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1. Introduction 12 

Due to the relative simplicity of its set-up the non-solvent induced phase separation 13 
(NIPS) process is predominantly used on an industrial scale to fabricate porous asymmetric 14 
ultrafiltration (UF) membranes [1]. The industrial process can be divided into three stages: 15 
hollow fiber spinning, module preparation and module testing [2]. Although research on the 16 
understanding of phase inversion mechanisms dates back to the 1960s [3, 4], environmental 17 
concerns related to membrane fabrication is still in its recent years and research efforts are 18 
essentially focused on substituting toxic solvents [5-7] and petrochemical-based polymers [8-19 
9]. As fleshed out in the followings, a comprehensive and rigorous approach to determine 20 
the influence of operating conditions and raw materials on the induced environmental 21 
impacts is missing is the literature. 22 
 One well-established environmental assessment tool is Life Cycle Assessment (LCA), 23 
which is performed following four interdependent phases [10]: (1) goal and scope definition, 24 
(2) listing and quantification of material and energy flows from and to the environment in a 25 
life cycle inventory (LCI), (3) transformation into potential environmental impacts with life 26 
cycle impact assessment (LCIA) methodologies (e.g. ReCiPe endpoint, IPCC GWP100a), and 27 
(4) review, recommendations and improvement strategies. 28 
 An increasing number of studies explore LCA with process modelling for the eco-29 
design of processes [11-15]. A notable example is the tool developed by Mery et al [16] and 30 
based on parameterized models of unit operations for the eco-design of drinking water 31 
plants. These parameters include design facts, equipment sizing and operating conditions. 32 
Performances of a given treatment process chain are determined in terms of environmental 33 
impacts and attributed to unit operations. Another aspect allowing for eco-design is the 34 
sensitivity analysis method integrated in the tool: influential parameters affecting 35 
performances are identified. Alternative treatment process chains and operating conditions 36 
are tested and compared to a reference situation so as to find an optimal solution. In this 37 
study, membrane unit operations have however not been dealt with, perhaps due to relative 38 
novelty of this technology as compared to well-established conventional treatment unit 39 
operations. To the best of our knowledge, such methodological approach has not been 40 
undertaken for membrane fabrication.  41 

The life cycle of membranes involves three main processes: (1) module and 42 
membrane fabrication, (2) operation during which raw water is filtered, and (3) end-of-life 43 
process that may involve disposal, recovery and/or reuse. As regards LCA studies on 44 
membrane-based systems, listed membrane material flows are either incomplete or lack of 45 
consideration for module fabrication. Whereas the manufacture of the materials making up 46 
various module components may be taken into account, inputs such as energy and solvent 47 



needed during the manufacture of membrane modules are most often omitted (see Table 48 
1). Impacts due to their production and use have however shown to be greater than those 49 
related to membrane material [17]. Such incompleteness in system boundary can only 50 
underestimate the environmental impact of module fabrication. Tangsubkul et al.'s [18] 51 
analysis of a microfiltration process used for secondary effluent filtration should be 52 
therefore qualified. It is brought out that membrane manufacturing has a significant impact 53 
compared to membrane operation for low fluxes. If all inputs were to be considered, 54 
membrane manufacturing could become significant over a larger range of operating 55 
conditions.  56 

These LCA studies are furthermore predominantly carried out under fixed site-57 
specific operating conditions, or else use limited values for the variable operating conditions 58 
(see Table 1).  Friedrich [19] for example defines scenarios according to three design 59 
parameters (i.e. module length, number of modules per rack, membrane filtration flux), each 60 
of which can have two different values. Vince et al. [20] go beyond scenarios and have 61 
developed black-box models for drinking water unit operations to calculate the LCI and 62 
output water characteristics from three types of input parameters: equipment design (e.g. 63 
type of membrane), local conditions (e.g. energy supply, plant location) and feed water 64 
characteristics (quality, flow rate). Unfortunately, no further detail is given on model 65 
functions or the specific influence of operating conditions on membrane fabrication. 66 
 The literature review has highlighted both the lack of comprehensive environmental 67 
studies on membrane fabrication and the limited number of studies with variable operating 68 
conditions (a premise for eco-designing). The present study goes further and introduces a 69 
generic process modelling – LCA approach in the field. The resulting parameterized model 70 
fills the identified knowledge gaps. In particular, this generic model lists material and energy 71 
flows as a function of operating conditions for UF hollow fibers prepared by NIPS. Its goal is 72 
two-fold: (1) assess the contribution of material and energy on the environmental impacts of 73 
hollow fiber fabrication and (2) investigate the influence of its operating conditions. 74 
Improvement strategies to reduce these impacts can then be suggested and acted on. 75 
 After the model description, the case of cellulose triacetate (CTA) membranes 76 
fabricated in France and used in drinking water production is presented as application case. 77 
Obtained material and energy balances are further used with the LCA method to evaluate 78 
the environmental impacts of module fabrication. Then, a sensitivity analysis explores, 79 
among other things, the influence of specific operating conditions on environmental 80 
performances.   81 



Table 1 System coverage of membrane fabrication in LCA studies of membrane-based systems for water treatment 82 
 83 
LCA Goal & Scope 
 

Fabrication operating conditions Reference 
Fixed  Variable  

Comparison of water purification systems module materials (membrane, membrane 
housing, module parts, adhesive),  
fabrication inputs (solvent, pre-conditioning 
liquid, electricity, natural gas, water) 

membrane coating frequency [17] 

Environmental impact of a reverse osmosis desalination 
pre-treatment 

module materials (membrane, membrane 
housing, adhesive, conditioning liquid),  
fabrication inputs (solvent, additive, 
electricity, natural gas, water) 

− [21] 

Comparison of conventional and ultrafiltration water 
production 

module materials (membrane, membrane 
housing, end caps, adhesive) 

module length, number of 
modules per rack 

[19] 

Comparison of seawater desalination and wastewater 
reclamation processes 

module materials (membrane, membrane 
housing, spacer, collection tube, grid, 
adhesive) 

membrane packing density [22] 

Environmental impacts of desalination processes module materials (membrane, spacer, 
membrane housing, condenser) 

membrane and housing 
materials 

[23] 

Comparison of water supply systems module materials (membrane, membrane 
housing, end caps, adhesive) 

type of membrane [20] 

Comparison of conventional and nanofiltration water 
treatment plants 

module materials (membrane, membrane 
housing, module stowage) 

− [24] 

Environmental impacts of a desalination plant module materials (membrane, membrane 
housing, grid, potting sleeves, adhesive) 

− [25] 

Environmental impacts of a microfiltration process module materials (membrane, membrane 
housing, grid, potting sleeves, adhesive) 

− [18] 

Comparison of desalination technologies module materials (membrane, membrane 
housing) 

− [26] 

 84 
 85 



2. Methods 86 
 In this first part, explanations are given on the considered membrane module and 87 
fabrication process. The principles and assumptions of the model development are 88 
presented in section 2.2. The model is based on mass and energy balances of each unit 89 
operation, considering main phenomena and process parameters. The modular modelling 90 
approach allows to connect the unit operations for the entire process. All model equations 91 
and a dataset of model parameters are detailed in the corresponding Data in Brief. Then, the 92 
three first LCA phases are dealt with: goal and scope definition in section 2.3, LCI in section 93 
2.4 and LCIA methodologies in section 2.5. 94 
 95 
2.1. Module description and fabrication process  96 
 The module considered is composed of a membrane housing inside which hollow 97 
fibers are maintained on both ends by adhesive, and auxiliary equipment (end caps, venting 98 
plugs, flange) (see Fig. 1). Grids assemble hollow fibers in bundles inside the module. Two 99 
examples are given in the zoom view of Fig. 1. 100 
 101 

 102 
Fig. 1. Sectional view of a module  103 

 104 
The fabrication process of hollow fibers by NIPS is modelled as a sequence of unit 105 

operations that can be divided into main steps as illustrated in Fig. 2. 106 

 107 
Fig. 2. Steps and corresponding unit operation of hollow fiber and module fabrication 108 

 109 
- Solution preparation (discontinuous unit operations). An additive is dissolved in a solvent, 110 
after which a polymer is added. The resulting homogeneous polymer solution is filtered to 111 
remove any macro-waste or undissolved polymer and degassed under vacuum at a constant 112 
temperature. A bore liquid is also mixed, heated and degassed at a regulated temperature.  113 



 114 
- Hollow fiber preparation (continuous unit operations). The polymer solution is extruded 115 
through a tube-in-orifice spinneret in a coagulation bath filled with a non-solvent kept at a 116 
constant temperature. The resulting polymer-lean phase (solvent, additive and bore liquid) 117 
mixes with the non-solvent and are either recycled or discharged in the sewage network. 118 
The hollow fiber, under its final structure, is driven along the spinning chain into the rinsing 119 
bath and pre-conditioning bath where it is sprayed, respectively, with rinsing water and a 120 
viscous pre-conditioning liquid at a controlled temperature.  121 
 122 
- Module preparation. The hollow fiber wound with a mechanical arm is assembled into 123 
bundles for good hydraulic profile inside the module during UF. To ensure effective chemical 124 
adhesion the fiber lumen is dried by passing compressed air through it. The removed liquid is 125 
collected. Fiber bundles are contained in grids and placed within a membrane housing. A 126 
pre-adhesive and adhesive are injected at both module ends. The cutting step allows to 127 
remove any unnecessary (pre-)adhesive and hollow fibers are consequently open at both 128 
extremities.  129 
 130 
- Testing. The intactness of hollow fibers is checked by integrity testing (e.g. pressure hold 131 
tests, bubble tests). Detected defective fibers are filled with adhesive on both ends to 132 
condemn it. Pores are then rinsed of pre-conditioning liquid with water. Permeability is 133 
measured during hydraulic testing. If permeability specifications are unmet, fibers inside the 134 
module are put to waste with the adhesive whereas the membrane housing is recycled. 135 
Fiber samples are collected before bundling and tested for quality control (permeability, 136 
fiber diameter and tensile force measurements). 137 
 138 
- Shipment preparation. The module is conditioned to avoid membranes from drying out 139 
and to hamper bacterial growth during transportation and storage before operation. Module 140 
ends are protected and sealed by end caps and venting plugs. A flange is added.  141 
 142 

2.2 Model development 143 
Given that focus is given to membrane fabrication, the appropriate object of study is 144 

1 m2 of filtration surface of the fabricated membrane. Consumptions per 1 m2 of fabricated 145 
membrane are deduced for each unit operation from material and energy balances carried 146 
out with model input parameters (operating conditions, engineering design facts, technical 147 
constraints and fluid properties), as shown in Fig. 3. 148 
 149 

 150 
Fig.3. Inputs and outputs of an unit operation model 151 

 152 
2.2.1 General assumptions  153 

The membrane fabrication process is modelled as a batch process: material and energy 154 
consumptions are calculated for one polymer solution batch and then reported per m2 of 155 
hollow fiber. This assumption stems from industrial practices. The production capacity (i.e. 156 



number of modules fabricated per polymer solution batch) can be calculated from two 157 
parameters determined on the basis of a weekly production: number of polymer solution 158 
batches per week and number of modules fabricated per week. The production capacity is 159 
thus not fixed and allows for a generic model. 160 

Modules are fabricated step by step over several workstations. Only the five unit 161 
operations associated with the spinning chain are operated in a continuous mode: extrusion, 162 
coagulation, rinsing, pre-conditioning and bundling. Other unit operations are operated in a 163 
discontinuous mode. The Gantt diagram for membrane and module fabrication is given in 164 
the Supplementary Information.  165 

A significant feature is that consecutive batches are considered without downtime, 166 
which implies the continuous operation of the spinning chain. This might not actually be the 167 
case, notably for smaller production sites for which the spinning chain can be set in stand-by 168 
during downtime between polymer solution batches; heating devices of the spinning chain 169 
may be kept in operation for constant temperature in the various tanks. In such a case, the 170 
model underestimates energy consumption in a manner proportionate to downtime.   171 

Another assumption concerns the three tanks of the spinning chain (i.e. coagulation, 172 
rinsing, pre-conditioning): they are already filled with the respective liquids at the desired 173 
temperature. The continuous operation of the spinning chain implies that warming-up 174 
energy for the tanks is negligible compared to operation energy needed to heat input flows 175 
and compensate for heat loss. 176 

The equipment used for membrane and module fabrication (tanks, spinneret, pumps, 177 
etc.) is not specifically inventoried as such but is taken into account through generic data on 178 
chemical plants found in LCA databases (see also sections 2.3 and 2.4).  179 

The main limitation of the study lies in the assumption that membranes obtained have 180 
the adequate selectivity for drinking water applications, regardless of operating conditions 181 
applied during membrane fabrication. This assumption is made necessary given the lack of 182 
accurate tools in the field of membrane science to predict membrane properties (i.e. 183 
molecular weight cut-off, permeability) from fabrication operating conditions. Consequently, 184 
when using the fabrication model, the range of variation of operating parameters should be 185 
chosen in accordance with the technical feasibility for good quality membranes.  186 

 187 
2.2.2 Assumptions for material balance 188 

For polymer solution and bore liquid preparation, hollow fibers are composed solely of 189 
polymer material and one bore liquid batch is considered per polymer solution batch. The 190 
latter assumption is based on industrial practices.  191 

The coagulation, rinsing and pre-conditioning tanks are modelled as continuous stirred 192 
tanks. Ideal mixing is assumed, which means constant temperature and density in the tanks 193 
including in the hollow fiber pores and lumen. In reality, temperature and concentration 194 
gradients exist but mean values of these parameters are sufficient for the mechanistic 195 
modeling of consumptions.  196 

Furthermore, no pore contraction or expansion is taken into account: the volume of 197 
pores and fiber lumens remains unchanged and filled with liquid along the spinning process. 198 
The volume of pores is estimated to the volume of solvent at coagulation temperature, 199 
which can be justified by a material balance on the solvent and polymer. 200 

During drying, the inside of fiber lumens is completely emptied. Pores remain filled with 201 
the pre-conditioning liquid. During cutting, liquid inside pores of reject hollow fibers goes to 202 
waste with hollow fibers.  203 



Darcy’s law, applicable to incompressible fluids, is applied to determine water consumed 204 
during hydraulic testing. Defective modules are properly considered in the inventory: their 205 
hollow fibers go to waste along with the adhesive and liquid included inside pores and 206 
lumens, and their membrane housings and auxiliary equipment (end caps, venting plugs, 207 
flange) are recycled for use in non-defective modules.  208 

Integrity testing and quality control are neglected in material balances because material 209 
consumption is near zero. Only compressed air is consumed for integrity testing. A negligible 210 
hollow fiber length compared to the total produced length is sampled for quality control. 211 

During conditioning, the void volume between hollow fibers is filled with conditioning 212 
liquid.  213 

 214 

2.2.3 Assumptions for energy balance 215 

 During scale-up of polymer solution and bore liquid preparation, power density 216 
dissipated by the stirrer remains constant [27]. Energy consumption of stirring (Estirring, J) is 217 
calculated as follows [27]:  218 
 219 

Eୱ୲୧୰୰୧୬୥ = ቀ
୔౩౪౟౨౨౟౤ౝ

୚౩౪౟౨౨౛ౚ
ቁ ∙

୚౩౪౟౨౨౛ౚ

஗౩౪౟౨౨౛౨
∙ tୱ୲୧୰୰୧୬୥       (1) 220 

 221 
where ୔౩౪౟౨౨౟౤ౝ

୚౩౪౟౨౨౛ౚ
 is the power density dissipated by the stirrer (W m-3), Vstirred is the stirred 222 

volume (m3), ɳstirrer is the stirrer efficiency and tstirring is the stirring duration (s). 223 
 224 
The stirring power (Pstirring, W) is either measured or calculated with flow-regime-dependent 225 
relationships; equations 2 and 3 are for laminar and turbulent flow regime respectively [27]: 226 
 227 
Pୱ୲୧୰୰୧୬୥ = k ∙ μ ∙ Nଶ ∙ ϕୱ୲୧୰୰ୣ୰

ଷ          (2) 228 
 229 
Pୱ୲୧୰୰୧୬୥ = Np ∙ ρ ∙ Nଷ ∙ ϕୱ୲୧୰୰ୣ୰

ହ          (3) 230 
 231 
where k is the proportionality constant in laminar flow regime, µ is the stirred fluid’s 232 
viscosity (Pa s), N is the stirring rate (s-1), φstirrer is the stirrer diameter (m), Np is the power 233 
number in turbulent flow regime and ρ is the stirred fluid’s density (kg m-3). 234 
 During polymer solution and bore liquid preparation, the enthalpy of mixing is 235 
neglected (order of magnitude 10-3 kWh per kg of polymer [28]). It is indeed negligible when 236 
compared to energy needed to heat or cool fluids. Mechanical energy from stirring is 237 
entirely dissipated and heats the stirred fluid. The net energy (Eheating, J) needed to bring a 238 
fluid at the desired temperature is calculated with the liquid's specific heat capacity (Cp, J kg-239 
1 K-1) and stirring energy effectively dissipated (Estirring . ɳstirrer, J) [27, 29]: 240 
 241 
E୦ୣୟ୲୧୬୥ = m୦ୣୟ୲ୣୢ ∙ Cp ∙ (T୤୧୬ୟ୪ − T୧୬୧୲୧ୟ୪) − Eୱ୲୧୰୰୧୬୥ ∙ ηୱ୲୧୰୰ୣ୰     (4) 242 
 243 
where mheated is the heated mass (kg), Tfinal is the fluid’s final temperature (K) and Tinitial is the 244 
fluid’s initial temperature (K). Energy (Eheating, J) is also required to maintain constant 245 
temperature of polymer solution and bore liquid during their respective degassing [29]:  246 
 247 
E୦ୣୟ୲୧୬୥ = U ∙ S ∙ (T୤୪୳୧ୢ − Tୟ୧୰) ∙ tୢୣ୥ୟୱ        (5) 248 



 249 
where U is the global heat transfer coefficient (W m-2 K-1), S is the exchange surface (m2), 250 
Tfluid is the fluid’s temperature (K) (i.e. polymer solution, bore liquid), Tair is the air’s 251 
temperature (K) and tdegas is the degassing duration (s). The global heat transfer coefficient 252 
(U, W m-2 K-1) considers conduction through the concerned vessel wall's thickness and 253 
convection on the outside of the vessel, weighted by the heat exchange surfaces involved. A 254 
standard Rushton vessel (i.e. vessel diameter equal to the liquid’s height in the vessel) is 255 
considered to calculate the exchange surface (S, m2) [29]: 256 
 257 
U ∙ S =

ଵ

ቈ
౮౬౛౩౩౛ౢ
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ା 

భ

౞౗౟౨∙ ౏౥౫౪౛౨,౬౛౩౩౛ౢ
቉

       (6) 258 

 259 
where xvessel is the vessel wall’s thickness (m), λjacket is the vessel jacket’s thermal conductivity 260 
(W m-1 K-1), Slog mean,vessel is the logarithmic mean difference between the vessel’s outer and 261 
inner surfaces (m2), hair is the convective heat transfer coefficient for air (W m-2 K-1) and Souter 262 
is the vessel’s outer surface (m2). 263 
  For coagulation, rinsing and pre-conditioning, the energy needed to bring a fluid at 264 
the desired temperature (Eheating, J) is calculated with its specific heat capacity (Cp, J kg-1 K-1) 265 
[29]:  266 
 267 
E୦ୣୟ୲୧୬୥ = m୦ୣୟ୲ୣୢ ∙ Cp ∙ (T୤୧୬ୟ୪ − T୧୬୧୲୧ୟ୪)        (7) 268 
 269 
where mheated is the heated mass (kg), Tfinal is the fluid’s final temperature (K) and Tinitial is the 270 
fluid’s initial temperature (K). There is no stirring in the three continuous unit operations. 271 
Fluid recirculation ensures homogeneous temperature in the concerned tanks. 272 
 Heat loss is considered for both discontinuous and continuous unit operations (Eheat 273 
loss,discontinuous and Eheat loss,continuous respectively, J) with separate global thermal transfer 274 
efficiencies (ɳthermal,discontinuous and ɳthermal,continuous respectively).   275 
 276 

E୦ୣୟ୲ ୪୭ୱୱ,ୢ୧ୱୡ୭୬୲୧୬୳୭୳ୱ =
൫ଵି஗౪౞౛౨ౣ౗ౢ,ౚ౟౩ౙ౥౤౪౟౤౫౥౫౩൯

஗౪౞౛౨ౣ౗ౢ,ౚ౟౩ౙ౥౤౪౟౤౫౥౫౩
∙ E୰ୣୡୣ୧୴ୣୢ ୠ୷ ୤୪୳୧ୢ     (8) 277 

 278 

E୦ୣୟ୲ ୪୭ୱୱ,ୡ୭୬୲୧୬୳୭୳ୱ =
൫ଵି஗౪౞౛౨ౣ౗ౢ,ౙ౥౤౪౟౤౫౥౫౩൯

஗౪౞౛౨ౣ౗ౢ,ౙ౥౤౪౟౤౫౥౫౩
∙ E୰ୣୡୣ୧୴ୣୢ ୠ୷ ୤୪୳୧ୢ     (9) 279 

 280 
where Ereceived by fluid (J) is the total energy received by the fluid. These two efficiencies are 281 
indeed defined as the ratio between energy theoretically needed in an athermal system (see 282 
equation (7)) and energy effectively required.  283 
 Energy consumption of pumping (Epumping, J) is calculated either with the pump’s 284 
differential pressure (ΔP, Pa) or total manometric head (Δh, m) which both take minor and 285 
linear head loss into account [30]: 286 
 287 

E୮୳୫୮୧୬୥ =
୚౦౫ౣ౦౛ౚ  ∙ ∆୔

஗౦౫ౣ౦
          (10) 288 

 289 

E୮୳୫୮୧୬୥ =
୫౦౫ౣ౦౛ౚ ∙ ୥ ∙ ∆୦

஗౦౫ౣ౦
          (11) 290 

 291 



where Vpumped is the pumped volume (m3), ɳpump is the pump’s efficiency, mpumped is the 292 
pumped mass (kg) and g is the gravitational acceleration (m s-2). 293 
 Energy consumptions of specific units (i.e. bundling, drying, gluing, cutting) are not 294 
modelled. Industrial values of machine power consumptions are taken if available. Integrity 295 
testing and quality control are neglected because energy consumption is near zero.  296 

 297 

2.3 LCA goal and scope 298 
 The model described in previous sections provides a material and energy inventory 299 
for the subsequent LCA. To illustrate the capabilities of the process model – LCA approach, 300 
the concrete example of the fabrication process of an UF module based on a NIPS CTA 301 
membrane is presented. The objectives here are to evaluate its environmental 302 
performances, investigate the influence of operating conditions and identify improvement 303 
strategies.  304 

The module is fabricated in France and further used for drinking water production. 305 
The functional unit is 1 m2 of filtration surface of the membrane embedded in the module. 306 
The conversion to cubic meters of produced drinking water depends on the applied filtration 307 
flux on the drinking water plant, which is out of the scope of this study.  308 

The system boundaries are from material and energy supply to shipment preparation 309 
(see Fig. 4.). The construction and building of the production site is included in the 310 
environmental assessment, as well as utilities for its lighting and temperature control 311 
(heating, air conditioning…). The system boundaries include the transport of inputs and 312 
outputs from and to the production site, as well as waste treatment and disposal outside the 313 
production site.  314 
 315 
 316 

 317 
Fig. 4. LCA system boundary of membrane module fabrication model 318 
 319 
For LCA, Umberto NXT software is used with ecoinvent 3.4 database for background 320 
processes (i.e. energy production, transportation, chemicals production, waste treatment, 321 
etc.) included in the life cycle system. The inventory data imported from ecoinvent is used 322 
with the default allocation method (i.e. allocation at the point of substitution). 323 
 324 
2.4 Life cycle inventory (LCI) 325 
 Data collected concerns our case study of CTA membranes fabricated in France and 326 
used for drinking water production.  It comes from the literature and on-site measurements 327 



specific to a membrane fabrication factory (see Fig. 5.). The inventory obtained from the 328 
model is used for the subsequent LCA.  329 
 On-site measurements have been performed in 2000 during a week-long 330 
measurement campaign conducted by an industrial, whose name is kept confidential, at the 331 
process’s nominal operating point (i.e. one batch of polymer solution, which corresponds to 332 
10 modules). Flow rates, fluid temperatures and electric power of devices were measured. 333 
The thermal transfer efficiencies for both discontinuous and continuous unit operations have 334 
been calculated for the reference situation on the basis of these measurements. 335 
Measurements were repeated three times for heating during spinning, coagulation, rinsing 336 
and pre-conditioning: reproducibility was observed. There is also consistency between 337 
industrial operating conditions and those found in the scientific literature (see section 1.2. of 338 
the Data in Brief for precise values and references).  339 
 340 

 341 
Fig. 5. Data collection in LCA for membrane fabrication 342 

A reference situation based on industrial practices is considered, for which the main 343 
parameters are listed in Table 2. Based on these values, the material and energy inventory of 344 
membrane fabrication is calculated with the developed model. Ecoinvent database is used to 345 
complete the inventory of the background processes (i.e. material and energy production). 346 

 347 

Table 2 Main parameters for the reference situation 348 

Parameter Value 
Polymer solution composition (CTA : NMP : LiCl) 20 : 78 : 2 
Hollow fiber inner and outer diameters (mm) 0.93, 1.67 
Module inner diameter and length (m) 0.3, 1.3  
Temperature (°C) Polymer solution 60 

Coagulation bath 35 
Rinsing bath 30 
Pre-conditioning bath 30 

Pre-conditioning liquid Glycerol 
Defective module reject rate after hydraulic testing (%) 1 

 349 

However, ecoinvent database does not contain datasets for the inventory of adhesive 350 
hardener and CTA polymer. The former is thus approximated to a generic organic chemical. 351 
The latter has been calculated based on Manda et al.’s [17] study. Assumptions made, the 352 



final inventory of CTA fabrication and the corresponding ecoinvent unit processes are 353 
explicited in the Supplementary Information.  354 

Concerning the infrastructure, a generic dataset is used from ecoinvent database, i.e. 355 
“market for chemical factory, organics” (see Table 3), which encompasses the construction 356 
and building of the production site, including the equipment (tanks, spinneret, pumps, etc.). 357 
As for utilities (i.e. lightning, temperature control), industrial data on annual consumptions 358 
has been used.  359 

 360 
2.5 Life cycle impact assessment (LCIA) 361 

Environmental impacts are calculated using the ReCiPe method, recognized for covering 362 
all environmental impacts. It consists of 16 midpoint impact categories (e.g. toxicity, 363 
ecotoxicity, climate change, eutrophication, acidification, fossil resource depletion, etc., with 364 
impact results expressed in kg equivalent of reference substance) and 17 endpoint impact 365 
categories (damages caused by the above mentioned midpoint problems, with impact 366 
results expressed in points) grouped in 3 areas of protection: human health, ecosystem 367 
quality and resource depletion. ReCiPe endpoint categories can also be aggregated in an 368 
endpoint unique score. 369 

 IPCC GWP100a is also used for climate change impact evaluation as a standalone 370 
method (impact results expressed in kg CO2-equivalent), being a topical subject. 371 

 372 
 373 

3. Results and discussion 374 
 375 
 This section develops the results obtained by applying the process modelling – LCA 376 
approach to a UF CTA membrane commonly used for drinking water production. As 377 
explained in previous sections, the membrane fabrication model is used to generate the 378 
material and energy inventory for the reference scenario following industrial practices in a 379 
French factory. After the impact calculation and discussion, a sensitivity analysis on the 380 
operating parameters is conducted and means of improving environmental performances 381 
are identified.  382 
 383 
3.1. LCI analysis for the UF module - NIPS CTA membrane 384 

The obtained inventory is given in Table 3 and unit process from the used LCI database 385 
(i.e. ecoinvent v3.4) is given for each input and output. 386 

Given that few LCA studies on membrane-based systems address membrane fabrication 387 
otherwise than by considering module materials (see Table 1), it is difficult to compare the 388 
exhaustive inventory in Table 3 to other inventories in the literature. Furthermore, Beery et 389 
al.’s [21] work is based on industrial fabrication data of material and energy inputs but 390 
figures are unfortunately not made available in the published version. A comparison can 391 
however be made with Manda et al.’s [17] inventory; their functional unit (i.e. 1 m3 of 392 
drinking water) can be readily converted to the one of the present study (i.e. 1 m2 of 393 
membrane) thanks to information given on filtration flux and membrane lifespan. It can be 394 
observed that great discrepancies exist between the two inventories: from 29 to 17,100% in 395 
absolute values, depending on the considered material or energy input (see Table 4). It 396 
should be stated that the composition of the polymer solution in Manda et al.'s (2014) 397 
inventory differs, notably in that it includes glycerol. Whereas glycerol is used during pre-398 
conditioning in our modelled inventory, this stage is omitted in Manda et al.'s (2014) work. 399 



Further difficulties to compare with Manda et al.'s (2014) inventory arise from the lack of 400 
information on skid and module characteristics. No detail is given on module dimensions or 401 
auxiliary equipment, thereby making it challenging to comment consumptions of epoxy 402 
resin, glass fibre, polyethylene and polyvinylchloride. Interestingly, an inventory of UF 403 
module fabrication exists in the ecoinvent database. As for most LCA studies, inputs are only 404 
those found in the final module, neglecting for example waste during the fabrication 405 
process. Electricity and natural gas are estimated using generic unit processes associated 406 
with plastic processing, hence significant percentage changes (i.e. 96-97%) with modelled 407 
energy consumptions (see Table 4). From this limited inventory comparison, one should 408 
notice that the present study provides the most complete set of data based on industrial 409 
practices, which is rare in the field.  410 



 
 

 411 
 412 
 413 
Table 3 Inventory and ecoinvent unit processes of membrane module fabrication 414 

Category Cluster Process inputs and 
outputs 

Quantity (per m2  
membrane) 

Ecoinvent v3.4 unit process 

Membrane 
fabrication 

Lithium chloride Lithium chloride (kg) 0.0151 Market for lithium chloride [GLO] 
Glycerol Glycerol (kg) 0.780 Market for glycerine [GLO] 
Sodium bisulfite Sodium bisulfite (kg) 0.0818 Market for sodium hydrogen sulfite [GLO] 

    

Water 

Tap water (kg) 
117 

Tap water production, ultrafiltration treatment [Europe without 
Switzerland] 

Softened water (kg) 
26.6 

Market for water, completely softened, from decarbonised water at 
user [GLO] 

    

Adhesives 
Epoxy resin (kg) 0.127 Market for epoxy resin [GLO] 
Adhesive hardener (kg) 0.0677 Market for chemical, organic [GLO] 
Calcium carbonate (kg) 0.0428 Market for calcium carbonate, precipitated [GLO] 

    

Module components 

Glass fiber1 (kg) 0.255 Market for glass fiber [GLO] 
Polyethylene2 (kg) 0.0391 Market for polyethylene, high density, granulate [GLO] 
Polyvinylchloride3 (kg) 3.64 10-4 Market for polyvinylchloride, bulk polymerised [GLO] 
Noryl4 (kg) 6.36 10-3 Market for polystyrene, high impact [GLO] 

    
Waste 

Liquid waste (m3) 0.143 Treatment of wastewater, average, capacity 4.7E10l/year [CH] 
Solid waste (kg) 0.287 Treatment of municipal solid waste, incineration [FR] 

    
Electricity Electricity (kWh) 3.35 Market for electricity, medium voltage [FR] 
Natural gas Natural gas (m3) 0.166 Market for natural gas, low pressure [RoW] 

 Factory Factory (unit) 7.02 10-14 Market for chemical factory, organics [GLO] 
Solvent fabrication - NMP (kg) 0.588 Market for N-methyl-2-pyrrolidone [GLO] 
Polymer fabrication - CTA (kg) 0.151 N/A 

N/A non available; 1 for the membrane housing; 2 for the grids and end caps; 3 for the venting plugs; 4 for the flange 415 
 416 
  417 



 
 

 418 
Table 4 Percentage change between literature and modelled inventories 419 
Process inputs and 
outputs 

Manda et al., 20141 Ecoinvent2 
Percentage change (%) 
compared to modelled value 

Comment Percentage change (%) 
compared to modelled value 

Comment 

CTA 29 13.4 wt.% PES in 
polymer solution 

38 Input in final module only 

NMP -33 60.3 wt.% NMP in 
polymer solution 

- - 

Glycerol -88 6.9 wt.% glycerol in 
polymer solution 

- - 

Epoxy resin -41 Polyurethane -82 Input in final module only 
Glass fiber -53 Glass-reinforced plastic -41 Input in final module only 
Polyethylene -84 - - - 
Polyvinylchloride 17,100 - - - 
Electricity 143 - -97 Generic unit processes of extrusion 

and injection moulding Natural gas 131 - -96 
1 Initial inventory in kg m-3 water is converted to kg m-1 membrane with data from Table 1 [17] 420 
2 Unit process “UF module production, hollow fiber” based on a PALL UNA-620 A module (50 m2)421 



 
 

 422 
3.2. Total impacts for 1 m2 membrane 423 

In the reference situation, IPCC GWP100a and ReCiPe endpoint scores for the 424 
fabrication of 1 m2 of conventional membrane equal 11 kg CO2-eq and 1.9 points 425 
respectively. Process inputs and outputs of the membrane fabrication process have been 426 
divided into three groups: membrane fabrication, solvent fabrication and polymer 427 
fabrication. As shown in Fig. 6.(a)-(b), membrane fabrication accounts for approximately 428 
two-thirds of ReCiPe endpoint scores, solvent fabrication for a quarter and polymer 429 
fabrication for the remaining portion. For IPCC GWP100a results, the difference in 430 
contribution between membrane and solvent fabrication is smaller (40 and 45% 431 
respectively). Polymer fabrication remains the least important contributor to environmental 432 
impacts (15%).      433 
 434 

 
(a)  

 
 
 
 
 

 

(b) 

Fig. 6. Contribution of categorized process inputs and outputs of membrane fabrication 435 
process to (a) IPCC GWP100a and (b) ReCiPe endpoint results 436 
 437 

The majority of the ReCiPe endpoint score concerns two impact categories: agricultural 438 
land occupation (0.71 points) and fossil depletion (0.45 points) (see Fig. 7.). Agricultural land 439 
occupation is almost exclusively (> 96.0%) due to glycerol fabrication, accounted for in 440 
membrane fabrication: oil seed crops (rape oil, soybean oil, palm oil) are esterified to obtain 441 
the chemical as a by-product, which is then used as pre-conditioning liquid. Only 2% is due to 442 
cellulosic polymer fabrication from wood pulp. As for fossil depletion, 35.0%, 45.2% and 443 
19.8% of the score stem from membrane, solvent and polymer fabrication, respectively (see 444 
section 3 of the Supplementary information). The contribution of solvent fabrication to fossil 445 
depletion can be related to the petrochemical origin of NMP, which is obtained from the 446 
reaction between gamma-butyrolactone and methylamine [31]. Opportunities for a 447 
biosourced solvent such as, for example, methyl lactate [7] could be considered to reduce 448 
fossil depletion. The ReCiPe endpoint score also concerns climate change related to both the 449 
ecosystem quality and human health (0.19 and 0.29 points respectively). Whereas 39.2% to 450 
45.4% of the impact category score comes from membrane and solvent fabrication, only 451 
around 15% is due to polymer fabrication. This group is the least important contributor to 13 452 
of the 17 impact categories; its contribution to the other 4 impact categories (i.e. agricultural 453 
and urban land occupation, and terrestrial ecotoxicity and acidification) adds up to less than 454 
1% of the total ReCiPe endpoint score. 455 



 
 

These results may be compared with those from Manda et al. [17], which, to the best of 456 
our knowledge, is the only other study specifically focused on analyzing environmental 457 
impacts of membrane fabrication. Their non-renewable energy use and greenhouse-gas 458 
emission scores (to be compared with our GWP100a scores) bring out the following process 459 
input contributions, listed by order of importance: electricity, polymer fabrication, solvent 460 
fabrication, natural gas and glycerol. Differences in the order of importance with our results 461 
can be directly related to discrepancies that have been observed when comparing 462 
inventories (see Table 4). The relative importance of polymer and solvent fabrication is for 463 
example tied to polymer and solvent mass fractions in the polymer solution. The 464 
contribution of solvent fabrication may furthermore have been reduced in Manda et al.’s 465 
[17] work since variable solvent recovery has been considered, whereas it has been 466 
knowingly omitted in our study because of industrial practices.  467 

A consequence of these different result representations is that the three main ReCiPe 468 
impact categories that emerge in Manda et al.’s [17] analysis (i.e. freshwater eutrophication, 469 
marine ecotoxicity, freshwater ecotoxicity) are amongst the least affected categories in the 470 
present study. 471 

The influence of such site specific conditions provides relevance to the process modelling 472 
– LCA methodological approach of considering operating conditions (e.g. polymer solution 473 
composition) in the study of environmental impacts.  474 

 475 

 476 
 477 

Fig. 7. ReCiPe endpoint score per impact category for 1 m2 membrane  478 
 479 

 480 
3.3. Impacts for membrane fabrication only 481 
 Membrane fabrication being the group with the greatest contribution to 482 
environmental impacts in the reference situation, its scores are disaggregated by cluster in 483 
Fig. 8. The impact of glycerol fabrication clearly appears: 55 and 76% of the GWP100a and 484 
ReCiPe endpoint scores, respectively. It should be noted that the cluster “glycerol” 485 
contributes more to environmental impacts than the group “polymer fabrication” and in a 486 
similar manner as “solvent fabrication”. For example, glycerol accounts for 49% of the total 487 
ReCiPe endpoint score and 25% of the total IPCC GWP100a score, while contributions of 488 



 
 

solvent fabrication equal 25% and 40% respectively. The influence of this pre-conditioning 489 
liquid is further discussed in a later section.    490 
 Two other important contributors to environmental impacts are adhesives and 491 
module components, which have similar contributions to environmental impacts (6-15% and 492 
7-16% respectively, depending on the assessment method). Between 83% and 98% of 493 
impacts linked to the “module components” cluster is due to glass fiber fabrication for 494 
module housings. This value is in line with the high mass contribution (i.e. 85%) of the 495 
chemical to the cluster’s total mass. Regarding the “adhesive” cluster, epoxy resin 496 
fabrication accounts for the majority of impacts (56-83%); this chemical contributes 53% of 497 
the cluster’s total mass. It should be reminded that the adhesive hardener has been 498 
approximated to a generic organic chemical because its corresponding unit process is absent 499 
from the ecoinvent database. 500 
 501 
 502 

(a)  

 

 
 

(b) 

 

Fig. 8. Contribution of cluster process inputs and outputs of membrane fabrication only 503 
(excluding solvent and polymer fabrication) to (a) IPCC GWP100a and (b) ReCiPe endpoint 504 
results 505 
 506 
 The contribution of energy is limited to 4-9% of scores. Specific consumption per m2 507 
of fabricated membrane is 5.23 kWh, 64% of which is provided by electricity and the 508 
remaining 36% by natural gas (see Supplementary information for details on each unit 509 
process). An explanation for the limited impact of energy and electricity in particular is the 510 
French electricity mix used in this study. The membrane fabrication plant is indeed assumed 511 
to be located in France. The French electricity mix largely relies on nuclear energy and 512 
thereby generates reduced fossil depletion and climate change impacts compared to other 513 
countries’ electricity mixes [31]. Other electricity mixes and, more generally, geographic 514 
locations of the membrane fabrication plant are studied in a later section. 515 
  516 
3.4. Sensitivity analysis  517 
 518 
Following the above attributional life cycle analysis, a sensitivity analysis is conducted to 519 
investigate to what extent environmental impacts vary according to key parameters. The 520 
influence of operating conditions is first explored (see section 3.4.1.). Then, the nature of the 521 



 
 

pre-conditioning liquid and the production’s geographic location are studied (see sections 522 
3.4.2 and 3.4.3.).   523 
 524 
3.4.1. Influence of operating conditions 525 
 The underlying purpose of the model is to identify how operating conditions 526 
influence environmental impacts. The various conditions considered in this study specifically 527 
relate to fiber properties (scenarios A1, A2 and B), energy (scenario C) and glycerol as pre-528 
conditioning liquid (scenario D) (see Table 5). Among these parameters, only those selected 529 
in scenarios A1, A2 and B could influence the quality of the obtained membrane. However, 530 
their range of variation is chosen to be compatible with industrial practices and for obtaining 531 
good quality membranes.    532 
 533 
Table 5 Scenarios and their operating conditions 534 
 535 

Scenario Operating condition Value 
Reference Scenario 

A A1 to A2 Polymer mass fraction (-) 0.20 0.30 
A1 Stirring dissipated power 

density (kWh m-3) 
15.0 15.6 

A2 150 
B Spinning speed (m min-1) 20 30 
C Thermal transfer efficiency for 

discontinuous unit operations (-) 
0.15 1.0 

Thermal transfer efficiency for 
continuous unit operations (-) 

0.93 1.0 

D Glycerol temperature (°C) 30 60 
Glycerol input-output flow 

ratio (-) 
5.0 2.5 

 536 
 From a technical perspective, the increase in polymer mass fraction in the polymer 537 
solution in scenarios A1 and A2 prevents finger initiation during phase inversion due to 538 
increased viscosity [32]. Changes in polymer solution viscosity, and density, nonetheless 539 
impact on dissipated power density during stirring. Scenarios A1 and A2 consider, 540 
respectively, a turbulent and laminar flow regime in the stirred vessel (i.e. dissipated power 541 
density proportional to polymer solution density and viscosity, respectively). Since the 542 
relationship between polymer mass fraction and polymer solution viscosity is unknown, a 543 
10-fold viscosity rise is taken when shifting from 20 wt% to 30 wt% polymer [32]. The 544 
dissipated power density varies accordingly.  545 
 Whereas LCA scores of scenario A1 are similar to the reference situation, those of 546 
scenario A2 are slightly greater (see Fig. 9.): 11.1 kg CO2-eq and 1.93 points compared to 547 
10.6 kg CO2-eq and 1.91 points for IPCC GWP100a and ReCiPe endpoint respectively. In 548 
scenario A2, total electricity consumption indeed more than doubles from 3.3 to 7.4 kW m-2 549 
due to high stirring energy demand and 54% more polymer is needed to fabricate 1 m2 of 550 
membrane. The associated impacts are not fully offset by the lower solvent and glycerol 551 
consumptions (-11% and -7% respectively) that stem from lower membrane porosity. 552 
Polymer fabrication thereby contributes more significantly to impacts than in the reference 553 
situation: 22% and 16% instead of 15% and 11% for IPCC GWP100a and ReCiPe endpoint 554 
respectively. Overall, increasing polymer mass fraction as an indirect manner to lower 555 



 
 

glycerol consumption and hence environmental impacts does not provide a conclusive 556 
solution. In any case, a sound industrial logic would be to use appropriate stirrer in order to 557 
limit avoidable energy overconsumption (e.g. anchor stirrer for fluid viscosity ~102 Pa.s [27]). 558 
 The spinning speed is another operating condition that may influence the fiber’s final 559 
properties; increasing it leads to a greater elongation stress and a closer-packed polymer 560 
structure [33]. In scenario B, constant membrane porosity has been assumed regardless of 561 
changes in spinning speed. Productivity can furthermore be boosted with varying spinning 562 
time required for a given polymer solution batch. Only time-dependent energy 563 
consumptions, such as those related to bundling, plant lighting and heat loss compensation 564 
during extrusion are impacted. As can be shown for scenario B in Fig. 9., environmental 565 
impacts are completely insensitive to variations in the spinning speed, which can be 566 
explained by the minor contribution of energy consumptions, let alone time-dependent 567 
ones, to total environmental scores. This of course holds for a low carbon energy supply.   568 
 A similar interpretation can be given for scenario C for which discontinuous and 569 
continuous unit operations are considered to operate without any heat loss. Although 570 
thermally isolating equipment may be suggested to gain in thermal efficiency, scenario C 571 
does not offer any improvements in terms of environmental impacts.  572 
 The greatest effect on environmental scores is observed for Scenario D: 9.3 kg CO2-eq 573 
and 1.4 points for IPCC GWP100a and ReCiPe endpoint, respectively, which is a 12% and 25% 574 
drop compared to the reference situation. In this scenario, it is supposed that temperature 575 
has the same effect on the diffusion of glycerol in membrane pores as its input-output flow 576 
ratio. Such a configuration requires 50% less glycerol and only 0.1% more electricity than the 577 
reference situation. Given the respective contributions of glycerol and electricity to total 578 
scores, favourable conditions of the former (i.e. low input-output flow ratio) outweigh by far 579 
the unfavourable conditions of the latter (i.e. high temperature); results reveal a high 580 
sensitivity to this glycerol-related parameter. 581 
 582 

 583 
Fig. 9. ReCiPe endpoint and GWP100a scores for scenarios A to D 584 

 585 
3.4.2. Influence of the pre-conditioning liquid 586 
 Pre-conditioning is a pre-requisite for module assembly. A chemical is indeed used to 587 
lower the surface tension of the air-liquid interface inside pores and prevent them from 588 
collapsing during drying. Hollow fibers are dried for their effective adhesion inside the 589 
membrane housing. The nature of the pre-conditioning liquid can vary depending on if it is 590 
evaporated (e.g. alcohol, acetone) or remains in pores (e.g. glycerol, isopropanol) during 591 



 
 

drying. Based on known industrial practices, the latter option has been considered in our 592 
reference situation.  593 
 The influence of the pre-conditioning liquid is studied through three scenarios: (1) 594 
change in glycerol sourcing, (2) substitution of glycerol by isopropanol and (3) removal of 595 
pre-conditioning. In scenario 1, glycerol is produced from purified waste cooking oil instead 596 
of conventionally from oil seed crops. It is hypothesized that the alternative and 597 
conventional glycerol have the same technical properties and performances. For scenario 2, 598 
model parameters related to the pre-conditioning liquid (i.e. density, specific heat capacity) 599 
are adapted to isopropanol. Glycerol is used as bore liquid only. Scenario 3 could be made 600 
possible with the use of moisture-insensitive adhesives; its chemical composition is 601 
approximated to that of a conventional epoxy-based adhesive. Less intensive drying is 602 
required before gluing and pores stay filled with water from rinsing.  603 
 As shown in Fig. 10., similar significant environmental mitigations for 1 m2 of 604 
fabricated membrane are observed for a change in glycerol sourcing and the removal of pre-605 
conditioning: from -19% to -49% depending on the evaluation method. Not only is 606 
conventional glycerol the predominant contributor to pre-conditioning but it impacts 21 and 607 
25 more on IPCC GWP100a and ReCiPe endpoint scores, respectively, than alternative 608 
glycerol. What clearly differs between scenarios 1 and 3 is the ease of implementation at the 609 
industrial scale. The former does not imply any modification of the fabrication process 610 
whereas R&D efforts on the use of moisture-insensitive adhesives is necessary for the latter.       611 
 Although lower mitigations (-11% to -38%) are obtained with glycerol substitution by 612 
isopropanol than for the other two scenarios, it can nonetheless be noted that the nature of 613 
the pre-conditioning liquid influences on environmental scores. This arises from the fact that  614 
7.8% less isopropanol by mass is needed for pre-conditioning compared to glycerol due to 615 
the difference in density. A given unit of mass of the former is also intrinsically less impactful 616 
than the latter, from -42% for IPCC GWP100a to -94% for ReCiPe endpoint. Interestingly, 617 
lower mitigations are achieved in our scenarios when acting on the nature rather on the 618 
sourcing of the pre-conditioning liquid. This offers industrial perspectives, whereby the 619 
scenario with the least changes gives amongst the greatest mitigation.   620 
 621 

 622 
Fig. 10. Percentage change (%) of impacts of pre-conditioning liquid scenarios compared to 623 
the reference situation 624 
 625 
3.4.3. Influence of the geographic location 626 
 An environmental analysis requires that the geographic context be taken into 627 
account, notably as regards transportation of raw materials, production mix of electricity 628 



 
 

and waste management. Previous results applied to a French context with electricity 629 
produced predominantly (75%) with nuclear power. Sensitivity to geographic location is 630 
investigated through results of two other contexts whose electricity is produced mainly with 631 
the world’s main primary energy source [34]: Western India (82% from hard coal) and 632 
Thailand (70% from natural gas). For the former, scores increase by 50% and 26% for IPCC 633 
GWP100a and ReCiPe endpoint, respectively, compared to the French context. For the latter, 634 
scores increased by 20% and 10%, respectively. The overall increase is clearly attributable to 635 
the energy production mix and is highlighted by the contribution percentages. The 636 
production of electricity indeed generates impacts in the same order of magnitude as the 637 
production of glycerol (see Table 6). Electricity in the French context contributed to only 2% 638 
of GWP100a and ReCiPe endpoint scores, whereas contributions rise to 15%-55% in the 639 
Asian contexts. It thereby becomes relevant to not only focus on glycerol for environmental 640 
mitigation but also on electricity consumption. For example, in the case of unit operations 641 
without any heat loss (i.e. scenario C in section 3.3), impacts avoided in Western India are 642 
5.5 and 2.5 greater for GWP100a and ReCiPe endpoint, respectively, than in France.  643 
 644 
Table 6 Percentage contribution (%) of electricity and glycerol to GWP100a and ReCiPe 645 
endpoint scores depending on the geographic location 646 
 647 

Context Percentage contribution (%) 
IPCC GWP100a ReCiPe endpoint 
electricity glycerol electricity glycerol 

France 2 55 2 76 
Western India 55 27 30 56 
Thailand 33 40 15 68 

 648 
4. Conclusion 649 
 Accurate decision-making tools are necessary to inform researchers and industrials 650 
who wish to fabricate greener membranes; environmental hotspots first need to be 651 
identified to be acted upon and implemented improvements are to be assessed from an 652 
environmental point of view. The methodological novelty put forth in this study is relevant 653 
to address these issues. Process modelling has been coupled with LCA and the resulting 654 
model provides hands-on information not only on contributions of input raw materials and 655 
energy but also on the influence of operating conditions related to UF hollow fibers 656 
prepared by NIPS.   657 
 This generic model may be applied to membrane materials other than cellulose 658 
acetate, albeit with a few adjustments. In particular, input raw materials (i.e. polymer, 659 
solvent, additive, adhesive) and their related parameters would need to be adapted to the 660 
membrane material. If necessary, the modular configuration of the model allows to modify, 661 
add or delete separate unit operations with ease. Hence, the model can be made to fit 662 
similar fabrication processes of other membrane manufacturers, or even processes based on 663 
temperature-induced phase separation (TIPS). For the latter, the coagulation bath in the 664 
model can be assimilated to a TIPS quenching bath. In any case, the model remains valid for 665 
hollow fibers. Expanding it to other geometries, in particular flat membranes, would require 666 
important transformations of unit operations related to the extrusion, spinning chain and 667 
module fabrication process.   668 



 
 

 In the framework of the studied membrane, NMP and glycerol, used as a solvent and 669 
pre-conditioning liquid respectively, have been identified as major contributors to 670 
environmental impacts. At a process-level, glycerol-related parameters are valuable levers 671 
for environmental mitigation. Impacts, and resulting adjustment parameters, moreover 672 
depend on the geographic context of membrane preparation, in particular on the electricity 673 
production mix. Energy-related parameters consequently gain in relevancy for membrane 674 
preparation in countries with carbon-based energy. 675 
            The technical and economic feasibility of improvement strategies derived from the 676 
model are two other criteria to be considered for a full eco-design approach of membrane 677 
preparation. Strong technical constraints for example exist on certain operating conditions, 678 
in particular those related to phase inversion and thus on the final properties of hollow 679 
fibers. Mechanistic and predictive relations between operating conditions and fiber filtration 680 
properties are hardly conceivable, and experimental data is thus necessary to link these 681 
parameters together. Such technical feasibility studies would allow to specifically address 682 
the main limitation of this study, namely the systematic adequacy of membrane selectivity 683 
and permeability regardless of applied operating conditions. 684 
 Such a methodology should be taken into account by scientists who want to 685 
elaborate “green membranes” to tackle true environmental problems. This methodology 686 
must be coupled with membrane use and end-of-life to tackle the overall impact. Ultimately, 687 
the actual filtration stage and end-of-life of membranes are to be evaluated with a similar 688 
approach.  689 
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