-
nologies, the discharge of the effluent water was considered 
in the LCA.

Inventory analysis

To decrease the scale effect, this study selected four facili-
ties with the same treatment capacity. According to the 
division the of life cycle phrases of rural sewage treatment 
facilities, data covering three aspects of resource consump-
tion, energy consumption and pollutant discharge were 
collected. The background data of the raw materials pro-
duction and transportation in the construction stage were 
from the Ecoinvent database (version 3.6) and GaBi educa-
tion database (version 9.1). It was assumed that building 
materials were transported by diesel trucks (20 t), with an 
average transportation distance of 50 km. The other inven-
tory data were obtained from field studies, engineering 
design reports and staff interview. As for the water quality 
statistical data of the operation stage, the monthly average 
in 2017 was taken as the benchmark. Table 1 shows the 

detailed inventory of the four technologies. In this study, 
as waste water was the object of treatment, the pollutants 
in the wastewater, such as COD, NH3-N, TP and TN, were 
regarded as the input of LCA. Therefore, the input of the 
waste water can bring a negative environmental burden on 
some impact categories. For example, the input of TP can 
reduce the value of the EP category.

Impact assessment

Life cycle impact assessment (LCIA) is a key aspect of 
LCA. It classifies and relates inventory data to the cor-
responding potential environmental impacts, represent-
ing the same impacts as the single indicator. As one of 
the most widely used LCA methods in the field (Gallego-
Schmid and Tarpani 2019; Guinee 2001), CML 2001 was 
selected as the evaluation model. CML 2001 implements 
human health, ecosystem quality and resource scarcity as 
the three key protection areas. The interpretation of LCA 
studies can be conducted at the midpoint level or the end-
point level through characterization factors, which indicate 
the environmental impact per unit of stressor (e.g., per 
kg of emission released). Through specific characteriza-
tion factors, different environmental mechanisms can be 
assigned to 11 common and comparable impact categories 
at the midpoint level, including global warming potential 
(GWP 100 years), acidification potential (AP), eutrophica-
tion potential (EP), ozone layer depletion potential (ODP), 
abiotic depletion potential fossil (ADPF), abiotic depletion 
potential elements (ADPE), freshwater aquatic ecotoxic-
ity potential (FAETP), human toxicity potential (HTP), 
marine aquatic ecotoxicity potential (MAETP), photo-
chemical ozone creation potential (POCP) and terrestrial 
ecotoxicity potential (TETP).

Fig. 1   System boundaries of 
four sewage treatment technolo-
gies
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Interpretation of results

LCA interpretation is the last step of LCA, which analyzes 
the inventory data and the impact assessment results based 
on the evaluation goal and scope. The target recommen-
dations are then provided to minimize the environmental 
impacts of the systems.

Life cycle costing (LCC)

LCC evaluates the economic costs of the system sharing the 
same scope and assumptions of LCA. The price was based 
on the current market of sewage treatment industry in China 
(Commission NDaR 2017).

Results and discussion

LCIA mid‑point results

Table 2 lists the detailed characteristic mid-point results of 
the four rural sewage treatment technologies. By contrast, 
MBR technology had the worst performance, with eight 
categories, namely, GWP, AP, EP, ODP, ADPF, MAETP, 
POCP and TETP being the highest among the four sewage 

treatment projects. The environmental burden of SBR was 
close to that of BTF, and the AAO technology had the lowest 
environmental impact value. Overall, the MBR technology 
had the most significant impact value in the three categories 

Table 1   Life cycle inventory 
of four sewage treatment 
technologies

stage I/O Parameter Units MBR SBR AAO BTF

construction Inputs water kg 766 2560 1377 5260
cement kg 514 3060 2456 3060
gravel kg 1720 8700 6819 8700
sand kg 2320 4680 4978 4680
steel kg 0 42 238 42
glass fiber-rein-

forced plastics
kg 4300 0 0 0

transportation t.km 186 395 373.37 395
electricity MJ 25.70 31.30 71.50 112

Outputs CO2 kg 2.26 37.80 0 7.55
solid waste kg 5.30 23.10 48.46 48.46
waste water kg 17.50 149 14.70 14.70

operation Inputs COD kg 1370 1250 1250 970
NH3-N kg 476 362 564 266
TP kg 36.80 51.50 38.60 30.30
TN kg 560 560 680 430
electricity MJ 28410 30200 26300 29200

Outputs COD kg 550 550 520 510
NH3-N kg 49 67 53 62
TP kg 6.40 9 3.70 7.30
TN kg 180 190 170 170
sludge kg 220 2080 190 160
CH4 kg 16.50 138 14.80 9.20
N2O kg 0.30 2.88 0.41 0.20

Table 2   CML mid-point results

Categories Unit MBR SBR AAO BTF

GWP kg CO2 eq 16900 16000 11400 12200
AP kg SO2 eq 87.30 48 41.30 44.70
EP kg Phos-

phate eq
-89 -297 -328 -186

ODP kg R11 eq 2.26E-05 1.35 E-05 1.08 E-05 1.35 E-05
ADPE kg Sb eq 0.3910 0.0046 0.0037 0.0046
ADPF MJ 184000 104000 96700 102000
FAETP kg DCB 

eq
96.20 104 90.90 101

HTP kg DCB 
eq

3250 3510 3100 3410

MAETP kg DCB 
eq

1920000 1800000 1580000 1750000

POCP kg Ethene 
eq

5.97 3.60 3.38 3.95

TETP kg DCB 
eq

88.30 80.10 70 77.80
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of AP, ADPF and MAETP. For AP and ADPF, the main rea-
son was the use of fiberglass-reinforced plastic (FRP) mate-
rial in construction phase. Using FRP as the building mate-
rial for the MBR technology caused 57.04% and 51.96% 
of the environmental burden in AP and ADPF, whose life 
cycle environmental burden has been demonstrated by Jiang 
(2018) to be worse than that of steel materials used by other 
three technologies. For MAETP, the use of FRP and the 
relatively high electricity consumption accounted for 19.38% 
and 79.24% of the environmental burden, respectively.

To compare and analyze the impacts of the different 
mid-point categories, this study normalized the character-
istic values. The standard values for the impact categories 
were based on the global per capita environmental impacts 
in 2016. The detailed data are listed in Table 3. The com-
parison of the normalized midpoint values of MBR, SBR, 
AAO and BTF technologies is shown in Fig. 2. The four 

sewage treatment technologies had similar influences on 
all environmental categories: the sum impacts of the five 
categories for MAETP, HTP, GWP, AP and ADPF were 
considerable, accounting for nearly 90% of the total envi-
ronmental impacts. Specifically, MAETP had the greatest 
(approximately 77%) total environmental impact. In com-
parison, the remaining six environmental categories were 
negligible. Tong et al. (2013) and Hancock et al. (2012) also 
arrived at a similar conclusion.

Hotspot analysis

To further interpret the results, inventory and contribution 
analyses were conducted. Figure 3 illustrates the contri-
bution of the construction and operation phases to eleven 
impact categories. For the five indicators (MAETP, HTP, 
GWP, AP and ADPF) with greater environmental impacts 
in SBR, AAO and BTF technologies, the environmental bur-
dens mainly came from the operation phase. Due to the use 
of FRP, the construction phase of the MBR technology had 
a higher proportion of total environmental impacts than the 
other three technologies where steel was used as building 
material. According to Jiang (2018), over the life cycle, the 
environmental impact of rural sewage treatment facilities 
with FRP as the main building material was 15.2% higher 
than that of facilities with steel as the main building mate-
rial. Therefore, steel is more environmentally friendly than 
FRP.

The contributions of the main subprocesses for the five 
main categories of each technology are presented in Fig. 4. 
The results revealed that electricity consumption was the 
decisive contributor. The source of the electricity consumed 
a large amount of non-renewable energy and discharged 
harmful substances (e.g., greenhouse gases, sulfur dioxide), 
which has been reported in previous studies (Li et al. 2013; 
Polruang et al. 2018; Sastre et al. 2015). In addition to the 
electricity consumption, the production and consumption of 
FRP also contributed greatly to the environmental impact for 
MBR technology. By contrast, other subprocesses generated 
negligible environmental loads.

Figure 5 shows the key substances contributing to the 
five categories of the four technologies. For the GWP 
category, carbon dioxide (CO2) emitted into the atmos-
phere was the most important contributor. In addition, 
Fig. 5a shows that the methane released into the air had 
a certain impact on GWP. Currently, approximately 70% 
of China's electricity comes from coal power generation 
(Yu 2018). Compared with other clean energy, thermal 
power emits higher levels of carbon dioxide, methane 
and other greenhouse gases, resulting in high GWP val-
ues. For the impact category of AP, sulfur dioxide (SO2) 
was the primary substance, followed by nitrogen oxides 
(NOx) (Fig. 5b). Figure 5c identifies that the discharge of 

Table 3   Normalization standard value in CML 2001–Jan.2016 
method

Categories Unit standard value

GWP kg Sb eq yr−1 3.6E + 08
AP MJ yr−1 3.8E + 14
EP kg SO2 eq yr−1 2.4E + 11
ODP kg Phosphate eq yr−1 1.6E + 11
ADPE kg DCB eq yr−1 2.4E + 12
ADPF kg CO2 eq yr−1 4.2E + 13
FAETP kg DCB eq yr−1 2.6E + 12
HTP kg DCB eq yr−1 2E + 14
MAETP kg R11 eq yr−1 2.3E + 08
POCP kg Ethene eq yr−1 3.7E + 10
TETP kg DCB eq yr−1 1.1E + 12

-2.00E-009

0.00E+000

2.00E-009

4.00E-009

6.00E-009

8.00E-009

1.00E-008

MBR SBR AAO BTF

Fig. 2   Normalized mid-point results of MBR, SBR, AAO and BTF 
technologies
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arsenic (As) and nickel (Ni) was the greatest contributor 
to the HTP category. Figure 5d presents that HF was the 
dominant contributor to MAETP for the MBR technology 
(50%), and the secondary impact substance was beryllium 
(Be), which accounted for 22%. However, for SBR, AAO 
and BTF technologies, Be was the main contributor to the 
MAETP (43%), followed by nickel (Ni) (25%). The domi-
nance of Be and Ni is mainly caused by the discharge to 
surface water and groundwater during thermal power pro-
duction. HF had no significant influence on the MAETP. 
For the ADPF category (Fig. 3e), coal consumption was 
the major contributor, and the consumption of crude oil, 
natural gas and other energy sources also contributed to 
ADPF to a certain extent.

According to the inventory and hotspot analysis, the 
consumption of energy and building materials generated 
almost 100% to the environmental impacts of each technol-
ogy. Therefore, MBR and SBR with higher energy consump-
tion had worse performance among the four technologies. 
The electricity consumption of the operation phase contrib-
uted the most to the five environmental impact categories, 
so that the AAO process with the lowest operating energy 

consumption performed the best compared to the other three 
technologies.

Sensitivity analysis

Sensitivity analysis of key subprocesses to each technology 
was carried out, with a variation of 10%. The corresponding 
changes of the potential environmental impacts are shown 
in Table 4.

Electricity consumption influenced most environmental 
categories, which was the most sensitive factor of the five 
main categories of GWP, AP, ADPF, HTP and MAETP. 
The sensitivity ranged from 4.34% to 9.43%. In other words, 
reducing electricity consumption was crucial to decreas-
ing the potential environmental loads for all the treatment 
facilities. ADPE was not affected much by the change of 
electricity. In fact, many researchers have proposed that 
clean and renewable energy, such as hydropower and wind 
power generation, could significantly reduce the environ-
mental impacts of water management systems (Jeong et al. 
2018; Kobayashi et al. 2020; Li et al. 2019). Therefore, 
optimizing the energy structure for China's rural areas that 

GWP

AP

EP

ODP

ADPE

ADPF

FAETP

HTP

MAETP

POCP

TETP

0% 20% 40% (a) (b)

(c) (d)

60% 80% 100%
operation construction

GWP

AP

EP

ODP

ADPE

ADPF

FAETP

HTP

MAETP

POCP

TETP

0% 20% 40% 60% 80% 100%
operation construction

GWP

AP

EP

ODP

ADPE

ADPF

FAETP

HTP

MAETP

POCP

TETP

0% 20% 40% 60% 80% 100%

operation construction

GWP

AP

EP

ODP

ADPE

ADPF

FAETP

HTP

MAETP

POCP

TETP

0% 20% 40% 60% 80% 100%

operation construction

Fig. 3   Analysis of phase contribution a) MBR; b) SBR; c) AAO; d) BTF
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are dominated by thermal power generation will bring huge 
environmental incomes. On the other hand, reducing the 
consumption of FRP remarkably decreased the influence on 
GWP, ADPE and ADPF categories. The variation of cement 
had the highest impact on ODP and ADPE categories, and 
the sensitivity ranged from 9.91% to 10.37%. Therefore, 
using more environmentally friendly building materials in 
the construction phase, such as the steel plate mentioned ear-
lier, should be the future direction for managers to consider.

LCC analysis

According to the results of LCIA, the AAO technology had 
the least impacts on the environment. To determine whether 
this technology was economically superior, the present 
worth (PW) method (Kamble et al. 2019) was used to com-
pare the life cycle costs of the four technologies. The uni-
form present worth factor (UPWF) was used to calculate the 

present worth of O&M costs spent every year. The following 
equation is the formula used to calculate UPWF and PW:

where i and T represent the interest rate and the economic 
life, respectively. In this study, economic life was defined as 
50 years (consistent with the life cycle of the facilities), and 
the interest rate was taken as 12%. Capital costs included 
any related items during the construction. Operational and 
maintenance costs took into account labor requirements, 
electricity consumption and equipment maintenance.

The cost data and results of LCC for the four technologies 
are presented in Table 5. The highest PW value (28.1824) 
occurred in the BTF technology due to the highest land 

(1)PW = Captialcost + (O&Mcost ∗ UPWF)

(2)UPWF = (1 + i)T − 1∕(i)T)

UPWF = 0.0833

GWP

AP

HTP

MAETP

ADPF

0% 20% 40% 60% 80% 100%

Others Effluent discharge Electricity consumption

Transport Cement consumption FRP consumption

GWP

AP

HTP

MAETP

ADPF

0% 20% 40% 60% 80% 100%

Others Effluent discharge Electricity consumption

Transport Cement consumption Steel consumption

GWP

AP

HTP

MAETP

ADPF

0% 20% 40% 60% 80% 100%

Others Effluent discharge Electricity consumption

Transport Cement consumption Steel consumption

GWP

AP

HTP

MAETP

ADPF

0% 20% 40% 60% 80% 100%

Others Effluent discharge Electricity consumption

Transport Cement consumption Steel consumption

(a) (b)

(c) (d)

Fig. 4   Analysis of subprocess contribution a) MBR; b) SBR; c) AAO; d) BTF
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Fig. 5   Analysis of substance contribution. a) Global warming potential; b) acidification potential; c) human toxicity potential; d) marine aquatic 
ecotoxicity potential; e) abiotic depletion potential fossil

Table 4   Sensitivity analysis of 
main contributors (with a 10% 
variation)

Categories MBR SBR AAO BTF

FRP Electricity Cement Electricity Cement Electricity Cement Electricity

GWP 5.22% 4.34% 2.18% 7.18% 2.39% 7.73% 2.40% 7.36%
AP 4.03% 5.81% 1.51% 8.52% 1.38% 8.51% 1.55% 8.32%
EP 0.24% 0.30% 0.07% 0.00% 0.07% 0.22% 0.08% 0.32%
ODP 0.00% 0.00% 10.37% 0.00% 9.63% 0.00% 10.37% 0.00%
ADPE 9.60% 0.00% 9.93% 0.14% 9.98% 0.15% 9.91% 0.00%
ADPF 7.05% 3.12% 1.07% 8.98% 1.00% 8.96% 1.01% 8.65%
FAETP 2.85% 6.95% 3.07% 8.72% 0.53% 4.23% 1.38% 8.38%
HTP 1.60% 7.98% 1.14% 9.04% 1.05% 8.97% 1.18% 8.77%
MAETP 2.43% 7.29% 0.99% 8.76% 0.88% 9.43% 1.02% 8.47%
POCP 4.77% 5.07% 1.45% 8.86% 1.33% 8.78% 1.47% 8.45%
TETP 0.66% 9.17% 0.39% 9.64% 0.37% 9.70% 0.40% 9.45%
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requirement compared to the other technologies. The PW 
value of the AAO (17.6866) technology was slightly higher 
than that of MBR (17.1667). For the operation phase, the 
unit cost value of AAO, BTF, MBR and SBR was 2.24, 2.19, 
2.00 and 2.09 CNY/m3, respectively, which were approxi-
mately the average values of China’s current rural sewage 
treatment costs (1.38 CNY/m3 to 3.02 CNY/m3) (Guan 
2020).

According to Castillo et al. (2016), the cost inputs can be 
offset by the reduction of environmental damage. Therefore, 
the AAO technology, with the lowest environmental impacts, 
has been widely implemented in rural areas recently. The 
lowest PW value occurred in the SBR (16.1741) technol-
ogy, but the annual compliance rate of pollutant removal by 
the SBR process was only 83%. The quality of the effluent 
under the AAO process was usually better than upgraded 
SBR process (Singh et al. 2017). Thus, in the context of 
gradually tightening emission standards, the AAO technol-
ogy may be the best choice to achieve the trade-off between 
pollutant removal and cost inputs when traditional and other 
technologies cannot meet the demand. However, it should be 
noted that the cost of the AAO technology in the operation 
phase was slightly higher than the other technologies. Such 
a burden was due to the demand of electricity. In addition, 
with the continuous improvement of the technology and the 
equipment, the difficulty of operation and management will 
also increase. The introduction of technical personnel will 
also be a challenge to the backward rural areas.

Scenario analysis

Treated sewage reuse scenario

The properly treated wastewater can be reused for various 
purposes to achieve environmental benefits and reduce the 
costs of rural water pollution treatment (Mo and Zhang 
2013). At present, the nitrogen and phosphorus in treated 
rural sewage meets the “Water Quality Standards for Farm-
land Irrigation,” which is an ideal nutrition source for rural 
farmlands, gardens, orchards and green spaces. Therefore, 
this section set up a scenario of using treated sewage for 
agricultural irrigation to explore the environmental benefits 

of sewage reuse. Figure 6 shows the improvement of the 
EP category after effluent reuse. The EP values of the four 
technologies were reduced by 57.30%, 18.85%, 14.02% and 
74.19%, respectively. As for the other environmental cat-
egories, the changes brought about by effluent reuse were 
not significant. This measure reduced the equipment invest-
ments and subsequent operation and maintenance costs for 
nitrogen and phosphorus removal. On the other hand, the 
cost of these four technologies to treat sewage was between 
2.00 CNY/m3 and 2.24 CNY/m3. Since the cost of irriga-
tion water is between 0.9 CNY/m3 and 1.7 CNY/m3 (Com-
mission NDaR 2017), using the treated sewage can save 
approximately 40.2% to 85.0% of the cost. Therefore, water 
reuse not only can save water and improve the rural water 
environment but also reduce costs to a certain degree. In 
Conclusion, reuse is seen as one of the important outlets 
for rural sewage in the future, which is consistent with the 
conclusion of Reznik et al. (2017) and Lyu et al. (2016).

Power structure adjustment scenario

In the previous assessment, the power source was assumed 
to be 100% thermal power, whose impact values accounted 
for more than 50% in most major categories. In fact, only 
70.99% of the national electricity was generated by thermal 
power, while 18.59% and 10.42% electricity was generated 
by hydropower and other power, respectively (Yu 2018). 
Therefore, two scenarios where hydropower and wind power 
replace thermal power were proposed to quantify the envi-
ronmental benefits of clean energy. To compare the envi-
ronmental burden with the original scenario, the character-
istics of waste water and treated water remained unchanged 
(Table S1). The changes of the potential environmental 
impacts for the four rural sewage treatment technologies 
are shown in Fig. 7.

Table 5   LCC results for four technologies

Parameter Units AAO BTF MBR SBR

Capital Cost 104 CNY 17.5 28 17 16
O&M Cost 104 CNY/year 2.24 2.19 2.00 2.09
i % 12 12 12 12
T years 50 50 50 50
UPWF / 0.0833 0.0833 0.0833 0.0833
PW 104 CNY 17.6866 28.1824 17.1667 16.1741
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Fig. 6   Comparison of EP between technologies with and without 
reuse
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Based on the comparison of the three power generation 
scenarios, the thermal power generation had the greatest 
potential environmental impact, followed by wind power 
generation, and hydropower power generation had the least 
potential environmental impact. When hydro- and wind 
power replaced thermal power, minor environmental ben-
efits for EP occurred in the four sewage treatment projects 
because this category was mainly contributed by the residual 
nutrients such as nitrogen and phosphorus remaining in the 
effluent. For categories of GWP, AP, ADPF, FAETP, HTP, 
MAETP, POCP and TETP, power replacement brought sig-
nificant improvement, with a range of 40% to 100%. There-
fore, adjusting the power structure by appropriately increas-
ing the proportion of hydropower and wind generation can 
effectively reduce the environmental impact. However, since 
the price of hydropower and wind power in Wuxi is 0.18 
CNY/kWh and 0.30 CNY/kWh higher than thermal power, 

respectively, the power replacement of hydropower and wind 
power will increase the unit cost of treated water. For hydro-
power, the unit cost of AAO, BTF, MBR, SBR technology 
will increase by 5.87%, 6.67%, 7.10% and 7.22%, respec-
tively. For wind power, the unit cost of AAO, BTF, MBR, 
SBR technologies will increase by 9.78%, 11.11%, 11.84% 
and 12.04%, respectively.

In addition, it is difficult to quickly adjust China's power 
structure in the short term. Hydropower and wind power 
are also unable to achieve huge price cuts. The government 
should formulate relevant policies to support the promotion 
of renewable power. At present, decision makers may also 
need to pay attention to the sewage treatment mode. Gener-
ally, the in situ treatment mode can reduce the cost of the 
pipe network construction, and the centralized processing 
mode can reduce the energy and resource consumption in 
the operation phase (Guan 2020). Decision makers should 
consider the local situation in rural areas and identify a more 
environmentally friendly treatment mode.

Conclusion

This study conducted an integrated assessment of four typi-
cal rural sewage treatment technologies in China from envi-
ronmental and economic perspectives. The AAO process 
was seen as the best choice because of efficient removal of 
contaminants and low economic costs. According to LCA 
results, five categories, namely, MAETP, HTP, GWP, AP 
and ADPF, were the main sources of environmental burdens, 
accounted for nearly 90% of the total environmental impacts. 
Hotspot analyses revealed the environmental impacts mainly 
came from the energy consumption of operation phase. For 
each technology, optimizing power structure from thermal 
power to hydropower or wind power will bring more than 
50% environmental incomes. Using steel to replace FRP as 
main building materials in the construction phase could also 
reduce the environmental loads. What’s more, reuse of tail 
water can obtain both economic and environmental benefits.

Through analyzing the key contributions and hot issues 
during the life cycle, this study helps the governmental 
administrator and operating managers select out the state 
of art of emerging rural sewage treatment facilities from 
both economic and environmental dimensions in rural 
areas of China. LCA and LCC results provide the targeted 
suggestions for the sustainable development of rural water 
environment, including FRP materials replacement, reuse 
of tail water and power structure adjustment. In addition, 
considering assessment results are affected by other factors 
such as system boundary, treatment capacity and discharge 
standards, further research should be conducted to make up 
for the blank database in this field.
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Fig. 7   Comparison of potential environmental impacts of three power 
generation scenarios. a) Thermal power and hydropower; b) thermal 
power and wind power
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