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• Lithium ion e-scooter batteries were
dumped into ponds and metals were
measured over 16 months
• Only for copper and nickel, elevated
levels could be found
• Given the high dilution in natural rivers
and lakes, critical levels are unlikely
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a b s t r a c t
Background: Electric scooters become popular in Western cities as new mobility option. Start-up companies rent
out e-scooters in major cities, such as Paris, Cologne, Copenhagen and elsewhere. However, the scooters are frequently vandalized and thrown into surface waters. There is concern about a new kind of water pollution from
leaking scooter batteries.
Methods: Two scooter batteries (lithium ion type) were dumped into artiﬁcial 200 L ponds for over a year. Concentrations of Li, Mn, Co, Ni and Cu in the pond water were several times analyzed by ICP-MS over a period of
16 months.
Results: In ponds with dumped batteries, copper levels in water were elevated (8.9 to 40.6 μg/L versus ≤0.6 μg/L in
controls), as well as nickel levels (4.8 to 7.2 μg/L versus ≤0.6 μg/L in controls), while lithium concentrations were
only slightly higher (7.1 to 9.6 μg/L versus 6.4 to 6.7 μg/L in controls), as were levels of Co (<1 μg/L, except one
sample). Manganese was lower in ponds with battery than in controls.
Conclusions: Less than 1‰ of the toxic metals Ni, Co and Cu stored in the battery pack was recovered from the test
ponds, and these amounts can be explained by corrosion of the connections and of the steel encapsulation of the
batteries. No elevated levels of Mn were observed in the test ponds. We conclude that the batteries are well
sealed against leaking, and dilution in natural water bodies will minimize the hazard to aquatic organisms. Nonetheless, rapid removal of batteries dumped by vandals into rivers and lakes from the surface waters is advised
because no sealing can hold forever.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Table 1a
Measured concentrations of Li and Mn in ponds A, B and C (control) (μg/L). All samples unﬁltered, except 28 June 2021: average of four samples, hereof two ﬁltered and two unﬁltered. Control mean of two ﬁltered samples. Detection limit 0.05 μg/L.

Electric motorized scooters are rented out in many cities by various
companies. These scooters usually do not have a ﬁxed home location
but can be rented from where they are - and dropped where they are
no longer needed. Some people seem to consider scooters on pedestrians ways an annoyment and throw them into nearby surface waters.
In fact, 144 of 200 e-scooters provided by the company VOI in Copenhagen were, after few months, recovered from the nearby harbor waters
(Engelschmidt et al., 2020). Similar things were reported from other cities, e.g., recently for Cologne (Heise online, 2021).
E-scooters are typically equipped with a lithium ion battery pack, and
those batteries are composed of toxic materials, for example, heavy
metals such as nickel, copper and cobalt. Very little is known about the
hazard of environmental contamination due to battery packs dumped in
surface waters, and authorities and municipalities raised their concern
about this issue. The authors were thus approached by an e-scooter rental
company and started a small study. The aims of the study were:

Pond

A

B

C control

A

B

C control

Element
28 Feb 2020
6 March 20
12 March 20
27 March 20
3 April 2020
20 April 2020
4 June 2020
28 June 2021

Li
15.4
12.8
11.1
11.7
11.5
12.0
12.3
7.3

Li
11.7
18.9
11.1
11.7
11.1
12.0
12.6
9.3

Li
11.5
10.5
10.1
11.2
10.8
10.5
11.4
6.5

Mn
4.76
0.06
1.66
1.26
0.99
0.78
9.96
9.50

Mn
2.21
3.83
4.21
3.37
2.60
1.29
5.08
11.6

Mn
11.48
10.52
10.14
11.22
10.78
10.46
11.39
159.3

mode (He ﬂow 5 mL/min). Processing of the data was carried out in
the MassHunter 4.6 Workstation Software (v. C.01.06). Based on
repeated measurement of certiﬁed in-house standards (SCP Science
EnviroMAT, certiﬁed standard for drinking water), the relative standard
error (RSE, %) of the measurements was calculated. Furthermore, each
injection of the sample was measured in triplicate, in order to estimate
the RSE of each individual measurement for quality control. The method
detection limit (MDL) was calculated from the calibration curve
(R2 > 99.9%) and was at or below 0.05 μg/L for all investigated metals.
Concentrations were measured in unﬁltered samples in 2020. Concentrations in 2021 were measured twice in unﬁltered and twice in ﬁltered
(0.45 μm) samples for pond A and pond B. Samples taken from the control pond could only be injected after ﬁltration due to high algae content.

- to experimentally investigate leakage of toxic metals from e-scooter
batteries dumped in surface waters under outdoor conditions.
- to determine the potential hazard for the aquatic environment.
2. Materials and methods
2.1. Batteries
Two battery packs used in common electric scooters were provided by a local company. The batteries were Ninebot Li-ion battery
packs NEE1006-M1 with 36 V DC, 15,300 mAh storage capacity and
thus a stored power of 0.551 kWh. The battery packs were assembled
in Fujian, China by Einico Power Technology Co. Ltd. A battery pack
weighs 4.8 kg and has the dimensions 423x130x78 mm. Each battery
pack contains 60 battery cells type 18,650 from LG Chem composed
of NMC (LiNiMnCoO2 ) cells. The safety data sheet of LG Chem for
these batteries lists among others the following hazardous ingredients:
nickel 0–25%; manganese 0–15%; cobalt 4–50%; copper foil 2–10%; lithium hexaﬂuorophosphate <5%. The typical composition of NMC (nickel
manganese cobalt) cathode materials is LiNi0.33Mn0.33Co0.33O2, and the
fraction of metals thus is Li 7.2%wt., Ni 20.2%, Co 20.3%, and Mn 18.9%
(Sigma-Aldrich, 2021).

3. Results
Tables 1a, 1b and 1c show the measured concentrations in pond water
for Li and Mn (Table 1a), Co and Ni (Table 1b) and Cu (Table 1c). Additionally, Fig. 1a, b, c, d shows the concentration course of Li, Co, Ni and Cu.
The concentrations of Li in test and control ponds were comparable.
Li was present in all three ponds from the beginning, its concentrations
fell with time and were lowest at the end of the test. Similarly, Mn was
found in all three ponds from the ﬁrst sampling. The concentration of
Mn was higher in controls from the beginning. The measured concentrations in all three ponds were relatively constant during March and
April 2020, but increased in the last two samples in June 2020 and
June 2021. The concentration in the last sample of the controls was 14
to 16 times higher than in the ponds with battery.
Concentrations of Co in the control pond were below detection limit
(<0.05 μg/L) until June 2020, when 1.36 μg/L was measured. In the test
ponds A and B, Co was slightly higher, but had a similar peak in June
2020 (0.83 and 1.37 μg/L). At the last sampling in June 2021, controls
had the higher concentration of Co, though still low at 0.13 μg/L, while
Co in water from the test ponds was below or at detection limit. Initial
concentrations of Ni were below 1 μg/L in all three ponds and remained
<1 μg/L in the control pond, except June 2020 (1.71 μg/L). Contrary, Ni

2.2. Pond experiments
These batteries were charged for 48 h and then dumped in small open
plastic ponds ﬁlled with 200 L tap water standing outside on the DTU
Campus in Lyngby, Denmark, and left untouched under water for
18 months. The tap water had a pH of 7.8 and a conductivity of 790 μS/
cm, mainly due to calcium carbonate (78 mg Ca/L). The batteries were
dumped February 28, 2020 in two separate ponds labeled pond A and
pond B. A third pond C without battery served as control. Samples from
the pond were taken from February 28 (before dumping of batteries) to
April 2020 six times and again one sample June 2020 and one end of
June 2021. The samples were analyzed for the battery constituents lithium (Li), nickel (Ni), cobalt (Co), copper (Cu) and manganese (Mn).

Table 1b
Measured concentrations of Co and Ni in ponds A, B and C (control) (μg/L). All samples
2020 were ﬁltered. 28 June 2021: average of four samples, hereof two ﬁltered and two unﬁltered. Control only one sample ﬁltered and one unﬁltered. Detection limit 0.05 μg/L.

2.3. Analysis
The elemental concentrations of Li, Ni, Co, Cu and Mn in the pond
samples and stock solutions were measured on an Agilent 7700× ICPMS Inductive Coupled Plasma-Mass Spectrometer (ICP-MS). Before
the measurement, the samples were acidiﬁed with 2% suprapur HNO3,
and yttrium (50 μg/L) was added as internal standard. The elements
were analyzed in He (Co, Cu, Ni, Mn) or No Gas mode (Li). The sample
uptake speed (nebulizer pump speed) was set to 0.1 rpm and the
stabilization time to 40 s. Integration time was set to 0.3 s for He
2

Pond

A

B

C control

A

B

C control

Element
28 Feb 2020
6 March 20
12 March 20
27 March 20
3 April 2020
20 April 2020
4 June 2020
28 June 2021

Co
0.07
0.38
0.14
0.09
<0.05
0.40
0.83
<0.05

Co
0.08
0.16
0.18
0.13
0.15
0.14
1.37
0.05

Co
<0.05
<0.05
<0.05
<0.05
<0.05
<0.05
1.36
0.13

Ni
0.29
4.94
7.63
8.10
7.87
9.72
7.93
5.2

Ni
0.95
8.79
10.28
12.66
14.26
14.63
27.10
6.9

Ni
0.26
0.12
0.37
0.33
0.52
0.61
1.71
0.5
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Table 1c
Measured concentrations of Cu in ponds A, B and C (control) (μg/L). All samples 2020 were
ﬁltered. 28 June 2021: average of four samples, hereof two ﬁltered and two unﬁltered.
Control only one sample ﬁltered and one unﬁltered. Detection limit 0.05 μg/L.

Table 2
PNEC (ECHA, 2020a, 2020b, 2020c, 2020d, 2020e, 2020f, 2020g), concentrations in nutrient solution ISO 8962 (ISO, 1997), maximum and ﬁnal concentrations in test ponds and
maximum concentrations in controls (unit μg/L).

Pond

A

B

C Control

Element

PNEC

ISO 8962

Max measured

Final measured

Max controls

Element
28 Feb 2020
6 March 20
12 March 20
27 March 20
3 April 2020
20 April 2020
4 June 2020
28 June 2021

Cu
1.6
10.1
79.8
40.2
30.0
48.0
69.1
10.5

Cu
1.2
76.9
54.4
49.2
64.9
45.8
64.6
35.9

Cu
0.72
0.09
0.52
0.59
0.85
1.80
4.32
0.6

Li
Mn
Co
Ni
Cu

1650
34
0.62
7.1
7.8

None
115.2
0.4
None
0.004

15.4
11.6
1.37
27.1
79.8

9.3
11.6
1.37
6.9
35.9

11.5
159.3
1.36
1.71
4.32

to the maximum concentrations in control ponds and to predicted noeffect concentrations (PNEC) values derived by the European Chemical
Agency (ECHA, 2020a, 2020b, 2020c, 2020d, 2020e, 2020f, 2020g). The elements Mn, Co and Cu are essential for organisms, and we compare those
also to their content in the standard nutrient solution ISO 8962 (ISO,
1997) used in algae toxicity tests and in willow transpiration tests
(Trapp et al., 2000).
Concentrations of Li were far below the PNEC and did not differ
much between test ponds and controls (Table 2). Obviously, the leakage
of Li - if any - was not providing any hazards for organisms in the pond.
The concentrations of Mn in the test ponds were throughout below the
PNEC. The highest value was measured in control ponds, above the
PNEC and similar to the content of Mn in the ISO nutrient solution.
We cannot give a reason for the ﬁnal high value found in the control
pond, but Mn was present in all three ponds from the beginning, and
a plausible source is soil from the surroundings, or contamination by
wildlife. The measured concentrations of Mn were obviously not toxic,
as the control pond showed intense algae growth and had developed
a vivid ecosystem with daphnia and other species in June 2021. The
maximum values measured for Co were in all ponds about twice the
PNEC given by ECHA, but the elevated levels at the ﬁnal date cannot
be contributed to the batteries because they occurred also in the control

concentrations in the test ponds increased from sample to sample and
reached 7.93 and 27.1 μg/L in 2020. June 2021, the concentrations had
fallen somewhat (to 5.2 and 6.9 μg/L) but were still signiﬁcantly elevated compared to controls (0.5 μg/L). Initial concentrations of Cu
were close to 1 μg/L in all three ponds. In the test ponds, concentrations
increased to values above 60 μg/L, while Cu in controls was maximally
4.2 μg/L. Cu levels in the test ponds remained far higher to the end of
the test period. At the last sample event, duplicate samples were
taken, and the samples were both analyzed ﬁltered and unﬁltered.
However, the difference was small (<10%), and the results were pooled
and the average of the four samples is reported (Tables 1a, 1b, 1c).
4. Discussion
4.1. Ecological effects
For an evaluation of effects on organisms, we contrasted in Table 2 the
maximum and ﬁnal measured concentrations in test ponds with batteries

Fig. 1. Measured concentrations (μg/L) of Li (top left), Co (top right), Ni (bottom left) and Cu (bottom right) in test ponds A and B and control pond C. PNEC is predicted no-effect
concentrations, see Table 2.
3
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pond. For Ni, maximum concentrations in test ponds were above PNEC,
and also ﬁnal concentrations were close to the PNEC, while levels in
controls were always below the PNEC-value (Fig. 1). Thus, leaking of
nickel may have led to effects on the pond organisms. Levels of Cu
were up to 10times above the PNEC and remained high over the
whole period (Fig. 1). It can be concluded that copper was the most
problematic element leaking from the batteries, followed by nickel,
while the other components remained low or cannot be contributed
to the batteries.
Visible inspection showed some difference in the growth of organisms in the ponds. In all ponds, algae thrived ﬁne and were ﬁnally overgrowing bottom and batteries. However, in the control ponds was far
more animal life, in particular, many Daphnia sp. could be observed
which lacked in the ponds with batteries. Copper is toxic to Daphnia at
rather low levels (EC50 in the 48 h Daphnia immobility test 20 to
150 μg/L, European Copper Institute, 2020), which were partly exceeded,
hence it is not unlikely that the copper leaked from batteries was responsible for this lack of Daphnia sp.

Fig. 2. Foto of a battery pack retrieved in August 2021, after 18 months in the pond.

situation. Neither can any conclusions be drawn for salty water, which
is probably more corrosive. In any case, battery packs should be recovered quickly from surface waters when dumped by vandals, and if
done so, the damage to the ecosystems from toxic element leakage
from battery packs is most likely rather small. A retrieval of the battery
packs is obviously also possible after longer periods. In our case, the
pack was removed from the test pond after 18 months and was still visibly undamaged, apart from the connections on the front side (Fig. 2).

4.2. Comparison to other ﬁndings
Yadav et al. (2014) studied the leaching of metals from disposed mobile phone plastics and batteries, using pure water and a water-tobattery ratio of 10:1, for up to 160 days. Chromium was found in highest
concentration, 0.4 mg/L. Cu and Ni leached only after 160 days, with
maximum 0.04 mg/L concentration for Cu and 0.15 mg/L for Ni. Given
the small dilution in these experiments, the results are comparable to
our ﬁndings (Fig. 1). The toxicity of NMC material, when directly
mixed with water, was determined by Laursen and Petersen (2020).
Fine lithium‑nickel‑manganese‑cobalt (LiNi0.33Mn0.33Co0.33O2) NMC
metal powder was mixed using ultrasonic into water. Effects on growth
of algae in the standard algae toxicity test (ISO, 1997) were seen already
at the lowest dosage (2 μg/L NMC mix), and 50% inhibition of growth
(EC50) was determined to 38 μg/L.
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4.3. Transfer to lakes and rivers
In Copenhagen, 144 scooters (with 144 scooter batteries) were retrieved from the harbor area in 2020 (Engelschmidt et al., 2020). In Cologne, 500 scooters were found in the Rhine in 2021 (Heise online,
2021). In the pond experiment, each leakage from the batteries was diluted with 200 L water over the whole period of 16 months. In real systems, the dilution factors are much higher. For example when the Rhine
has a ﬂow of 1000 m3/s, this corresponds to a dilution of 86 × 109 L per
day. Thus, elevated concentrations due to leaking batteries, if at all,
would only be seen in stagnant water zones in the surroundings of the
batteries.
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4.4. Mass balance
The battery pack contains 60 batteries of the 18,650 type, each with
an individual weight of 48 g, that is 2880 g battery. Assuming that up to
half of this weight can be contributed to the NMC cathode material, this
would give 104 g Li, 291 g Ni, 292 g Co and 272 g Mn. Up to 10% copper
foil adds 288 g Cu to this. The recovery of maximally 16 mg copper
(0.08 mg/L × 200 L) and 5 mg Ni (0.027 mg/L × 200 L) in the ponds,
which may originate from the battery pack is thus <1‰ of the added
amount. The copper might originate from connections or from the current collector of the anode, nickel from the cell case or the steel caps
(Mikolajczak et al., 2011). Thus, the amounts of metals recovered from
the test ponds can be explained by corrosion of connections and encapsulations of intact batteries. This documents that the battery packs are
sealed in a robust manner and are not exploding nor dissolving rapidly
under water. The situation may be worse when mechanical forces
(e.g., sheer stress from rapid ﬂow and gravel transport at a river bottom)
are involved, but from our experiments we cannot conclude for this
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