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ABSTRACT

Despite the advantages of high effluent quality and small footprint, membrane bioreactor (MBR) technol-
ogy faces challenges in sustainable development due to energy consumption and membrane fouling.
Weighing the advantages and disadvantages of MBRs requires a comprehensive assessment from
techno-economic-environmental perspectives. In this paper, we reviewed the related research on
MBRs from three aspects: economic cost analysis, environmental impact assessment, and comprehensive
techno-economic-environmental assessment. The aim of this paper is to understand the sustainable
development performance of MBRs, and to review the current status of the application of multiple
techno-economic-environmental assessment methods in the field of wastewater treatment. The cur-
rently available results of the economic cost analysis of MBRs showed that the operating cost and energy
consumption of MBRs are higher than those of other wastewater treatment processes if MBRs’ potential
benefit of smaller footprint is not taken into account. The results of the environmental impact assessment
showed that MBRs have a positive environmental impact due to high quality effluent, although global
warming potential limits the sustainability of MBRs to some extent. Combined techno-economic-
environmental assessment showed that MBRs are economically feasible and technically efficient, while
their sustainability is controversial. Given the rapid development of MBR technology, these results
may evolve as new advancements are made. In addition, there is room for improvement in the existing
literature regarding the reliability and comparability of results, as well as the applicability of the
methods, particularly in defining the accounting scope, clarifying model assumptions, and considering
discounting.
© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering
and Higher Education Press Limited Company. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

stability, increased maintenance costs, and shortened lifespan [5].
On the other hand, high energy consumption and high operating

Wastewater treatment and resource recovery is an effective
way to cope with the water crisis. The membrane bioreactor
(MBR) formed by the combination of membrane separation and
biological treatment technology, has been applied worldwide due
to the advantages of good effluent quality, small footprint, and so
forth [1-4].

However, as the applications of MBRs are gradually expanding,
the drawbacks of the MBR process are also noteworthy. On the one
hand, membrane fouling leads to a decrease in membrane flux or
an increase in transmembrane pressure, which causes a series of
problems such as decreased treatment capacity, poor operational
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costs limit the widespread application of MBRs. Energy is con-
sumed for membrane scouring, biological aeration, membrane
pumping, as well as cleaning of the fouled membrane [6]. Periodic
recovery cleaning and membrane module replacement also
increase the operating costs of MBRs.

These challenges have attracted extensive attention from
researchers into the techno-economics and sustainability of MBR
[2,7-10]. Can the advantages of MBR outweigh its disadvantages?
How about the sustainability of MBR compared to conventional
wastewater treatment processes? It is essential for a comprehen-
sive assessment of MBRs from techno-economic-environmental
points of view, which requires not only an understanding of the
economic costs and environmental impacts of MBRs but also a
comprehensive analysis of the trade-offs between the two.
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Existing literature has discussed these aspects, but there are
some limitations in research design, methodology, and results.
The objectives of this study are to clarify the current status of
the application of techno-economic-environmental assessment
in MBRs for wastewater treatment, and to better understand the
sustainable development performance of MBRs. The MBRs
reviewed in this paper include both real operating MBR wastewa-
ter treatment plants (WWTPs) and MBR processes simulated
through experimentation or modeling.

2. Methods
2.1. Description of the study scope

This paper reviewed the research on techno-economic-
environmental assessment in MBRs for wastewater treatment from
three aspects: economic cost analysis, environmental impact
assessment, and comprehensive techno-economic-environmental
assessment. Fig. 1 presents the scope of this study.

Studies on techno-economic-environmental assessment can
be divided into three groups. One category focuses on the
techno-economics of wastewater treatment processes. Based on
actual or experimentally simulated wastewater treatment pro-
cesses, the energy consumption and cost of treating a unit of
wastewater or a unit of pollutant are calculated for different sce-
narios (e.g., different process flows, different sizes, and different
influent patterns). The second category is to assess the environ-
mental impacts of wastewater treatment processes. The environ-
mental impacts of the processes (e.g., global warming potential
(GWP)) are mainly assessed using life cycle assessment (LCA).
The third category aims to comprehensively assess the sustain-
ability performance of wastewater treatment processes. A com-
mon type of study is to conduct economic cost assessment
(i.e., the first category) and environmental impact assessment
(i.e., the second category) separately, and analyze the sustain-
ability of a wastewater treatment process by presenting the
results of these two parts directly. Since this approach cannot
quantitatively compare the environmental impacts with the eco-
nomic situation, it is difficult to conclude which scenario or pro-
cess is better from environmental and economic perspectives.
Therefore, an increasing number of studies applied some quanti-
tative models for integrated sustainability assessment of
wastewater treatment processes.

Outputs
(intermediate inputs)
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Existing integrated assessment methods include three types.
The first method is cost-benefit analysis (CBA), which is an analyt-
ical approach based on economic cost assessment and environ-
mental impact assessment. The method requires further
monetization of environmental impacts (e.g., greenhouse gas
(GHG) emissions calculated through LCA), and then comparing
them with costs to obtain net benefits, which evaluates the feasi-
bility of the wastewater treatment process. The second method is
data envelopment analysis (DEA), which calculates the technical
efficiency based on the inputs (e.g., costs and energy consumption)
and outputs (e.g., the volume of wastewater treated) of the
wastewater treatment process. This method generally uses inputs
and outputs that do not require additional calculations, instead
of using the results of the economic cost assessment and environ-
mental impact assessment. For instance, DEA often uses operating
costs as one of the inputs, rather than total costs or life cycle costs
as inputs. Multi-criteria decision analysis (MCDA), the third
approach, calculates a composite index to comprehensively evalu-
ate the wastewater treatment process by assigning weights to indi-
cators from different aspects (e.g., economic, technical, and
environmental aspects).

2.2. Bibliometric information

This paper collected and analyzed the literature on the eco-
nomic cost analysis of MBRs, environmental impact assessment
of MBRs, and integrated techno-economic-environmental assess-
ment of MBRs using bibliometric methods based on the Web of
Science (WoS) database. To improve the quality of the search
results, only articles from the WoS Core Collection database were
selected, and the literature types were restricted to articles and
reviews. As of September 2, 2024, the total number of search
results obtained was 294, of which 38 were reviews and 256 were
research articles, with a total of 10389 citations. This means that
the average number of citations per article was 35 (the median
number of citations was 16). The search formula is shown in
Table S1 in Appendix A.

Literature related to the topic of this paper was first published
in Water Science and Technology, where Adham et al. [11] investi-
gated the feasibility of the MBR process for wastewater reuse.
Through a literature review, a global survey, and a preliminary cost
estimation, they demonstrated that the MBR process is cost com-
petitive with other conventional wastewater treatment processes.

Outputs
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Total costs or
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Integrated techno—economic—
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Fig. 1. Scope of the study on techno-economic-environmental assessment. LCA: life cycle assessment; CBA: cost-benefit analysis;

multi-criteria decision analysis.
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DEA: data envelopment analysis; MCDA:


move_f0005

T. Gao, Y. Jin and K. Xiao

There was a general upward trend in publications in the selected
area, with a significant increase since 2013, indicating the atten-
tion given by academics to economic analysis, environmental
impact assessment, or techno-economic-environmental assess-
ment of MBRs (Fig. 2(a)).

There was no lack of highly cited literature, both in early and
recent publications [8,10,12-18]. The most highly cited article
(with 668 citations) was a review by Wei et al. [18] in Water
Research. The argument at the time was that the high cost of MBRs
was a barrier to the widespread use in large-scale WWTPs and that
the choice of sludge reduction strategies for practical application
should be based on cost analyses and environmental impact
assessments [18].

The literature was searched separately for three topics
(Fig. 2(b)), and the search formula is detailed in Table S1. There
were 134 studies conducting economic analyses of MBRs. The rel-
atively largest number of studies (i.e., 176 studies) dealt with envi-
ronmental impact assessment (including GHG accounting), with 54
studies focusing on GHG accounting. There were relatively few
studies (i.e., 36 studies) on integrated techno-economic-
environmental assessment, of which 10 were on CBA, 4 on DEA,
and 24 on integrated sustainability assessment (including assess-

Engineering 59 (2026) 297-311

ments from different perspectives (e.g., economic, environmental,
and technological) and MCDA).

Keywords appearing frequently in the literature (Fig. 2(c))
include “membrane bioreactor,” “wastewater treatment,” “life
cycle assessment,” “membrane fouling,” and “energy consump-
tion.” This indicates that membrane fouling, energy consumption,
water reuse, and LCA were popular topics in the study of
techno-economic-environmental assessment of MBRs applied in
wastewater treatment.

Fig. 3(a) shows the top 20 journals in terms of citations. The
most cited journal was Water Research, which published 16 rele-
vant articles that were cited 1525 times, with an average of 95 cita-
tions per article. Other highly cited journals were Bioresource
Technology, Desalination, Journal of Cleaner Production, and Journal
of Membrane Science, all of which are high level journals in the field
of membrane-based water/wastewater treatment. The articles in
these highly cited journals were focused primarily on the perfor-
mance of various processes incorporating MBRs in terms of feasi-
bility and sustainability, measured from one or more
perspectives, such as cost, energy consumption (or recovery), and
environmental impacts. Fig. 3(b) shows the top 20 countries in
terms of citations. China, the United States, and Spain were the
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Fig. 2. (a) Time trend of publications, citations, and average citation; (b) the number of publications on different topics; (c) the most popular keywords. SA: sustainability

analysis.
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Fig. 3. (a) The most popular journals by publications and citations; (b) the countries with the most publications and citations.

top three in terms of number of publications and total citations.
Norway'’s average citation per article was far ahead of the other
countries, thanks to the review article by Krzeminski et al. [8]
(with a high number of citations of 334) on MBRs in terms of
energy saving, membrane fouling control, and LCA.

3. Economic cost evaluation

Since the 1980s, MBRs have been widely applied worldwide due
to their superior effluent quality and space savings [19]. However,
MBRs are still considered an expensive wastewater treatment pro-
cess option due to the membrane cost and energy consumption.
Many studies have carried out techno-economic evaluations of
MBRs [9,20-22].

3.1. Cost components

The cost of MBRs usually includes capital and operating costs
[23,24]. Capital costs include plant construction, pipeline network,
and non-engineering costs. Tanks, pipelines, membrane modules,
and other equipment typically account for about 40%, 10%, 20%,
and 30% of the plant construction costs, respectively [4,10]. More
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than half of the plant construction cost comes from the membrane
treatment unit (55%-85%) [10]. Non-engineering costs include
management fees, interest expenses, financing costs, and taxes.
Most studies [25,26] have not considered land cost in the capital
cost because of the difficulty of evaluation.

The operating costs of MBRs mainly include energy consump-
tion (40%-60%), chemical consumption (10%-30%), sludge disposal
costs (5%-19%), and personnel costs (5%-28%) [7,10,22,25,27]. The
total energy consumption of MBR WWTPs consists of aeration
(membrane scouring and biological aeration), liquid pumping (lift-
ing and recirculation), sludge mixing, and so forth. Aeration
accounts for about 60% of the energy consumption of MBRs [4].
The chemical consumption of MBRs is mainly attributed to the
addition of external carbon sources, phosphorus removal, disinfec-
tion, sludge conditioning, and membrane fouling control (mem-
brane chemical cleaning and mixed liquor conditioning) [10].
Maintenance costs are often discussed together with operating
costs, which are called operating and maintenance (O&M) costs.

MBRs also have membrane replacement costs or membrane
depreciation costs. As membrane modules need to be replaced,
some studies regarded membrane replacement costs as operating
costs [28]. Membrane modules also have the characteristic of a
fixed asset that wears out over the years. Some studies regarded
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membrane depreciation costs as capital costs [22,26,29]. For clar-
ity, this review discussed membrane replacement/depreciation
costs separately from capital and operating costs.

3.2. Methods of cost evaluation

Whether MBRs or other wastewater treatment processes, cost-
ing requires the sum of capital costs, operating costs, and other
costs (e.g., membrane depreciation costs). Since capital and operat-
ing costs do not occur at the same time, the costs need to be dis-
counted to the same time before further summing. Some studies
[30-33] directly added up the capital cost and the annual operating
cost without taking into account the time value of money, which is
contrary to objective economic laws. Currently, there are two main
costing methods: calculating annual costs and calculating life-cycle
costs (or the net present value).

For the first method, capital costs are depreciated and amor-
tized each year. The annual depreciated capital cost is added to
the annual operating cost to obtain the total annual cost [25,34-
36], as shown in Eq. (1):

TC = CC + OC + BRC (1)

(2)

The annual total cost (TC) of an MBR is the linear sum of the
annual amortized capital cost (CC), the annual operating cost
(0C), and the annual amortized membrane replacement cost (RC)
[25,34]. o and B are the capital recovery factor (CRF) of fixed assets
and membrane modules of WWTPs, respectively. The CRF is calcu-
lated from the discount rate i and the asset lifetime T (Eq. (2)). The
lifetime of fixed assets (excluding membrane modules) in capital
costs is 10-40 years [17,22,37], while the membrane lifetime t,
is usually 5-10 years [35,38]. The discount rate is assumed to be
3%-10% [17,22,39].

The second method is to sum the costs discounted to the pre-
sent value in each period to obtain the net present value (NPV)
of the lifecycle costs [7,22,40-43], as shown in the following Eq.
(3). The term t represents the number of years an MBR has been
in operation.

CRF = [i x (1+1)7]/[(1 +i)" = 1]

T oc & RG
NPV = CC + + 3
;(Hif ;m(Hi)t ®)

3.3. Results of cost evaluation

Fig. 4 shows the cost and energy consumption of MBRs, with
more detailed cost data provided in Table S2 in Appendix A. To
ensure comparability across studies, Fig. 4 includes only those that
compare the costs of MBRs with other wastewater treatment pro-
cesses, excluding studies that focus solely on the economics of
MBRs. Among the reviewed literature, 40% are based on data from
real WWTPs, while the remaining 60% rely on simulation or exper-
imental data.

The operating costs and energy consumption of MBRs varied
with wastewater quality, treatment scale, and other factors. As a
result, there were large differences in the operating costs reported
in different studies. Compared to conventional wastewater treat-
ment processes, MBRs had higher operating costs and energy con-
sumption [42,44,45]. The operating costs of conventional activated
sludge (CAS) processes were 0.02-0.40 USD-m~> (0.15-
3.0 CNY-m~3), while those of MBRs were 0.09-0.45 USD-m~>
(0.66-3.3 CNY-m™) [39,41,42,44-46]. The energy consumption of
CAS processes was 0.3-0.64 kW-h-m~3, while that of MBRs was
0.4-1.15 kW-h-m~3 [8,10,27,47]. Energy consumption is the largest
part of operating costs, with aeration accounting for about 60% of
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total energy consumption, and membrane aeration accounting
for more than 60% of total aeration requirements [48]. Therefore,
refined design and optimization of aeration are conducive to
energy saving, which can improve MBRSs’ cost competitiveness
[21,48-50]. Adopting renewable energy sources and improving
the efficiency of energy recovery are also effective ways to improve
the economic sustainability of MBRs [51]. In addition, membrane
fouling, as a concomitant problem during MBRs’ operation,
increases the energy consumption for filtration and cleaning,
which is a bottleneck for the development of MBRs [52].

The capital cost of MBRs was comparable to or higher than that
of CAS processes, but capital costs here usually did not include land
costs. The average land occupation area of an MBR for municipal
wastewater treatment is 0.8 m,+(ms-d~')~!, smaller than that of
CAS (~1 my(m~3-d~1)"! [10]. When land costs are taken into
account, MBRs would be competitive in terms of capital costs
due to the advantage of the small footprint. Overall, the total cost
of an MBR was slightly higher than other wastewater treatment
processes (average total cost: MBR vs CAS = 0.25 vs 0.19 USD-m~3).
MBRs can be cost competitive in certain applications, such as areas
with stringent effluent standards, high capital costs, high concen-
trations of organic influent, or influent from waste leachate
[3,10]. The cost of an MBR is influenced by factors such as temper-
ature, membrane flux, pretreatment method, membrane cost,
membrane lifetime, and so forth. In general, improved membrane
performance, longer membrane lifetime, lower membrane price,
and increased membrane flux all reduce the life cycle cost of MBRs
[46,53,54]. Costs are also related to influent flow rate (or treatment
capacity). Several studies have developed capacity-based cost
functions to predict the cost of MBRs [22,43,55].

4. Environmental impact assessment

Wastewater treatment aims to reduce wastewater pollution
caused by human activities and to minimize the negative impacts
of wastewater on environmental quality and human health [56].
However, in addition to the positive environmental impacts associ-
ated with the removal of pollutants, wastewater treatment pro-
cesses also have negative environmental impacts due to material
and energy consumption, GHG emissions, and residual sludge dis-
posal [57]. MBRs are capable of achieving high effluent quality and
saving land area but may come with environmental costs such as
exacerbating global warming. Therefore, a comprehensive assess-
ment of the environmental impacts of wastewater treatment pro-
cesses is needed to promote sustainable development. Several
studies [9,31,58-62]. have evaluated the environmental impacts
of MBRs using LCA, including primary energy consumption, GWP,
carcinogens, aquatic acidification, aquatic ecotoxicity, eutrophica-
tion of water bodies, and so forth. In the context of an increasingly
critical climate change situation, some studies [17,53] focused on
the carbon emissions (or GWP) of MBRs.

4.1. Overall assessment of environmental impact

LCA, which quantifies environmental impacts by collecting
inputs and outputs throughout the life cycle, has been widely
applied to the environmental impact assessment of WWTPs [63-
66]. Table S3 in Appendix A shows some of the studies on LCA of
WWTPs. LCA consists of four steps: system boundary determina-
tion, life cycle inventory analysis, life cycle impact assessment
(LCIA), and result resolution.

As of September 2, 2024, there were 88 articles (including
reviews) referring to LCA research on MBRs. Table 1
[9,17,31,53,58-62,67-87] shows the LCA studies of the MBR,
excluding those without full details of the LCA analysis. Table 1
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Fig. 4. Cost estimations of MBRs and other wastewater treatment processes (mainly referring to the CAS process). The data are sourced from all the references listed in

Table S2.

and Table S3 show that the LCA studies of MBRs and other wastew-
ater treatment processes usually set the wastewater treatment
volume as the function unit [34,53,59,88]. Some studies used the
removal of pollutants (e.g., chemical oxygen demand (COD) and
total phosphorus (TP)) per unit mass as a functional unit [89,90].
Due to the low life cycle impact and the difficulty of obtaining
inventory data in the construction and demolition phases of
WWTPs, most studies [60,91] only considered the operational
phase. Life cycle inventory provides a database for subsequent
steps by quantifying the material/energy inputs and outputs of a
given process system throughout its life cycle. Inventory data are
usually classified and indexed using models (e.g., the tool for the
reduction and assessment of chemical and other environmental
impacts (TRACI)) to assess environmental impacts such as primary
energy consumption and GWP.

Various LCIA models consider different categories of environ-
mental impacts. For WWTPs, GWP, aquatic acidification, aquatic
ecotoxicity, aquatic eutrophication, respiratory effects, carcino-
gens, and non-carcinogens are major categories of the overall envi-
ronmental impacts [17,31,67,68]. The main sources of these
environmental impacts are electricity consumption, sludge dis-
posal, material consumption, and direct emissions [31]. LCA stud-
ies of MBRs have shown that MBRs have a relatively high energy
consumption (0.47-1.69 kW-h-m~3) due to the requirements for
membrane fouling mitigation (e.g., aeration flushing and chemical
cleaning) [31,67]. Since energy consumption contributes more
than 60% to GWP, aquatic acidification, and respiratory effects,
MBRs are associated with a high level of these environmental
impacts [31,68]. The environmental impacts associated with the
production, use, and replacement of membrane materials (e.g.,
polyvinylidene fluoride (PVDF) and polyvinyl chloride (PVC)), are
also noteworthy for MBRs. The environmental impact categories
to which membrane materials contribute most over the life cycle
are carcinogens and non-carcinogens. The carcinogen category
can be reduced from 0.0274 to 0.0195 kg C,HsCl equivalent by
extending the membrane life from 4 to 8 years [31]. For both
CAS and MBR processes, sludge disposal was reported to contribute
more than 50% to aquatic ecotoxicity [9,31]. Environmentally
friendly sludge treatment and disposal technologies are thus
important for reducing the negative environmental impact of
WWTPs. Despite the environmental burden of MBRs in terms of
environmental impacts such as GWP, MBRs have a very low impact
on the eutrophication of oceans and freshwaters due to high efflu-
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ent quality. Optimizing energy use, using renewable energy
sources or implementing energy recovery strategies, optimizing
sludge disposal options, and extending membrane lifespan (e.g.,
through effective membrane fouling control or the use of new
membrane materials) can significantly reduce the life cycle envi-
ronmental impacts of MBRs [31,92].

Retrofitting the CAS process toward the MBR process for
wastewater treatment can increase the life-cycle fossil fuel con-
sumption, photochemical formation, acidification, and respiration
impacts [69]. Shifting energy use to a power mix with a higher
share of renewable energy (e.g., wind or lignocellulosic biomass
power) can reduce the life-cycle environmental impacts of MBRs
[69,70]. In addition to the energy mix, climatic conditions, the size
of the decentralized system and the amount of water reused can
also affect the environmental impacts of MBRs [53,71]. The final
use of the effluent and sludge determines the potential environ-
mental impact of MBR applications [72]. For example, the
nutrient-rich effluent from anaerobic MBRs (AnMBRs) can be used
directly in agricultural production to compensate for the nutrients
required by crops and therefore has a low environmental impact
[72]. As AnMBRs can recover methane, many studies [17,52,60]
have analyzed the environmental impact of AnMBRs using scenario
modeling and LCA to maximize energy recovery and dissolved
methane recovery.

Overall, there has been an increase in the number of LCA studies
of MBRs in recent years, but the limitations of the studies have
become increasingly apparent. Different studies defined functional
units and impact categories differently, and thus it is difficult to
make comparisons between them. Some studies did not detail
the basic LCA information such as the scope, functional units,
and methods of environmental impact assessment, which would
affect the reliability and reproducibility of the results. Most studies
[17,31,53,58-62] only considered the environmental impacts dur-
ing the operational phase, while often neglecting the decommis-
sioning phase. To ensure consistency, reliability, and
reproducibility of the results, it is recommended to consider a
more standardized LCA implementation [93].

4.2. GWP assessment
GWP, one of the environmental impacts of greatest concern in

environmental impact assessment, refers to the direct or indirect
emissions of GHGs. The main GHGs emitted from wastewater
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Table 1
Main characteristics of LCA related literature for MBRs.
Reference Country Function unit System boundaries Sludge disposal LCIA model Software
[9] Spain 1 m® of treated wastewater Construction, operation, Agricultural application, CML 2000 DESASS, BNRM2,
and demolishment landfill, and incineration and SimaPro
[17] USA 5 MGD of treated wastewater Operation Landfill, land application, TRACI TRACI
and incineration
[31] China 1 m? of treated wastewater Operation — CML 2001 GaBi
[53] USA 1 m? of treated wastewater Operation Landfill TRACI OpenLCA
[58] Greece 1 m® of treated wastewater Operation Landfill CML 2001 OpenLCA
[59] USA 5 MGD of treated wastewater Operation Landfill, anaerobic TRACI TRACI
digestion, and composting
[60] USA 5 MGD of treated wastewater Operation Land application TRACI SimaPro
[61] Cyprus 1 m® of treated wastewater Construction and Landfill IPCC 2013, ReCiPe SimaPro
operation
[62] Spain 1 m? of treated wastewater Operation — ReCiPe SimaPro
[67] India 1 m® of treated wastewater Operation Landfill CML 2001 GaBi
[68] USA 1 m* water used for outdoor Construction and — TRACI SimaPro
irrigation and/or toilet flushing operation
[69] China 1 kg preserved plum Construction and Landfill openLCA TRACI and
operation ReCiPe
[70] Tiirkiye 1 m? of treated wastewater Construction and Incineration Ecoinvent SimaPro
operation
[71] Canada The annual treatment of greywater  Construction, operation, Landfill TRACI OpenLCA
generated per person and demolishment
[72] China 0.22 m3-s~! of treated wastewater ~ Construction and Land application and TRACI SimaPro
operation incineration
[73] Iran 5 MGD of treated wastewater Operation Land application ReCiPe -
[74] Iran 1 m3-d~"! of WWTP’s secondary Construction and — Eco-Indicator 99 —
effluent operation
[75] Iran 1 m3-d~"! of WWTP effluent Construction and Agricultural application Impact 2002+, Eco- SimaPro
operation indicator 99,CML 2001,
IPCC
[76] Greece 1 kg of produced canned peaches  Operation Landfill and composting ReCiPe GaBi
[77] Italy 1 m® of treated wastewater Operation Landfill ReCiPe Umberto LCA
[78] USA 1 m? of producing water Operation Landfill ReCiPe SimaPro
[79] Spain 1 m® of treated wastewater Operation Agricultural application CML SimaPro
[80] Iran 1 m® of treated wastewater Operation Sanitary landfill, biowaste,  ReCiPe -
and incineration
[81] France 1.92 million m3-year~! of treated Construction and — IPCC TEAM and
wastewater operation DEAM
[82] Spain 1 m? of treated wastewater Construction, operation, Landfilling, land CML 2000 DESASS, BNRM2,
and demolishment application, and and SimaPro
incineration
[83] Republic 100 000 m3-d~! of wastewater Construction and Landfill TOTAL TOTAL
of Korea operation
[84] Thailand 1 kg of sludge produced Operation — SimaPro CML-IA
[85] Thailand ~ 2.02 m*-d~! of combined Operation - - ReCiPe
wastewater
[86] Denmark 1000 m? of treated wastewater Operation Agricultural application EASETECH EASETECH
[87] Australia 1 mL of recycled water Construction and Landfill MIET GaBi
operation

MGD: million gallon-day~'; IPCC: Intergovernmental Panel on Climate Change; CML: the methodology developed by the Centre of Environmental Science of Leiden
University; TRACI: the tool for the reduction and assessment of chemical and other environmental impacts; ReCiPe: a method for LCIA, which was first developed in 2008
through cooperation between Rijksinstituut voor Volksgezondheid en Milieu (RIVM), Radboud University Nijmegen, Leiden University, and PRé Sustainability; TOTAL: a
software developed by the Korea Environmental Industry and Technology Institute (KEITI); EASETECH: environmental assessment system for environmental technologies;

and MIET: the missing inventory estimation tool approach.

treatment processes are carbon dioxide (CO,), methane (CH,), and
nitrous oxide (N,0). Based on their contribution to global warming,
the different GHGs are converted into carbon dioxide equivalents
(CO4e), which are used to measure the GWP.

According to the IPCC guidelines, GHG emissions (i.e., carbon
emissions) from wastewater treatment processes can be catego-
rized into Scopes I, II, and IIl. Scope I carbon emissions are the
direct emissions of GHGs into the atmosphere from wastewater
treatment processes, including CO, from aerobic, anaerobic, and
anoxic processes, CH4 from anaerobic processes and sludge treat-
ment, N,O from nitrification and denitrification processes and dis-
solved CHy in the final effluent water. Scope Il carbon emissions are
indirect carbon emissions from electricity or heat consumption in
wastewater treatment processes. Aeration energy consumption is
the primary source of indirect carbon emissions. Scope III carbon
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emissions are indirect carbon emissions other than those in Scope
II, from the manufacture and transportation of chemicals and
replacement materials (e.g.,, membrane modules). Generally, CO,
from the oxidation of carbon-containing substances in municipal
wastewater is considered biogenic and thus is excluded from the
calculation of carbon emissions. However, for CH; and N,O, the
deduction of the biogenic component is not considered in the cur-
rent IPCC guidelines. In addition, resource energy recovery and
other carbon sinks (e.g., artificial wetlands, carbon capture and
storage) can also be used to offset carbon emissions.

Some of the widely used carbon emission accounting methods
in the field of water/wastewater treatment are the direct actual
measurement method [94,95], the mass balance method [63], the
emission factor method [96], and the LCA method [88]. Among
them, the methods of LCA and emission factors are the most widely
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used. The direct actual measurement method has fewer intermedi-
ate links and more accurate results, but this method is disturbed by
field sample collection and the difficulty of the data acquisition
process. The mass balance method has advantages in data collec-
tion but has more intermediate processes. The emission factor
method is an international common carbon emission estimation
method based on the IPCC, with a wide range of applications, but
the results are rough and uncertain. For specific WWTPs or
wastewater treatment processes, the LCA method can account for
the carbon footprint of the whole life cycle from the bottom up.
This method has a detailed calculation process but has difficulty
in obtaining the data and constructing the life-cycle inventory [97].

Most of the existing studies [17,59] on carbon accounting for
MBRs used the LCA method to calculate the carbon footprint of the
wastewater treatment process and compare it with other processes.
Some studies [40] used the emission factor method to calculate the
carbon emissions of wastewater treatment processes. Some studies
[98,99] accounted for carbon emissions based on mass balance equa-
tions. Mannina et al. [100-104] combined mathematical modeling
and biological models (in-built chemometric and kinetic models)
to estimate and predict GHG emissions from MBR processes.

The results of carbon emission accounting for MBRs and other
wastewater treatment processes in the existing literature are
shown in Fig. 5, and a detailed list of the results is shown in
Table S4 in Appendix A. The total carbon emission level of MBRs
was 0.19-4.65 kilograms of carbon dioxide equivalents per cubic
meter (kgCO,e-m~3) with an average (median) value of 1.44
(0.99) kgCO,e-m~3, while the total carbon emission level of other
wastewater treatment processes (such as CAS) was 0.14-
3.87 kgCO,e-m~> with an average (median) value of 0.84 (0.42)
kgCO,e-m~>. It can be seen that MBRs had a higher level of carbon
emissions than the other processes in general [105-109]. A few
studies have found that MBRs had lower carbon emissions than
conventional wastewater treatment processes [58,62], which
might be related to the specific process design, accounting scope
boundaries, and accounting methods. It should be noted that the
accounting of carbon emissions usually only considers the opera-
tional phase. If the whole life cycle carbon emissions are consid-
ered, the difference in GWP between MBRs and conventional
wastewater treatment processes may be narrowed due to the
advantages of MBR’s small footprint of land occupation.

The high carbon footprint of MBRs mainly arose from the rela-
tively high energy consumption. The average indirect carbon emis-
sions from energy consumption were 1.01 kgCO,e-m™ (with a
median value of 0.69 kgCO,e-m~3), which accounted for about
70% of the total carbon emissions. The membrane tank contributed
to more than 50% of the total carbon emissions, and controlled aer-
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ation could thus significantly reduce the carbon emissions
[98,99,110]. Wastewater treatment combined with renewable
energy sources (e.g., wind power and photovoltaics) could reduce
emissions by around 95% [105]. AnMBRs generally had a lower
level of carbon emissions than aerobic MBRs and other wastewater
treatment processes, as AnMBRs can recover methane as a form of
energy recovery [52,111].

In addition to the limitations of the LCA method mentioned in
Section 4.1, the emission factor method for calculating carbon
emissions from wastewater treatment processes faces problems
such as difficulties in data collection, poor applicability of emission
factors, and a high degree of uncertainty in the results. For exam-
ple, emission factors of N,O and CH,4 used to calculate direct carbon
emissions are obtained from conventional WWTPs and are not nec-
essarily applicable to MBRs. The mass balance method also faces
the problems of difficult data collection, complicated calculation
processes, and missing or inapplicable key parameters.

5. Techno-economic-environmental assessment

Understanding the sustainability of MBRs requires integrating
the results of economic assessments and environmental impact
assessments to analyze the trade-offs between the advantages
and disadvantages of MBRs. There are currently three main
approaches to integrated techno-economic-environmental assess-
ment. The first method is CBA: environmental benefits are com-
pared with economic costs to obtain the net benefits used to
assess the economic-environmental viability [112,113]. Some of
these studies directly used the price of reclaimed water as an envi-
ronmental benefit of wastewater treatment [7], while others quan-
tified the environmental benefits of WWTPs based on shadow
prices of pollutants [112]. DEA, the second approach, is used to
assess the economic-environmental effectiveness by defining the
inputs and outputs of the wastewater treatment process and mea-
suring the technical efficiency of WWTPs based on a distance func-
tion [114,115]. The third method is MCDA: integrating multiple
dimensions such as economic costs, environmental impacts, and
social benefits, determining the weight of each indicator through
weight assignment methods (e.g., expert scoring), and calculating
the sustainability score of the WWTP [7,30].

5.1. Cost-benefit analysis

CBA is a policy assessment method that quantifies in monetary
terms the value of all the consequences of a policy for all members
of society [116]. More generally, CBA is a useful tool for comparing
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Fig. 5. GHG emissions of MBRs. Total: total carbon emissions (the sum of direct carbon emissions and indirect carbon emissions); Direct: direct carbon emissions; Indirect:
indirect carbon emissions (from electricity consumption). The data are sourced from all the references listed in Table S4.
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the economic feasibility of technologies, programs, projects, regu-
lations, demonstrations, and policies. In the articles reviewed in
this paper, the magnitude of benefits and costs was usually judged
by the net benefits (incremental benefits minus incremental costs)
[113,117,118]. A project or technology is economically viable when
the benefits outweigh the costs. A few studies calculated the
benefit-cost ratio, payback time, or internal rate of return to deter-
mine the economic feasibility of a project. A project is feasible if
the benefit-cost ratio is greater than 1, if the payback time is less
than the operating time, or if the internal rate of return is greater
than the market interest rate [14,119].

Accounting for the costs of WWTPs is described in Section 3.2,
while the calculation of benefits is more complex. Benefits from
wastewater treatment are mainly environmental benefits from pol-
lutant removal and water reuse, while negative environmental
impacts from GHG and solid waste emissions need to be deducted
[112,113]. Although the LCA methodology described in Section 4.1
can assess the environmental impacts of wastewater treatment pro-
cesses, it is difficult to reasonably sum up and monetize the many
environmental impacts. The environmental benefits of wastewater
treatment cannot be captured through market pricing due to envi-
ronmental externalities, and thus some studies calculated environ-
mental benefits by estimating shadow prices using a directional
distance function instead of market prices [112,117,120,121].

The shadow price of a pollutant is the marginal cost of removing
a unit of pollutant and reflects the marginal benefit of reducing a
unit of pollutant discharge. The level of the shadow price depends
not only on the nature of the pollutant but also on the socio-eco-
nomic and environmental conditions of the treatment plant itself
[26]. The lower the effluent concentration of a pollutant, the higher
the cost per unit of pollutant removed and the higher the shadow
price of the pollutant. Generally, within the scope of ordinary pol-
lutants, the removal of nutrients (nitrogen and phosphorus) from
the effluent contributes the most to environmental benefits, while
the removal of suspended particulate matter contributes relatively
little to environmental benefits [26,113,117,122]. Environmental
benefits are also related to the destination of pollutant discharges.
Discharging to pollutant-sensitive locations (e.g., wetlands) can
bring higher environmental benefits than discharging to the sea
(with the potential for dilution and dispersion). The environmental
benefits are higher if the treated water is reused rather than dis-
charged directly [112,122].

The results of CBA are exemplified in Table S5 in Appendix A.
Studies have shown that the majority of WWTPs were economi-
cally viable considering the external benefits of wastewater treat-
ment [112,113,117]. CBA studies focusing on MBRs have shown
that the MBRs were all economically viable [26,91,118,123]. Based
on the data before and after the upgrading of 20 WWTPs (capacity
> 10 000 m3-d~") in China, it was found that the net benefit of ret-
rofitting from the CAS to MBR process increased significantly by
0.68 USD-m~3 (5 CNY-m~3) [121].

Existing studies on CBA have mainly focused on conventional
WWTPs, and fewer related studies have been conducted for the
MBR process. During the process of CBA, most of the literature only
considered the benefits of water reuse [118], and a few calculated
the environmental benefits of pollutant removal by wastewater
treatment [26,117]. However, negative environmental impacts
such as material energy consumption and GHG emissions have
been neglected [57]. In addition to environmental benefits, other
possible benefits of wastewater treatment (e.g., health benefits)
have scarcely been considered in the existing literature.

5.2. Data envelopment analysis

DEA is a common method in existing literature on evaluating
environmental performance, environmental governance efficiency,
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and technical efficiency [124-126]. DEA utilizes linear program-
ming to take the optimal input-output as the production frontier
and to construct the data envelopment curve, to compute the rel-
ative technical efficiency of the decision-making units (DMUs). The
closer the sample point of DMUs is to the frontier, the higher its
technical efficiency (ranging from 0 to 1). The technical efficiency
is equal to 1 when the sample point is on the frontier, which means
that the sample has the optimal technical efficiency and its output
is the maximum possible output given the inputs.

The CCR model (the three letters in the model name represent
the initials of the three authors, respectively, as does the BBC
model below) is the earliest DEA model, proposed by Charnes
et al. [127], which assumes constant returns to scale and measures
the technical efficiency. Banker et al. [ 128] modified the CCR model
into the BCC model by assuming variable returns to scale. Both the
CCR and BBC models measure radial efficiency by allowing inputs
or outputs to increase or decrease in equal proportions, but this
assumption is not applicable in all cases. Tone [129] proposed
the slacks-based measure (SBM) model, which takes into account
the difference between inputs and outputs (i.e., slack) to measure
non-radial efficiency. Considering the existence of undesirable out-
puts and the fact that the two types of outputs (desirable outputs
and undesirable outputs) do not necessarily increase or decrease in
the same proportion, Zhou et al. [126] proposed the non-radial
directional distance function (NDDF). Due to the dynamic changes
in efficiency, the Malmquist index proposed by Malmquist [130]
and later extended by Caves et al. [131] can measure the dynamic
changes in the technical efficiency of DMUs over time.

Some of the DEA studies on WWTPs are shown in Table 2
[26,114,121,132-141]. Most of the studies used cost or energy con-
sumption as inputs and pollutant reductions as desirable outputs
to calculate technical efficiency. The technical efficiency reflects
the degree of proximity of WWTPs to the optimal state under the
considerations of treatment performance and cost/energy con-
sumption [142]. It was found that the overall technical efficiency
of conventional WWTPs was 0.3-0.4, with only 10% of them reach-
ing an efficiency value of 1. The size of the plant (design scale), the
amount of organic matter removed, and the type of aeration are
important factors explaining the differences in technical efficiency:
larger WWTPs are more efficient than smaller ones; plants remov-
ing more COD are more efficient; and plants using diffusers are 28%
more efficient than those using turbines [132].

However, DEA studies evaluating the efficiency of wastewater
treatment technologies have mainly focused on conventional
WWTPs and few specific analyses have been conducted for MBRs.
Upon searching, as of September 2, 2024, there were only four DEA
studies on MBRs [26,121,133,134]. Of these, Bick et al. [133]
focused on pilot-scale MBRs, while Gao et al. [121] focused on
actual full-scale MBRs. Studies showed that effluent standards,
construction positions (aboveground/underground), influent type,
geographic location, and year of operation may also affect the tech-
nical efficiency of MBRs [26]. After retrofitting the WWTP from the
CAS to MBR process, the average energy efficiency was unchanged
and the average cost efficiency was improved. This suggests that
the MBR and CAS processes are comparable in terms of technical
efficiency and that there is still room for MBRs to improve energy
efficiency [121].

Overall, there is no unified paradigm for DEA modeling applied
to WWTPs, and the relevant literature is limited and lacks inter-
connections. In addition, there is still room for improvement in
DEA modeling when calculating the technical efficiency of WWTPs.
On the one hand, undesirable outputs such as sludge generation
and GHG emissions have been rarely considered in DEA models
in the literature. On the other hand, the model setup itself may suf-
fer from relaxation bias, which leads to increased uncertainty in
the model results. When applying a specific DEA model (e.g., the
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Table 2

DEA studies of wastewater treatment plants.
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Reference MBR DEA model Input Desirable output Undesirable
output
[26] Yes NDDF Total cost or energy consumption The volume of treated wastewater and  Sludge production
the rate of removing pollutants (i.e.,
BOD, COD, and NH3-N)
[114] No CCR Electricity consumption per day The amount of pollutants per day (i.e., —
COD, N, and P)
[115] No Non- Cost per cubic meter of wastewater treated The annual amount of removing —
concavemeta pollutants (i.e., COD, N, and P)
frontier
[121] Yes  NDDF Operating cost or energy consumption The volume of treated wastewater and  Sludge production
the rate of removing pollutants (i.e.,
COD and NH;-N)
[132] No Non-radial Cost per cubic meter of wastewater treated (the cost consists of  The reduction concentrations of -
DEA energy consumption, chemical consumption, labor cost, pollutants (i.e., SS and COD)
maintenance cost, and sludge treatment cost)
[133] Yes — Feed temperature, transmembrane pressure, and BODs Permeate flux and the removal rate of —
concentrations in bioreactor BODs
[134] Yes — Feed temperature and transmembrane pressure. Normalized flux and fouling rate -
prevention
[135] No WSBM Cost per cubic meter of wastewater treated (the cost consists of ~ The annual amount of removing —
energy consumption, chemical consumption, labor cost, and pollutants (i.e., COD, SS, N, and P)
maintenance cost)
[136] No BCC Energy consumption and construction cost The rate of removing pollutants (i.e., Carbon emissions
COD, SS, TN, and TP)
[137] No CCR Cost per cubic meter of wastewater treated (the cost consists of  Total annual reduction of pollutants -
energy consumption, labor cost, maintenance cost, and sludge (i.e., SS, COD, and BOD)
treatment cost)
[138] No SBM Total electricity consumption The amount of removing pollutants (i.e., —
COD, BODs, TN, NH5-N, and TP)
[139] No DEA with Cost per cubic meter of wastewater treated The annual amount of removing —
statistical pollutants (i.e., COD, SS, and N)
tolerances
[140] No BCC Electricity consumption per cubic meter of wastewater treated The rate of removing pollutants (i.e., -
COD, SS, NH;-N, and TP)
[141] No Malmquist Design scale, load rate, accumulated electricity consumption, The amount of pollutant removal per -
index electricity consumption per cubic meter of wastewater treated, electricity consumption (i.e., COD, BOD,

and actual treatment capacity

SS, NH3-N, TN, and TP)

WSBM: the weighted slack-based measure; BOD or BODs: biochemical oxygen demand or 5 day BOD; SS: suspended solids.

BBC model), the assumptions of the model and the reasons for its
application need to be clarified. It is important to note that DEA
models calculate the relative technical efficiency of DMUs, and
the value of efficiency is not comparable between articles.

5.3. Multi-criteria decision analysis

Many studies have evaluated and compared MBRs and conven-
tional wastewater treatment processes from multiple perspectives,
including environmental, technological, and economic aspects.
However, these studies only conducted preliminary single-factor
evaluations from multiple aspects and did not aggregate multiple
dimensions due to the lack of data and methodological limitations
[31,51,57]. CBA and DEA methods aggregate the environmental
and economic dimensions to some extent, but both methods have
requirements for quantitative information.

Some studies compared MBRs and conventional wastewater
treatment processes by constructing a comprehensive sustainabil-
ity evaluation index through MCDA, which takes into account mul-
tiple dimensions such as environment, technology, and economy
[7,30]. MCDA usually includes five steps, such as, defining the
objective, defining the criteria, weighting the criteria, aggregation,
and rating options [74].

MCDA related to wastewater treatment processes mainly con-
sidered environmental, technological, and economic dimensions,
with a few studies also considering other dimensions such as soci-
ety and management [30,143]. Environmental dimensions include
sub-dimensions such as effluent quality, GWP, and acidification
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potential, which can be directly utilized with the results of LCA
[144]. Technical dimensions usually include sub-dimensions such
as reliability, flexibility, modularity, and complexity. Economic
dimensions consist of sub-dimensions such as construction costs
and O&M costs. Social dimensions include sub-dimensions such
as public acceptance, simplicity, and level of risk to health and
safety [145].

After determining the criteria, the criteria and sub-criteria need
to be quantified and weighted, which in turn can lead to a compos-
ite sustainability score. The weighting information of MCDA is
shown in Table S6 in Appendix A. The methods of weighting
include the Delphi method [146], expert survey method [147],
principal component analysis (PCA) [148], analytic hierarchy pro-
cess (AHP) [108,145,149], technique for order preference by simi-
larity to an ideal solution (TOPSIS) [150] and fuzzy
comprehensive evaluation method [151]. Most of these methods
are subjective weighting methods that involve a range of subjec-
tive factors such as personal perception, natural environment, eco-
nomic conditions, local policies, and specific assumptions [31].

Studies [30,143] have shown that MBRs had superior technical
performance and social sustainability performance, with consis-
tent effluent quality and high pollutant removal efficiency. Thus,
MBRs were more adaptable to increasingly stringent standard lim-
its and facilitated the long-term operation of wastewater treat-
ment and reuse projects. However, from a life-cycle perspective,
it was reported that MBRs were more environmentally burden-
some and economically costly [31]. The conclusions of existing
studies on MCDA were inconsistent, with some suggesting that
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the sustainability performance of MBRs was not dominant com-
pared to conventional wastewater treatment processes
[7,30,108,152]. It has also been shown that MBRs had a high sus-
tainability index relative to CAS processes [146,149,151]. The
inconsistency in conclusions may be related to factors such as
research objectives, guideline setting, data, and methodology.

Although MCDA can provide a comprehensive evaluation of
wastewater treatment processes in terms of technology, economy,
environment, and society, existing studies have used a large num-
ber of qualitative indicators and adopted subjective weighting
methods. The results are often limited by local conditions and sub-
jective factors, and there is a great deal of uncertainty in the setting
of weights and the construction of indices.

6. Discussion

This paper reviewed the research on techno-economic-
environmental assessment in MBRs for wastewater treatment.
The relevant research can be divided into three categories: eco-
nomic cost analysis, environmental impact assessment, and inte-
grated techno-economic-environmental assessment of MBRs.
This section provides a comparative analysis of these three types
of studies (Table 3). The scope of these studies determines the dif-
ferent focuses, methodologies, and key points of the research.

Economic costing aggregates the various cost categories into
total annual or life-cycle costs using the well-established cash-
flow methods of economics. The key points in such studies are dis-
counting and amortization, and there are difficulties in obtaining
detailed cost data. LCA is commonly used for environmental
impact assessment. The key point of this method is to determine
the study boundary, functional units, and impact categories while
being limited by the availability and applicability of inventory
data.

The advantage of integrated techno-economic-environmental
assessment is that it combines economic cost assessment and envi-
ronmental impact assessment to evaluate the sustainability perfor-
mance of wastewater treatment processes. Such studies can be
further divided into three categories based on methodology. CBA
assesses the feasibility of a process by calculating net benefits
based on total costs and total benefits, but the method is limited
by the difficulty of assessing and monetizing environmental
impacts. DEA calculates the technical efficiency of DMUs based
on multiple inputs and outputs of the wastewater treatment pro-
cess. The selection of inputs, outputs, and DEA models has a signif-

Table 3
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icant impact on the results. Inadequate attention to undesirable
outputs and the difficulty of comparing results from different stud-
ies are the main bottlenecks in such studies. MCDA is a method for
constructing a composite index based on multiple objectives. The
key to this method is to identify, quantify, and weigh different indi-
cators. The selection of indicators and the assignment of weights
are somewhat subjective, making the results highly uncertain.

The integrated techno-economic-environmental assessment
(Section 5) can be interconnected with the economic cost evalua-
tion (Section 3) and environmental impact assessment (Section 4).
The implementation of CBA requires the costs calculated in the
economic cost assessment discussed in Section 3, as well as the
monetized environmental impact results from the environmental
impact assessment discussed in Section 4, as inputs. As shown in
Fig. 1, the inputs required for DEA are the same as those in the eco-
nomic cost assessment and environmental impact assessment (e.g.,
operational costs and energy consumption), but it does not require
the results from the economic cost assessment and environmental
impact assessment, such as total costs or life cycle costs. For MCDA,
the inputs can either be the same as those in the economic cost
assessment and environmental impact assessment or derive from
the results of these assessments.

Overall, different types of techno-economic-environmental
assessment studies have their characteristics. Depending on the
research questions and objects, different methods have to be cho-
sen. All such studies need to pay attention to the definition of the
study scope, the description of possible omissions, and the basis for
the selection and assignment of indicators.

7. Summary and prospects

This paper reviewed the literature on economic cost analysis,
environmental impact assessment, and techno-economic—
environmental assessment of MBRs.

The cost of an MBR consists of construction costs, operating
costs (including maintenance costs), and membrane replacement
costs, according to the specific studies. The total cost of an MBR
is calculated in two ways. One is to sum the annual operating costs
and the annual depreciation of construction costs to obtain the
total annual cost. The other is to calculate the net present value
of life cycle costs by summing the construction costs and the dis-
counted value of the operating and membrane replacement costs,
according to specific studies. Overall, the operating costs and
energy consumption of MBRs were generally higher than those of

Comparison of different techno-economic and environmental impact assessment methods.

Dimensions Economic cost Environmental impact assessment Techno-economic-environmental assessment
evaluation
Cost calculation LCA CBA DEA MCDA

Inputs Capital cost, Energy consumption, material Total cost and Capital cost, operating Economic indicators (e.g.,
operating cost, asset  consumption, chemical total benefit cost, the volume of construction costs), technical
lifetime, membrane consumption, emissions to air, treated wastewater, indicators (e.g., reliability),
lifetime, and emissions to water, emissions to sludge production, and so  environmental indicators (e.g.,
discount rate land, and so forth forth effluent quality), and so forth

Outputs Total cost or Various environmental impacts Net benefit Technical efficiency Sustainability index

(results) life cycle cost

Key points Discount and Definition of assessment scope, Monetization of Selection of inputs, Definition, quantification, and

amortization functional units, and impact environmental outputs, and DEA models weighting of criteria and sub-criteria
categories impacts
Characteristics  Difficulty of Difficulty of data acquisition and Difficulty of Insufficient consideration Highly subjective and uncertain

acquisition of
detailed cost data

applicability of data inventories

estimation and
monetization of
environmental

of undesirable outputs
and non-comparability of
results across studies

impacts

Scope of this review: techno-economic and environmental impact assessment.

Common points of attention: definition of the scope of the study, description of possible omissions, and basis for the selection and assignment of indicators.
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conventional wastewater treatment processes (energy consump-
tion: MBR vs CAS = 0.4-1.15 vs 0.3-0.64 kW-h-m™; operating
costs: MBR vs CAS = 0.09-0.45 vs 0.02-0.4 USD-m~>). Comparisons
of construction costs (excluding land costs) with conventional pro-
cesses have not been established in the literature. The total cost of
MBRs was slightly higher than that of other wastewater treatment
processes, both in terms of annual costs and net present value of
life-cycle costs (average total costs: MBR vs CAS 0.25 vs
0.19 USD-m~3). MBRs would be more cost-competitive if the
land-saving advantages of MBRs were considered. However, the
existing studies were still unclear or incorrect in terms of account-
ing methodology and defining the cost range. The following areas
need to be clarified in the subsequent costing process: the defini-
tion of the scope of the costing, cost items that may be missing
(e.g., land and personnel costs), and discounting or depreciation
in the process of cost summation, according to the specific studies.

Existing studies usually employed LCA to assess the environ-
mental impacts of MBRs and other wastewater treatment pro-
cesses. If we focus only on the GWP of MBRs, the emission factor
method based on IPCC guidelines and the mass balance method
based on mathematical and biological modeling are also important
options for accounting for the GHG emissions of MBRs. The envi-
ronmental impacts of MBRs on the eutrophication of water bodies
are minimal, but the GWP is a key constraint to the sustainable
development of MBRs. The level of carbon emissions from MBRs
(with an average of 1.44 kgCO,e-m~>) was higher than from other
processes (with an average of 0.84 kgCO,e-m™2). Energy consump-
tion is regarded as the major contributor to the relatively high car-
bon emissions of MBRs. Optimization of aeration and sludge
management, increasing the proportion of renewable energy use,
and improving the efficiency of energy recovery can contribute to
energy saving and emission reduction in MBRs. Note that the
accounting scope of carbon emissions here usually only includes
the operation phase. When considering life-cycle carbon emis-
sions, the difference in carbon emissions between MBRs and con-
ventional processes may be reduced due to MBR’'s small
footprint. However, in the current LCA studies, the implementation
processes and the results lack consistency, reliability, and repro-
ducibility. Therefore, the future study of LCA calls for a more stan-
dardized LCA implementation. In terms of carbon emission
accounting, no matter LCA, emission factor method, or mass bal-
ance method, all of them face problems such as lack of data and
uncertainty of key parameters. These methods need to calibrate
key parameters such as emission factors with measured carbon
emission data.

There are three types of techno-economic-environmental
assessment methods: CBA, DEA, and MCDA. The results of the
CBA studies indicated that MBRs were all economically viable
(net benefits greater than 1). Most of the CBA studies used the ben-
efits of water reuse as the environmental benefits of wastewater
treatment processes. A few studies calculated the environmental
benefits of removing pollutants from wastewater based on the sha-
dow price assessment of pollutants. However, none of the studies
considered the negative environmental impacts of wastewater
treatment such as material consumption and GHG emissions. The
results of the DEA studies showed that the overall efficiency of con-
ventional WWTPs was not high. By comparing the WWTP before
and after retrofitting, the MBR and conventional wastewater treat-
ment processes were at a similar level in terms of technological
efficiency, but there is appreciable room for the MBR to improve
energy efficiency. There have been very few applications of the
DEA model for MBRs, no unified paradigm, and few stated model
assumptions. Consequently, the results of DEA calculated by differ-
ent studies were not comparable. Moreover, most of the previous
studies did not take into account undesirable outputs such as
sludge generation and GHG emissions. The results of the MCDA
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studies indicated that MBRs had better technical performance
and inferior environmental and economic performance. For the
comprehensive evaluation of sustainability performance, the com-
parison between MBRs and other wastewater treatment processes
has not been concluded. MCDA is limited to criteria setting, data
collection, and weight setting. The existing studies mainly used
qualitative indicators and subjective weighting methods, with
great uncertainty in the results. Overall, the integrated techno-
economic-environmental assessment method has been less
applied to MBRs and other wastewater treatment processes. The
application of the method suffers from poorly defined scope and
definitions, failure to state model assumptions and reasons for
their application and low external validity of the results.

Research on the integrated techno-economic-environmental
assessment in the field of wastewater treatment is in its infancy,
and studies applied to specific MBR processes are even rarer. The
existing studies have limitations in terms of methodological appli-
cability, reliability, and comparability of results. Improving the
professionalism of economic assessment, the standardization of
environmental impact assessment, and the science of integrated
techno-economic-environmental assessment are directions that
need to be continued in the future.
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