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A B S T R A C T   

Ultraviolet (UV) water treatment techniques currently employ blacklight (UV-BL) lamps, which are energy 
intensive, short living and contain toxic materials, damaging the environment. Light emitting diodes (UV-LEDs) 
can offer an environmentally friendly alternative to UV-BLs, however their environmental impacts for water 
treatment have not been quantified yet. This study aims at investigating the environmental sustainability of UV- 
LEDs for removing bisphenol-A from water and compare it with UV-BL lamps. The life cycle assessment (LCA) 
methodology was utilised to estimate the process' environmental footprint. The functional unit adopted was the 
treatment of 1 L of water with initial 7.5 mg/L bisphenol-A concentration and 125 mg/L of titanium dioxide 
(TiO2) acting as a catalyst. UV-LED/TiO2 was found to have an environmental footprint of 61% less than UV-BL/ 
TiO2. From a sensitivity analysis the environmental hotspots of the treatment process were the energy con-
sumption and the photocatalytic reactors used. Therefore, three alternative scenarios investigating the use of 
solar photocatalysis, a renewable electricity mix and recyclable materials were explored to enhance the envi-
ronmental performance of the treatment process. The results overwhelmingly favoured solar photocatalysis as 
the most environmentally sustainable treatment, leading to a 87.2% and 78.6% decrease of the environmental 
footprint of the UV-LED/TiO2 and the UV-BL/TiO2 treatment process, respectively. Using a renewable electricity 
mix, representative of Scotland's renewable output, a decrease of 41.5% (from 198.3 to 116.0 μPt) and 15.7% 
(from 517.2 to 435.9 μPt) for the UV-LED/TiO2 and UV-BL/TiO2, respectively, was observed. Beginning with the 
most environmentally sustainable, the treatment processes ranked in the following order: solar/TiO2 > UV-LED/ 
TiO2 renewable electricity mix > UV-LED/TiO2 > UV-BL/TiO2 renewable electricity mix > UV-BL/TiO2, indi-
cating that UV-LED systems driven by renewable electricity could be feasible for 24/7 large-scale wastewater 
treatment systems.   

1. Introduction 

Light emitting diodes (LEDs) have been increasingly used in water 
and wastewater treatment to decrease its energy requirements and 
provide a more environmentally friendly solution than the use of con-
ventional ultraviolet blacklight (UV-BL) fluorescent lamps. Fluorescent 
bulbs are energy intensive, have a short lifespan, and cause health and 
safety concerns from containing toxic mercury gas, ultimately damaging 
the environment (Jo and Tayade, 2014). On the other hand, LEDs pre-
sent an eco-friendly alternative option for water treatment due to their 
energy efficiency, toxic-free nature and long lifetime (Davididou et al., 
2018a; Tokode et al., 2014), and therefore they have been growingly 
applied in water and wastewater treatment. Irradiation driven processes 
prove to be very promising in removing emerging pollutants from water 

and wastewater (Davididou et al., 2017). Emerging pollutants, such as 
bisphenol A (BPA), pharmaceuticals, pesticides to name but a few, can 
be released to the environment causing hazardous damaging effects to 
microorganisms, the ecosystem and consequently to human health. For 
example, BPA is widely recognised as an endocrine disrupting com-
pound and has been also linked with severe impacts on the cardiovas-
cular system (Davididou et al., 2018b; Gao and Wang, 2014). 

Amongst various irradiation processes, heterogeneous TiO2 photo-
catalysis is commonly used as titania is an easily sourced, inexpensive, 
and non-hazardous material. Recent advances in improving TiO2 pho-
tocatalytic properties to further increase the removal rate of pollutants 
from water have been summarised elsewhere (Gowland et al., 2021; Li 
et al., 2021; Rajan et al., 2022; Rengifo-Herrera et al., 2022). In addition, 
photocatalytic oxidation has been extensively reported in the past as an 
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effective technology to remove BPA (Reddy et al., 2018) and other 
endocrine disruptors (Vieira et al., 2021) from water and wastewater 
systems. UV photocatalysis has been also successfully applied for the 
treatment of other emerging pollutants, such as pharmaceuticals (Rajan 
et al., 2022; Saravanan et al., 2022), agrochemicals (Saravanan et al., 
2022), and artificial sweeteners (Pang et al., 2020). 

Despite several studies investigating the use of UV-LED photo-
catalysis for the treatment of persistent organic pollutants, none, to the 
best of the authors' knowledge, has dealt with the quantification of its 
environmental impacts and comparison with conventional UV- 
blacklight irradiation for water treatment applications. Life cycle 
assessment (LCA) methodology is a sustainability assessment tool that 
can be useful to measure environmental sustainability of a system. LCA 
can identify, assess, solve, and reduce the environmental impacts asso-
ciated with the life cycle of a product and can also be used to compare 
products that have the same function; in this case comparison of UV-LED 
with UV-BL. Previous studies have investigated the LCA of photo-
catalytic oxidation of persistent organic pollutants in water/wastewater 
in the presence of either solar light (Foteinis et al., 2018b; Pesqueira 
et al., 2021) and/or conventional UVA and UVC BLs (Pesqueira et al., 
2020). However, modelling the environmental sustainability of UV-LED 
water treatment processes by the LCA methodology has not been re-
ported yet. 

Therefore, the aim of this study was to compare the environmental 
footprint of UV-LEDs and UV-BLs for water treatment applications. The 
main environmental impacts and the hotspots of the irradiation tech-
nologies were identified by means of the LCA methodology. Scenario 
analysis was carried out to identify areas of improvement and more 
environmentally friendly solutions were suggested. The removal of BPA 
from water by UV/TiO2 photocatalysis was used as a case study, as BPA 
is a typical example of an emerging and priority pollutant. It is antici-
pated that quantification of the environmental benefits of LEDs will 
promote their wide application in wastewater treatment when LED 
technology matures enough for scaling-up. 

2. Material and methods 

2.1. Data collection 

Data for BPA removal rates were collected from previous work of our 
group (Davididou et al., 2018b) in which the photocatalytic degradation 
of BPA under UV-LED, blacklight and solar irradiation was investigated. 
Davididou et al. (2018b) explored the influence of changing various 
operational parameters, such as the initial BPA and catalyst concentra-
tion, on the removal rate of BPA. It was observed that under UV-LED/ 
TiO2 irradiation, when the initial concentration of BPA increased from 
2.5 to 10 mg/L, the degradation rate decreased from 99.9 to 79.7%. 
Under UV-BL/TiO2, and for the same BPA initial concentrations, the 
degradation rate decreased from 66.8 to 29.5%. 

2.2. LCA methodology 

The software package SimaPro 9.2.0.1 was used in this work. 
SimaPro LCA software package gives full control of databases, unit 
processes, supply networks, results and every individual source of 
impact, offering extensive freedom and adaptation (PRé Sustainability, 
2020). ISO (International Organization for Standardization) 14,040 and 
ISO 14044 were followed to perform the LCA(ISO, 2006a, 2006b). 

2.2.1. Goal and scope 
The main objective of this study was to determine the most envi-

ronmentally sustainable photocatalytic treatment comparing UV-LED/ 
TiO2 and UV-BL/TiO2. Utilising the removal of BPA as a case study, the 
environmental hotspots were investigated, and a sensitivity analysis was 
carried out to identify areas of improvement. 

2.2.2. Functional unit 
Treatment of 1 L of polluted water was taken as the functional unit 

since the focus of this study is on water treatment applications. Both UV- 
LED/TiO2 and UV-BL/TiO2 photocatalytic treatment processes were 
compared in the time taken to remove 90% of BPA with initial con-
centration of 7.5 mg/L. Removal of 90% of contaminants is a standard 
approach in successful water treatment which gives sufficient degrada-
tion of pharmaceuticals (Zwiener, 2000). The starting concentration 
value is of less importance but rather the ability of the UV photocatalytic 
treatment to remove the BPA. As concentrations as high as 2.3 mg/L 
have been detected in European waters (Zielinska et al., 2019) it is 
particularly relevant to investigate the effectiveness of BPA removal at 
such concentrations. 

2.2.3. System boundary 
The system boundary for each process were determined and shown 

in Fig. 1. 

2.2.4. Life cycle inventory 
Table 1 contains the raw material and process inputs to SimaPro for 

both UV-LED/TiO2 and UV-BL/TiO2 process while Fig. 2 shows the 
experimental set-ups that were used. As can be seen in Fig. 2 the UV-LED 
set up comprised of the LED (UV-LED; l ¼ 365 nm, LZ4-00U600, LED 
Engin), heat sink (588-SV-LED-176E, Ohmite S Series), quartz plate, 
glass beaker, magnetic bar and magnetic stirrer. The UV-LED was 
attached to a heat sink to prevent radiant heat flux decrease due to a rise 
in temperature on the diode's surface, while the quartz plate was to 
protect the LED from water spillages. For the UV-BL setup, the irradia-
tion source was a UV low-pressure blacklight fluorescent lamp (UV-BL; 
PLS G23, Casell Lighting), housed in a quartz tube to encase the black-
light along with a glass beaker, magnetic bar and magnetic stirrer. It was 
assumed for UV-LED/TiO2, that the LED cover and starboard would have 
the same life span as the LED itself. Additionally, the heatsink and quartz 
plate would have identical life spans as well as the magnetic compo-
nents. For the UV-BL experimental setup, it was assumed that the glass 
tube surrounding the blacklight would have the same life span as the 
blacklight. 

As discussed, SimaPro has a collection of databases which contain 
extensive information defining many different materials that are often 
used in manufacturing. Using the Ecoinvent 3 database, an LED array is 
already defined and can be used for the LCI. Additional components in 
the experimental equipment are not specifically included requiring new 
records to be constructed using the materials documented within the 
database. For example, Ecoinvent 3 does not include a record of a 
heatsink, required for the UV-LED, but instead as it is made of 
aluminium a new product record can be made using the SimaPro ma-
terial - Aluminium production mix, at plant. The Ecoinvent 3 APOS li-
brary was used assuming production materials. 

Data obtained from Davididou et al. (2018b) showed that UV-LED/ 
TiO2 and UV-BL/TiO2 systems could degrade up to 8 and 2.9 mg/L BPA 
within 45 min of treatment, respectively. Also, reaction rates decreased 
with increasing initial BPA concentration; for example, during UV-BL/ 
TiO2 treatment, a 4-fold increase of BPA concentration resulted in a 3- 
fold decrease of the reaction rate. From this observation of reaction 
rates changing proportionally less than the initial concentration of BPA, 
a conclusion was met of a shift from first- to zero-order kinetics. More-
over, it was observed that 90.6% and 36% of BPA were removed under 
UV-LED/TiO2 and UV-BL/TiO2, respectively, after 45 min of treatment 
with 7.5 mg/L initial BPA concentration. Therefore, treating water with 
UV-BL/TiO2 would require a longer period to achieve 90% removal of 
the contaminants. To determine the treatment time needed to remove 
90% of BPA using UV-BL, the k value, 0.011 min− 1, was utilised. As it 
was a pseudo-first order reaction model, k represents the gradient of the 
ln(BPA/BPA0) against time, leading to a treatment time of 210 min for 
UV-BL/TiO2. 
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2.2.5. Life cycle impact assessment 
Two life cycle impact assessment (LCIA) methods were used, namely 

ReCiPe 2016 and IPCC 2013. ReCiPe 2016 is globally recognised 
comprising different sets of impact categories with associated sets of 
characterisation factors for use at the normalization and weighting 
stage. At midpoint level, 18 impact categories are addressed which are 
then collected into 9 damage pathways. At the endpoint level, the 
midpoint impact categories are multiplied by damage factors and 
aggregated into three damage categories, i.e., Human Health, Ecosys-
tems and Resources (Huijbregts et al., 2017). The IPCC 2013 impact 
assessment method uses two different time perspectives (20 and 100 

years) to compare processes based on CO2 equivalent (CO2eq) emissions, 
i.e., greenhouse gas (GHG) emissions which are used to measure Global 
Warming Potential (GWP), a standard indicator of environmental rele-
vance. The different timeframes are advantageous as different sub-
stances vary in their lifetime. For example, methane has a relatively 
short lifetime, staying in the environment for about 12 years meaning it 
is more prominent in the short time perspective, whereas CO2 remains in 
the environment for longer than methane with estimations of 30–95 
years (Archer et al., 2009). Highlighting the importance of the time-
scales per unit of mass, the impact of methane on climate change over 
20 years is 84 times greater than CO2, but over a 100-year period is less 
at only 28 times greater (Climate and Clean Air Coalition, 2022). Here 
100-year time horizon was selected (IPCC 2013 GWP 100a). ReCiPe also 
includes a midpoint category relevant to GHG, i.e., Global warming, 
however it differs from the IPCC 2013 GWP 100a because clima-
te‑carbon feedback for non-CO2 GHGs is included. Since, IPPC 2013 is a 
widely recognised LCIA method by the public as well as by decision and 
policy makers, was therefore adopted here to express the carbon 
footprint. 

3. Results and discussion 

3.1. LCIA results using IPCC framework 

Utilising the IPCC 2013 LCIA method, the GWP for the UV-LED/TiO2 
and UV-BL/TiO2 processes were 0.00529 and 0.0088 kg CO2eq, 
respectively, which represents a 40% decrease of carbon emissions from 
UV-BL/TiO2 to UV-LED/TiO2. This is linked back to the time taken to 
treat the wastewater and by extension to the electricity use, i.e., the 
higher the treatment time the higher the electricity consumption. To be 
more specific, electricity consumption includes the energy required to 
light up the UV-LED or the UV-BL bulb as well as to continuously stir the 
reactant mixture. In this case the UV-BL/TiO2 process takes 4.67 times 
longer to treat 1 L of the BPA solution than UV-LED/TiO2 treatment. 
Therefore, this difference in treatment time had an intuitive impact on 
the sustainability of the UV-BL/TiO2 as additional electricity was 
required to achieve 90% BPA removal. Furthermore, when considering 
that the UV-BL has just 4% of the lifetime of the UV-LED, it becomes 
even clearer as to why the UV-LED/TiO2 outperforms the UV-BL/TiO2. 
To put it trivially at lab scale, to treat 1 L of water with 7.5 mg/L initial 
BPA concentration, the UV-LEDs would require replacement after 
treatment of 66,667 L of water. However, for the same conditions due to 
the shorter lifetime and longer treatment time, the UV-BL would require 
replacement after treatment of only 571 L of water. Therefore, with GWP 
being strongly linked to energy consumption as this is the main 
contributor of CO2 emissions worldwide, it would be expected that UV- 
BL/TiO2 would have a higher GWP (IPCC, 2007). Comparing three 
oxidation processes (Chatzisymeon et al., 2013) found that GWP was 
proportional to energy consumption, which was also seen in the results 
for UV-LED/TiO2 and UV-BL/TiO2. Therefore, to lower the GWP, energy 

Fig. 1. The main system flows of this work were: (i) the energy inputs (electricity provided from the local grid), (ii) the laboratory units, (iii) the materials that were 
used (TiO2 etc.), and (iv) their outputs to nature. System boundary of this study. 

Table 1 
Raw material and process inputs for UV-LED/TiO2 and UV-BL/TiO2.  

AOP Assemblies Items SimaPro Material Quantity 

UV- 
LED 

Light 
Source LED 

Light emitting diode 
{GLO}| production | 
APOS, U 

0.033 kg 

Light 
Source 

Heatsink 
Aluminium alloy, AlMg3 

{RER}| production | 
APOS, U 

0.616 kg 

Light 
Source 

Starboard 

Copper, {RER}| 
production, primary | 
APOS, U  
Aluminium alloy, AlMg3 

{RER}| production | 
APOS, U 

0.07 kg 

Housing Quartz Plate 
Silicon, metallurgical 
grade {RoW}| production 
| APOS, U 

0.7607 kg 

UV-BL 

Light 
Source 

Blacklight 

Compact fluorescent bulb 
{GLO}| compact 
fluorescent lamp | APOS, 
U 

0.245 kg 

Light 
Source 

Quartz Tube 
Silicon, metallurgical 
grade {RoW}| production 
| APOS, U 

1.129 kg 

UV- 
LED 
& 
UV- 
BL 

Lab 
Equipment 

Glass Beaker 
Glass tube, borosilicate 
{ROW| production | 
APOS, U 

0.381 kg 

Lab 
Equipment 

Permanent 
magnet 

Permanent Magnet, for 
electric motor {GLO}| 
production | APOS, U 

0.4072 kg 

Lab 
Equipment 

Magnetic 
Stirrer Bar 

Steel, low-allowed 
{RER}| steel production, 
electric, low-allowed| 
APOS, U 

0.00745 
kg 

Catalyst Titanium 
Dioxide, TiO2 

Titanium Dioxide, 
{RER}| production, 
chloride process | APOS, 
U 

0.000125 
kg 

Electricity Electrical 
Connection 

Electricity, low voltage, 
{GB}| market for |APOS, 
U 

0.11 kWh  
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consumption should be reduced and/or renewable energy should be 
introduced. Additionally, with much less treatment available and a 
shorter life span, it results in materials going to waste a lot sooner for 
UV-BL/TiO2 than UV-LED/TiO2. The lower impact on climate change is 
a clear indication of the benefits of the new and progressing LED tech-
nology for water treatment applications. These results are consistent 
with a study investigating the sustainability of LEDs and fluorescent 
lamps for general lighting, which found that the GWP of LED luminaire 
was 41% lower than conventional fluorescent lamps (Principi and 
Fioretti, 2014). 

Fig. 3 shows the individual percentage contributions from the 
separate stages considered in the system boundary to the overall envi-
ronmental footprint for both UV-LED/TiO2 and UV-BL/TiO2 treatments. 
These percentages provide an early indication that the biggest contrib-
utors to the environmental sustainability of UV/TiO2 photocatalysis 
arise from energy consumption. To be more specific, in both cases 
electricity use was the biggest contributor with 80% and 48% for UV- 
LED/TiO2 and UV-BL/TiO2, respectively. Based on previous studies, 
electricity use would be expected to be the greatest contributor; Foteinis 
et al. (2018a) determined that the main environmental hotspot in six 
different light driven AOPs was the use of electricity during operation, 
while Ioannou-Ttofa et al. (2017) found in a LCA for solar-Fenton 
oxidation the main issues in terms of environmental footprint derived 

from indirect emissions from chemicals and electricity used. The con-
tributions of the photocatalytic reactor varied for the two processes with 
the blacklight's input considerably greater at 43% than only 4.5% for the 
LED. This may be attributed to the fact that BL lamps contain toxic heavy 
metals such as mercury, unlike LEDs (Davididou et al., 2018b). The use 
of TiO2 catalyst was the second highest contributor for UV-LED/TiO2 
and the third for UV-BL/TiO2. 

3.2. LCIA results using ReCiPe framework 

A comparison between UV-LED/TiO2 and UV-BL/TiO2 was carried 
out, both at midpoint and endpoint level. Fig. 4 shows the midpoint 
results (characterisation) when comparing the UV-LED/TiO2 and UV- 
BL/TiO2 to treat BPA. At midpoint level, the main findings show that the 
UV-LED/TiO2 is more beneficial than the UV-BL/TiO2, with UV-LED/ 
TiO2 having about 65% less impact than of UV-BL/TiO2 in all but two 
categories, namely ‘ionising radiation’ and ‘fossil fuel resource scarcity’. 
The contributions of these two categories were about 13% (ionising 
radiation) and 23% (fossil fuel resource scarcity) less impact of UV-LED/ 
TiO2 compared to that of UV-BL/TiO2. Ionising radiation is traced back 
to airborne and waterborne emission of radionuclides that harm human 
health, which here are mainly traced back to fossil mining, processing, 
burning, and waste disposal (e.g. lignite) and to metals extraction and 
processing (e.g. copper in the LED) which are responsible for radionu-
clides emissions. Fossil fuel depletion was also noted to be one of the 
most affected categories using UV/TiO2 in the treatment of olive mill 
wastewater (OMW) in Greece along with human toxicity (Chatzisymeon 
et al., 2013). This was closely linked with the energy consumption since 
82% of the Greek energy is being made up from oil, lignite and natural 
gas resulting in the release of toxic and hazardous by-products and the 
accumulation of greenhouse gases. 

When the results were normalised, it was identified that the midpoint 
impact categories that are affected the most are, from higher to lower 
score, Marine ecotoxicity> Freshwater ecotoxicity> Human carcino-
genic toxicity> Human non-carcinogenic toxicity> Terrestrial ecotox-
icity, while the remaining impact categories exhibited extremely low 
normalised scores. An LCA study investigating solar-Fenton treatment 
for secondary-treated urban effluents found that the (eco)toxicities 
impact categories were also affected, tracing back to fossil fuel (oil) 
consumption for electricity generation, thus suggesting that solar energy 

Fig. 2. Schematic of the photocatalytic reactors (a) UV-LED and (b) UV-BL.  

Fig. 3. Percentage contributions of the individual components of the (a) UV- 
LED and (b) UV-BL photocatalytic processes to the environmental impacts. 
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would eliminate this environmental hotspot as energy consumption for 
irradiation would be eradicated (Ioannou-Ttofa et al., 2017). An inter-
esting finding from Ioannou-Ttofa et al. (2017) was that ignoring the 
airborne emissions from fossil fuel combustion, the remaining categories 
were linked to indirect impacts not affecting the local environment and 
the only direct pressures on the local environment were the use of 
chemicals in the oxidation process resulting in waterborne emissions. 
Similarly, the use of titania (catalyst) also affects the (eco)toxicity cat-
egories (mainly the marine and then the freshwater ecotoxicity), but to a 
lesser extent compared to the remaining process. However, it should be 
noted that the catalyst is necessary for the photocatalytic treatment to be 
successful as without it, it has been found to be less environmentally 
friendly (Foteinis et al., 2018a). 

Following on from midpoint level, the data was also aggregated 
using ReCiPe's three endpoint damage categories, namely ‘human 
health’, ‘ecosystems’ and ‘resources’ (Fig. 5). Similarly with the 
midpoint results, endpoint results indicated that the biggest concerns 

with artificial UV irradiation techniques are by far the impacts that they 
have on human toxicity; the UV-LED/TiO2 process generated 177 μPt for 
human health compared to only 17.4 μPt for ecosystems and 3.87 μPt for 
resources. The same trend was identified with UV-BL/TiO2 yielding 473, 
38.7 and 5.51 μPt for human health, ecosystems and resources, respec-
tively. The damaging effect on human health can be associated with the 
energy consumed, made worse by not using renewable electricity. These 
results are consistent with a study carried out in Greece investigating 
UV/TiO2, wet air oxidation (WAO) and electrochemical oxidation (EO) 
in the removal of chemical oxygen demand (COD) and total phenols that 
also found human health to suffer the most of the three damage cate-
gories (Chatzisymeon et al., 2013). Overall it was observed that using 
UV-LED yielded 61% less environmental impacts on all three damage 
categories than UV-BL irradiation. 

Fig. 4. Characterisation output from ReCiPe 2016 impact assessment comparing UV-LED/TiO2 and UV-BL/TiO2 cases.  

Fig. 5. Single Score output from ReCiPe 2016 impact assessment comparing UV-LED/TiO2 and UV-BL/TiO2 cases.  

S.M. McKee and E. Chatzisymeon                                                                                                                                                                                                           



Environmental Impact Assessment Review 97 (2022) 106886

6

3.3. Alternative scenarios and sensitivity analysis 

Due to the energy intensive nature of artificial UV irradiation and the 
high environmental impacts that energy consumption yields on human 
health it was decided to explore more environmentally friendly energy 
sources to power the UV photocatalytic treatment of water. Hence, the 
use of solar irradiation, and the use of renewable electricity were applied 
as alterations to the baseline processes. Also, observing the percentage 
contributions for the UV-BL/TiO2 in Fig. 3b, the photocatalytic reactor 
was a big component of the overall environmental load and therefore the 
use of recyclable material was also explored. The results of all three 
alternative scenarios have been compared with UV-LED/TiO2 and UV- 
BL/TiO2 and presented in Figs. 7 and 8. 

3.3.1. Scenario 1: Solar irradiation 
The use of solar/TiO2 in photocatalysis takes advantage of the near 

UV-band of the solar spectrum to excite TiO2 catalysts (Davididou et al., 
2018b). Sunlight is a highly advantageous renewable energy as it is free 
and abundant in many areas. If used it can massively improve the sus-
tainability as it greatly reduces the dependence on electricity, typically 
produced from fossil fuels. However, despite advantages that come with 
solar irradiation, it is highly dependent on the weather in the area it is 
required, meaning some areas could not consistently rely on it. There-
fore, while it may not be possible for solar irradiation to be used as a sole 
treatment, it could be used in conjunction with UV-LED or UV-BL which 
would reap environmental benefits (Davididou et al., 2018b). 

Data were used from (Davididou et al., 2018b), who studied identical 
BPA solutions using solar irradiation in a compound parabolic collector 
(CPC) with 0.25 m2 illuminated surface area. The CPC consisted of two 
borosilicate tubes with solar reflectors made of anodised aluminium, a 
continuously stirred tank and a centrifugal recirculation pump. The 
experiment was carried out in Ciudad Real in Spain where sunshine is 
plentiful, with the light intensity of solar irradiation ranging from 25 to 
30 W/m2 during photocatalysis. Calculations showed that for solar/ 
TiO2, when assuming a reaction rate, k, of 0.037 min− 1, the treatment 
time was approximately 60 min, 33% longer than UV-LED/TiO2 at 45 
min, but 71% faster than UV-BL/TiO2 at 210 min (Davididou et al., 
2018b). 

Interestingly, while the biggest influences on the environmental load 
for the baseline UV-LED/TiO2 and UV-BL/TiO2 processes came from the 
energy consumption, the biggest influence during solar irradiation was 
the use of TiO2 catalyst. For example, the TiO2 catalyst only contributed 
15.5% and 9% to UV-LED/TiO2 and UV-BL/TiO2, respectively, but when 
testing solar/TiO2, the catalyst was responsible for 64%. This is under-
standable as the main contributor of electricity for artificial irradiation 
was decreased substantially meaning that the environmental load 
should have reduced. Previous LCA studies also discovered chemical 
reagents to be the biggest contributors to the environmental sustain-
ability under solar irradiation(Foteinis et al., 2018b). Specifically, the 
high influence from the chemical reagents was magnified due to the low 
energy per functional unit and in fact the contribution by the reagents 
was miniscule compared to the energy consumption of simulated irra-
diation methods (Foteinis et al., 2018b). Therefore, one may think that 
to further reduce the environmental footprint of solar irradiation, 
chemical reagents should be minimised, however, the need for chemical 
reagents was amplified in a study whereby the environmental sustain-
ability of light driven AOPs were investigated (Foteinis et al., 2018a). It 
was found that natural solar photolysis yielded a far higher environ-
mental footprint than solar photocatalysis using iron (Fe), producing 
scores of 2 and 0.089 mPt respectively in the removal of 1 μg of 17a- 
ethynylestradiol per litre of wastewater due to the much faster treat-
ment time. The need for chemical reagents was also confirmed in the 
control experiments carried out in (Davididou et al., 2018b). 

3.3.1.1. ReCiPe analysis. Comparing solar/TiO2 with UV-LED/TiO2 and 

UV-BL/TiO2, solar/TiO2 achieved a substantially lower environmental 
load of 56.7 μPt, representing a 71% decrease from UV-LED/TiO2 (198.3 
μPt) and an 89% decrease from UV-BL/TiO2 (517.2 μPt). At midpoint 
level a large reduction was observed across midpoint impact categories 
under solar irradiation as the luminaires and electricity are not required. 
All the midpoint impact categories are reduced to less than 15%, apart 
from mineral resource scarcity which is accounted for in the component 
parts and the TiO2 catalyst. At endpoint level the damage category 
human health, which was the biggest contributor to the total environ-
mental load, was grossly reduced. These findings confirm results from 
previous studies where solar photocatalysis was found to be the most 
environmentally friendly treatment method. In the removal of 1 μg of 
17a-ethynylestradiol per litre of wastewater, natural solar/Fe/H2O2, at 
high reagent concentrations yielded the lowest score of 0.356 μPt per 
functional unit (Foteinis et al., 2018a). The next best performing was 
UV-A/TiO2 achieving a score of 9.2 μPt. These single scores are smaller 
than the ones achieved in this study due to different functional units and 
LCIA methods but the concept of solar photocatalysis being more envi-
ronmentally friendly than UV-LED/TiO2 or UV-BL/TiO2 is still 
applicable. 

3.3.1.2. IPCC analysis. When considering climate change, there is no 
doubt that solar/TiO2 is more favourable at only 12.8% compared to UV- 
BL/TiO2, and the respective value for UV-LED/TiO2 is 60.1%. Convert-
ing to a numerical value, the environmental footprint for solar/TiO2 was 
found to be 0.00113 kgCO2eq (Fig. 8). The significant improvement 
offered from natural solar photocatalysis shown in this study and in 
others, provides a clear argument for using this treatment technique 
over UV-LED/TiO2 or UV-BL/TiO2. However, the sun is not freely 
available both temporarily and spatially, meaning it may not be 
appropriate as a sole solution. A study of solar-Fenton treatment at in-
dustrial scale, found an overall environmental footprint of 2.71 kgCO2 
m− 3 (Foteinis et al., 2018b) and another study at pilot scale determined 
CO2 emissions amounting to 8.71 kgCO2 m− 3 (Ioannou-Ttofa et al., 
2017). The functional unit of these studies assumed treatment of 1 m3 

whereas this BPA study assumed 1 L. Therefore, doing a trivial con-
version with 1000 L in 1 m3, the solar treatment environmental load 
from this BPA study amounts to 1.13 kgCO2 m− 3. Obviously, this 
amount is not representative of the true value for treating 1 m3 of BPA 
under solar/TiO2, but it shows that the findings from this BPA study are 
in the same order of magnitude with the previous ones dealing with the 
treatment of other organic pollutants. However, although the studies 
present similar values in terms of magnitude for environmental foot-
print, it must be approached with caution as ultimately the studies used 
different equipment and removed different pollutants. 

3.3.2. Scenario 2: Renewable electricity 
Despite solar irradiation being a promising treatment method in the 

removal of BPA, it is not possible to reliably implement it across the 
globe. Therefore, alternative solutions must be sought in improving the 
sustainability of the UV-LED/TiO2 and UV-BL/TiO2 treatment methods 
to determine the most environmentally friendly option. Many studies 
have found that the biggest flaw in UV treatment processes is the use of 
electricity and that further studies should investigate the impact of using 
renewable electricity (Davididou et al., 2018b). Therefore, the second 
alternative scenario investigated was the use of an electricity mix based 
on the renewable electricity output of Scotland to replace the original 
low voltage electricity mix of Great Britain (GB). Scotland has built up a 
reputation as being one of the world's leading nations at sourcing its 
electricity from renewables; in 2017 68.1% of its electricity came from 
green schemes, including about 34% coming from wind energy and 9% 
tidal, which was a 26% increase from the previous year (Dalton, 2018). 
Even more recently in 2019, the numbers have further increased with 
renewables covering 90% of the gross electricity consumption in Scot-
land (Scottish Renewables, 2022). Therefore, it is perfectly reasonable to 
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assume that UV-LED/TiO2 and UV-BL/TiO2 water treatment would 
benefit from it. Table 2 shows the respective electricity mix that was 
used in this scenario and reflects Scotland's electricity production in 
2019. The percentages incorporate the 10% not provided from renew-
ables in the mix. The biggest contributor was onshore wind followed by 
hydro and offshore wind, with smaller contributions from other sources 
(Scottish Renewables, 2022). 

3.3.2.1. ReCiPe analysis. A calculation setup was created to compare 
the baseline cases using standard GB low voltage electricity with the UV- 
LED/TiO2 and UV-BL/TiO2 treatments using the electricity mix repre-
sentative of Scotland's renewable output. For the UV-LED/TiO2 the total 
score decreased by 41.5%, from 198.3 to 116.0 μPt, while the UV-BL/ 
TiO2 decreased by 15.7%, from 517.2 to 435.9 μPt. Despite the use of 
renewable electricity decreasing the environmental load it was not so 
substantial and may be an aspect that would have a greater effect on a 
larger scale. However, it does still indicate an improvement to the 
environmental sustainability. 

3.3.2.2. IPCC analysis. Looking at how the Scottish renewable elec-
tricity mix impacts on climate change, there was a 50% reduction from 
the original UV-LED/TiO2 case and a 30% decrease for the UV-BL/TiO2, 
again highlighting how the environmental sustainability of artificial UV 
irradiation treatments can be optimised by using renewable electricity. 
To further improve the environmental footprint, the use of hydropower 
could be investigated as it is the most environmentally friendly renew-
able energy source (Ioannou-Ttofa et al., 2017). 

Replacing the GB low voltage electricity with the renewable elec-
tricity mix in the UV-LED/TiO2 and UV-BL/TiO2 cases, networks of each 
process were created to visualise the effect on individual component 
contributions. Fig. 6 shows the percentage contributions for the 
respective treatments with the renewable electricity mix. In relation to 
the baseline cases, the renewable electricity mix reduced the contribu-
tion to the UV-LED/TiO2 treatment from 80 to 60% and from 48 to 26% 
for the UV-BL/TiO2 treatment. In addition, the percentage contributions 
of the photocatalytic reactors increased. This would be expected as using 
renewable electricity encouraged the decline in environmental load, but 
the irradiation source and other materials did not change. 

As an alternative solution to solar irradiation, the use of renewable 
electricity to power LEDs and blacklights still generates significant im-
provements to the environmental sustainability of the processes. A more 
substantial improvement was more profound in UV-LED/TiO2 treatment 
indicating the environmental superiority of LEDs over blacklights. 
Therefore, in areas where availability of solar light is low, incorporation 
of renewable electricity into water treatment systems would be more 
beneficial to the environment. 

3.3.3. Scenario 3: Recyclable materials 
This third scenario was applied to minimise the impacts of the 

experimental photocatalytic equipment, such as the borosilicate glass 
and the magnetic stirrer. The sustainability of these materials would be 

improved by ensuring that they are recycled once their useful lifespan as 
water treatment materials was complete. This would elongate the life 
span of the materials allowing them to be used for different purposes in 
the future. Therefore, eliminating or prolonging the period for a material 
to end up in a landfill site, which is harmful to the environmental sus-
tainability. An alternative Ecoinvent 3 library to the one for the baseline 
cases was used. The APOS library used for the baseline cases, gives a 
recycling credit to the recycler for their efforts in preventing materials 
from entering the waste stream. Whereas the Ecoinvent 3 cut-off library 
assumes recyclable materials are available burden free, and secondary 
recycled materials only carry impacts from recycling processes. As the 
life spans of the materials were long to begin with in most cases, it was 
expected that changing the recycling arrangement would have little 
impact on the environmental sustainability. The impacts from the irra-
diation sources and electricity consumption contribute far greater to the 
environmental footprint meaning that to substantially improve the 
treatment processes these two factors would be the most important ones 
to focus on. 

3.3.3.1. ReCiPe analysis. A calculation setup was created to compare 
the use of the Ecoinvent APOS library with the Ecoinvent cut-off library. 
However, the difference was very minimal with the single score envi-
ronmental load decreasing by only 2.6% for the UV-LED/TiO2 and 3.2% 
for the UV-BL/TiO2, therefore supporting the argument that using nat-
ural sunlight or renewable energy consumption is more beneficial 
especially for the UV-LED (Fig. 7). 

3.3.3.2. IPCC analysis. Unlike solar irradiation and renewable elec-
tricity, it would be assumed that using recyclable materials would have a 
minimal effect on climate change when compared with UV-LED/TiO2 
and UV-BL/TiO2. As expected, due to the materials already having long 
life spans, the influence on climate change was minimal as the effect of 
using recyclable materials was not as influential as the previous alter-
native scenarios (Fig. 8). However, it must be remembered that despite 
having a negligible effect on a small scale, ensuring materials are 
recycled would become significant to the environmental sustainability 
on a larger scale in a wastewater treatment plant and is hence not a 
factor that should be neglected. 

4. Conclusions 

The environmental sustainability of UV-LED/TiO2 photocatalysis to 
remove bisphenol A (BPA) from water was investigated. Results were 
compared with a conventional UV-BL/TiO2 process based on blacklight 
lamps. The life cycle assessment (LCA) methodology was employed to 
estimate the environmental footprint of the UV-LED/TiO2 and UV-BL/ 
TiO2 processes. The functional unit adopted was the treatment of 1 L of 
water and the removal of 90% of BPA. The effect on key impact 

Table 2 
Percentage make up of Scotland's total Renewable Electricity for use in SimaPro 
electricity mix.  

Type of renewable Electricity output 
(GWh) 

Percentage for renewable 
electricity mix (%) 

Onshore wind 19,143 56.45 
Hydro 5362 15.81 
Offshore wind 3183 9.39 
Other biomass 2031 5.99 
Landfill gas 412 1.21 
Solar PV 347 1.02 
Sewage sludge 

digestion 29 0.09 
Wave & tidal 14 0.04  

Fig. 6. Percentage contributions of the individual components of the Scenario 
2's (a) UV-LED and (b) UV-BL photocatalytic processes to the environ-
mental impacts. 
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categories of human health, resources and ecosystems was investigated 
along with the effect of each treatment on climate change. 

UV-LED/TiO2 was found to have a lower environmental footprint, by 
about 61%, compared to that of UV-BL/TiO2. Human health was the 
endpoint damage category that suffered the most due to the toxic 
components of the BL irradiation sources and the electricity used to 
provide artificial irradiation as well as to mix the reactant solution. Also, 
it was observed that the main environmental hotspots in the treatment 
were the energy consumption primarily for both processes and to a lesser 
extent the photocatalytic reactor in the case of UV-BL/TiO2 treatment. 
Therefore, three alternative scenarios investigating the use of (a) solar 
irradiation, (b) a 90% renewable electricity mix and (c) recyclable ma-
terials were explored to enhance the environmental performance of UV/ 
TiO2 processes. It was found that solar irradiation was overwhelmingly 
the most environmentally sustainable UV irradiation source followed by 
other processes in the order: solar/TiO2 > UV-LED/TiO2 renewable 
electricity mix > UV-LED/TiO2 > UV-BL/TiO2 renewable electricity mix 
> UV-BL/TiO2. Therefore, it could be argued that solar/TiO2 would be 
the recommended heterogeneous photocatalytic treatment to remove 
BPA in terms of environmental performance. However, where sunlight is 
not reliably available LEDs may present a very environmentally friendly 
alternative, especially with the use of a renewable electricity mix. 
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