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KEYWORDS Abstract Alkaline batteries are one of the most used types of household batteries. The annual con-
Life cycle cost; sumption of billions of alkaline batteries produces battery wastes that are not recycled in most
Solid waste management; countries. In this study, alkaline battery waste management status was investigated by defining
Battery waste an economic model based on cost-benefit analysis. Scenarios for improving the current situation

by combining battery waste reduction methods and developing battery waste recycling units were
compared using this financial model. The results showed that 24 tons of solid wastes from three
sizes of alkaline batteries were landfilled annually, which caused 4.52 tons of zinc to leak into
the environment. The cost-benefit of zinc recovery from the alkaline batteries was estimated by
73.1 USD/kg. Based on this, the study estimates that the linear management of alkaline battery
waste results in an annual financial potential loss of 198,832 USD. 30% reduction in battery wastes
by replacement of rechargeable batteries and the development of battery waste processing units to
50% of the current potential will reduce the annual release of zinc to the environment by 0.9 tons
and the annual net income will be equivalent to 131,229 USD. Changing the management of alka-
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line battery wastes from a linear economy to a material recovery cycle will have a positive financial
balance in addition to reducing environmental damage.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
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1. Introduction

The use of household electrical and electronic equipment such as
remote controls, toys, watches, mobile phones, laptops, and the like
has caused the use of batteries to increase. Batteries are divided into
two general groups, including non-rechargeable disposable primary
and rechargeable batteries (Ebin et al. 2019). Non-rechargeable batter-
ies, of which alkaline batteries are one type, have a higher ratio in
household use (Kalmykova et al. 2017, Terazono et al. 2015). These
batteries have three different sizes, known as AA, AAA, and AAAA.
In the past, these types of batteries, in addition to zinc and manganese,
contain other metals such as mercury, which caused household battery
waste to be classified as hazardous waste, but today, Hg-free alkaline
batteries are produced (Briffaerts et al. 2009). However, the ratio of
alkaline batteries in battery consumption is estimated at 60%, and esti-
mates of the increase in the consumption of this type of battery up to 9
billion units per year cause a serious concern about the environmental
consequences of battery wastes (da Silveira Leite et al. 2019, Ebin et al.
2016).

Although the use of alkaline and non-rechargeable batteries has
spread all over the world, the control of its environmental conse-
quences is not serious, especially in developing countries. For example,
it was reported that every citizen of the United States consumption 10
alkaline batteries every year, in Canada, more than 671 million non-
rechargeable batteries were sold in one year, and in the United King-
dom, the weight of alkaline battery waste in one year reached about 12
tons (Fisher et al. 2006, Malavika 2004). However, the low proportion
of non-rechargeable batteries and alkaline batteries in the municipal
solid waste has caused the importance of battery waste management
to be neglected. This situation is more common in developing countries
that have a low source suppression rate (Esmacilizadeh et al. 2020,
Helen et al. 2013).

One of the problems caused by alkaline batteries is their very short
life time due to non-rechargeability, which results in a large amount of
battery waste (da Silveira Leite et al. 2019). Battery waste is known as
a hazardous waste due to the presence of heavy metals such as mercury
and lead (Vellingiri et al. 2018), so their landfill with municipal solid
waste is considered a threat to water resources and the environment.
The entry of heavy metals such as lead, mercury, and zinc from battery
waste and other types of solid waste containing these pollutants into
the food chain and causing health complications for humans has been
proven (Sadeghi Poor Sheijany et al. 2020, Torkashvand et al. 2021b).
However, in many countries there is still no proper program for bat-
tery waste management. But a promising point in battery waste man-
agement is the ability to metals recovery from this type of waste.

Although the recycling of battery waste with the aim of metals
recovery is a potential to improve the current situation, there are prob-
lems in this purpose in developing countries. Many developing coun-
tries such as Brazil and Iran do not have a plan to recycle this type
of battery and alkaline battery wastes are landfilled (Alavi et al.
2015, da Silveira Leite et al. 2019). But metals such as zinc and man-
ganese have caused these wastes to be a suitable case for recycling as
a secondary source of metals (Anholeti et al. 2022, Deep et al. 2016).
Numerous studies were done to zinc recovery from this type of waste,
which can be considered as a waste reduction method (De Souza
&Tenorio 2004, Lannoo et al. 2019). There are various methods of
metal recovery from solid waste, the most widely used method for
alkaline batteries is acid leaching, which has an easy operating
(Ahmadipour et al. 2011, de Souza et al. 2001).

Although the recovery of metals such as zinc from alkaline battery
waste can have a good income and is a solution for alkaline battery
waste management, but choosing this option must be done based on
detailed analysis. The widely used techniques in choosing cost-
effective methods in solid waste management include life cycle cost
and material flow analysis (Islam & Huda 2019, Torkashvand et al.
2021a). This study was conducted with the aim of investigating the cur-
rent status of alkaline battery wastes management in Iran and eco-
nomic evaluation of alternative options. The main aim of this study
was to create a decision support tool, which was done by defining four
scenarios to alkaline battery wastes reduction and economic evaluation
of each scenario based on waste flow analysis.

2. Method

2.1. Study area and quantitative data

This study was conducted on the consumption of alkaline bat-
teries (AA, AAA, AAAA) in Iran and their waste manage-
ment. The physical scope of the study included the entire
Iranian market. The life cycle border of the study included
the battery waste production to its landfill (Fig. 1). Alkaline
battery waste quantity data was calculated by monitoring their
consumption market in Iran using information registered in
government trade institutions. Alkaline battery waste routes
were identified by evaluating the general solid waste routes
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Fig. 1 The economic border of the study.
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in Iran and interviewing the waste management organization
based on tested methods (Torkashvand et al. 2021a). The ratio
of each of the identified routes of battery waste quantity was
estimated by interviews with formal and informal waste man-
agement staffs and physical analysis recorded in waste man-
agement organizations. Due to the proper efficiency of the
material flow analysis technique in determining the quantity
of solid waste and its economic estimation (Cochran &
Townsend 2010, Makarichi et al. 2018, Turner et al. 2016),
waste flow analyzes were performed in each of the identified
routes. The alkaline battery waste flow analysis border accord-
ing to the model of Fig. 1 started from the waste storage and
included the further steps of waste management including col-
lection, transportation, processing, and landfill. Economic
data for alkaline battery waste management steps at the study
border were taken from recycling industries, government agen-
cies, and interviews with informal workers in 2022
(Torkashvand et al. 2021a). Due to the fact that the structural
components of the three batteries is different, the weight ratio
of zinc in each of the types of batteries studied was measured
and the subsequent financial analyzes were calculated based on
the weight ratio of the batteries and proportional to the share
of each in the annual battery consumption in Iran.

2.2. Economic model

The cost-benefit of battery waste management in this study
was based on the zinc recovery income from alkaline battery
recycling and waste management costs include the collection
to the landfill (Cucchiella et al. 2014). The financial model
was defined based on the experiences of using life cycle cost
studies in municipal solid waste management and was calcu-
lated separately for each of the identified routes (McDougall
et al. 2008, Trifa et al. 2022). The final financial model listed
below is based on the formulas proposed by Torkashvand
et al. 2020 was defined in five sections and calculated for each
of the routes as well as in presumed scenarios to improve the
current situation (Torkashvand et al. 2021a).

Oc + Mc

Tsc = (Bn x Bd) Py

(1)

Where Tsc is total storage cost, Bn is number of batteries,
Bd is density of batteries, Oc is operating cost, Mc is mainte-
nance cost, and Py is years of project.

(Bn x Bw)

Mw
Where Tcte is total collection and transport cost, Bw is

weight of batteries, Mw is weight of collected municipal solid
waste, Tvc is total vehicle cost, and Lc is labor cost.

W] x (Lic + Loc) (3)

Where Tlc is total landfill cost, Lic is total landfill invest-
ment cost, and Loc is landfill operating cost.

Trc = (Bn x Bw) x (Mc + Ec+ Egc + Lc) (4)

Tcte = | ] x (TVe+ Le) (2)

Tle = |

Where Trc is total recycling cost, Mc is material cost, and
Ec is energy cost, and Eqc is equipment cost.

Tc = Tsc+ Tcte + Tic + Tre (5)

Cost — benefit = Zp — Tc (6)

Where Tc is total cost, and Zp is Zinc price.

2.3. Scenarios

In this study, in addition to evaluating the current status of
alkaline battery wastes management, four scenarios were
assumed to evaluate the economic consequences of changes
in alkaline battery wastes management. Five scenarios that
included current conditions and four assumed scenarios were
evaluated based on the financial model defined above. The sce-
narios were defined with variables including the change in the
ratio of recycling to landfill, as well as the replacement of a
proportion of alkaline batteries with rechargeable batteries
as a solution to waste reduction. As shown in Fig. 2, the first
scenario (Sa) included the current situation where all the bat-
tery wastes were landfilled. The second scenario (Sb) consisted
of replacing 30% of non-rechargeable batteries with recharge-
able batteries and landfilling the remaining 70%. In the third
scenario (Sc), in addition to replacing 30% of alkaline batteries
with rechargeable batteries, recycling of 50% of non-
rechargeable batteries was assumed, and the landfill volume
in this scenario was 20%. In the fourth scenario (Sd) without
changing the type of batteries, it was assumed that 50% of
the current volume of the landfilled batteries would be reduced
by recycling. And in the fifth scenario (Se), it was assumed that
in a long-term program with the development of the battery
recycling industry, all the alkaline battery wastes will be recy-
cled. An important point in scenarios is the service life of
rechargeable batteries. Based on this, the scenarios will include
two categories, which include improving the situation in the
short term and achieving sustainable management in the long
term. In the second category, all non-rechargeable and
rechargeable batteries will be recycled, which is assumed to
be the best case in Sd. While in the first category, a portion
of both types of batteries will be landfilled, which is assumed
in the Sb and Sc scenarios.

3. Results and discussion

As shown in Table 1, two million of the types of alkaline bat-
teries were sold in the studied area every year, and the same
amount of alkaline battery wastes were produced. The results
showed that the types of alkaline batteries had a different share
of consumption. AA batteries had the highest ratio among the
studied batteries and constituted 60% of the total consump-
tion per year. According to the average weight of the studied
batteries, the waste weight of AA, AAA, and AAAA batteries
was estimated to be 15.6, 6.6, and 1.8 tons/year, respectively.
Therefore, 24 tons of alkaline battery wastes were produced.
Also, according to the weight ratio of the anode in the alkaline
batteries, the weight of the metal anode of battery waste was
estimated to be 6.4 tons/year, include share of AA, AAA,
and AAAA batteries by 4.2, 1.8, and 0.41 tons/year, respec-
tively. The analysis of anode in the alkaline batteries showed
that the weight ratio of zinc in them was equal to 70%. There-
fore, the zinc recovery potential in the alkaline battery wastes
was estimated as 4.47 tons/year, and the share of AA, AAA,
and AAAA batteries respectively 2.9, 1.2, and 0.33 tons/year.
The results of zinc recovery by acid leaching method showed
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Fig. 2 Current status (Sa) and assumed scenarios (Sb-Se).

Table 1 Alkaline battery wastes quantity and zinc in them.

Battery type Annual consumption (million)

Average weight (grams)

Waste weight (tons) Zinc weight (tons)

AA 1.2 13
AAA 0.6 11
AAAA 0.2 9

15.6 29
6.6 1.2
1.8 0.33

Alkaline battery waste = 24 tons

Zinc weight = 4.47 tons

Recovery ratio of acid leaching method = 61%

Zinc recovery potential = 2.72 tons/yvear

Fig. 3 Zinc recovery potential from alkaline battery wastes
management.

that, 61% of zinc in alkaline battery wastes could be recovered
(Fig. 3).

According to the country’s population, the per capita alka-
line battery wastes was 0.27 g/year which was very low com-
pared to the per capita production of 640 g of municipal
solid waste per day (Torkashvand et al. 2021a). But this was
more than the 11.8 tons of alkaline batteries consumed in
the United Kingdom in 2003 (Fisher et al. 2006). But that
was less than the 671 million non-rechargeable batteries sold
in Canada in 2007. The per capita consumption of alkaline
batteries was 0.02 per year, which is much lower than the
per capita consumption of 10 alkaline batteries per year in
the United States (Malavika 2004). Therefore, the studied bat-
tery wastes constitute a very small share of the total municipal
solid waste. The low amount of alkaline battery wastes com-
pared to other components of municipal solid waste has
caused its proper management to be neglected and this type
of waste is landfilled in a short cycle. These conditions are also
seen in the case of some other types of municipal solid waste.

For example, the low weight ratio and small size of cigarette
butts as one of the important urban litter, one of the reasons
for neglecting its proper management (Torkashvand et al.
2020).

Another reason for landfilling alkaline battery wastes is the
lack of source separation for this type of waste. The results
showed that the alkaline battery wastes were not separated
as a recyclable waste by citizens, and all batteries were dis-
posed of mixed with other components of municipal solid
waste. Different studies showed that the ratio of source sepa-
ration in developing countries is low (Helen et al. 2013,
Hemmati et al. 2019). In Iran, the participation of citizens in
the source separation of solid waste has been stated in different
studies as less than 30% (Esmaecilizadeh et al. 2020, Nasrabadi
et al. 2008). However, the activity of informal waste manage-
ment in developing countries has created an opportunity to
separate some types of waste and recycle them (Diaz
&Otoma 2014, Yousafzai et al. 2020). For example, the impact
of waste pickers’ activity in plastic waste recycling in one of the
cities of Iran was reported by 38% (Torkashvand et al. 2021a).
The result of the interview with the waste pickers showed that
informal recycling routes did not tend to separate the alkaline
battery wastes. Therefore, all the alkaline battery wastes
entered the landfill. These conditions, which were observed
in Sa, caused 24 tons of alkaline battery wastes ewer landfilled.
Therefore, every year 6.46 tons of metal anodes containing
4.47 tons of zinc were removed from the recycling rout. Also,
the results showed that there was no specialized recycling cen-
ter for the alkaline battery wastes. Despite the presence of sig-
nificant amounts of metal in the alkaline battery wastes and
the economic value of their recovery (Shin et al. 2007,
Vellingiri et al. 2018), the reluctance to separate this type of



A cost-benefit study based on waste flow analysis to select the optimum scenario 5

waste even by waste pickers indicated the lack of metal recov-
ery industries and other recycling methods related to alkaline
battery wastes.

A serious concern about the current status of alkaline bat-
tery waste management is environmental pollution. Although
the Basel convention has classified only batteries containing
cadmium, lead, and mercury as hazardous waste (Kuchhal &
Sharma 2019), alkaline battery waste containing zinc and man-
ganese can cause these metals to leak into the environment.
Zinc has health effects including kidney damage and cancer,
and can have environmental consequences, including liver-
related diseases in animals and effects on their growth process
(Kuchhal & Sharma 2019). Therefore, in the current status of
alkaline battery waste management, which is detailed in Sa,
every year 4.47 tons of zinc landfilled, which has a serious
potential in soil and water pollution and the possibility of its
transfer to citizens by food chain. Landfilling wastes with the
potential to release zinc will increase the concentration of this
metal in the landfill leachate and will increase its management
costs and the resulting health and ecological risk. In some
researches in Iran, zinc had the highest concentration in land-
fill leachate among heavy metals, but its main origin was
related to the geological structure of the region (Sadeghi
Poor Sheijany et al. 2020). However, the impact of solid waste
composition on the concentration of metals in landfill leachate
was emphasized by researchers. For example, the landfilling
cigarette butts with municipal solid waste leads to increase of
metals such as lead, cadmium, and zinc in landfill leachate
(Torkashvand et al. 2021b).

Regardless of waste management costs including storage to
landfill, the financial balance of the alkaline battery waste pro-
cessing steps was positive. Calculation of battery waste man-
agement costs with the aim of zinc recovery based on Egs.
(1)-(5) showed, the cost of alkaline battery waste processing
and the price of recovered zinc were 57.7 USD and 130.8
USD per kilogram, respectively. Therefore, the financial bal-
ance of zinc recovery from the alkaline battery waste was cal-
culated 73.1 USD per kilogram. As shown in Table 2, in Sa
due to the lack of source separation and recycling industry,
about 4.5 tons of zinc were landfilled annually. Meanwhile,
this value was 3.16 tons, 0.9 tons, 2.2 tons, and 0 in the second
to fifth scenarios, respectively. Therefore, Sa due to non-
recovery was the worst environmental scenario as well as
cost-benefit. But as shown in Fig. 4, the best economic condi-
tions were observed in Se, which included the ideal conditions
in recycling the all alkaline battery wastes. In this scenario, the
annual cost-benefit balance of alkaline battery waste manage-
ment was 238,598 USD. As shown in Fig. 4, the scenarios that
have a positive cost-benefit balance are marked with a blue col-
umn, while the scenarios that have a negative cost-benefit bal-
ance are marked with a brown column. Therefore, in addition

Table 2 Waste flow quantity in different scenarios.

to the positive impact on environmental protection and reduc-
ing the emission of pollution from solid waste, the third to fifth
scenarios were also economically attractive. In Sc and Sd, the
cost-benefit balance of alkaline battery waste management was
estimated 131,229 USD and 109,358 USD respectively. Also,
after Se, which included the ideal conditions to achieve long-
term goals, Sc had the best environmental protection condi-
tions by applying the best combination of alkaline battery con-
sumption management with the aim of waste reduction and
alkaline battery waste recycling to achieve short-term goals.
Therefore, Sc can be considered as a short-term goal and Se
can be considered as a long-term goal of changing program
in the battery waste management in Iran.

Waste reduction policies will have a great impact on reduc-
ing the subsequent costs of waste management and the volume
of landfilled waste per day (Guo et al. 2021). The change in
consumption pattern assumed in this study by replacing alka-
line batteries with rechargeable types in Sb and Sc can reduce
the volume of landfilled battery waste without the need to
develop recycling units. This method was presented as a suc-
cessful example in other studies. For example, the reduction
of landfilled waste by applying the waste reduction method
in an Indonesian city was estimated by 25% after 1-3 years
and 50% after 815 years (Sudibyo et al. 2017). In this study,
by changing the consumption pattern and replacing 30% of
alkaline batteries with rechargeable batteries, it was estimated
that landfilling of zinc will be reduced by 1.36 tons, which can
be effective in reducing the concentration of this metal in lea-
chate and pollution of soil and water resources. Therefore,
combining recycling methods and waste reduction methods
can be effective as complementary tools in improving the sta-
tus of solid waste management, including the alkaline battery
wastes (Guo et al. 2021). This condition was also observed in
Sc, which led to a reduction of 3.61 tons of zinc landfilling.

A change in the management of the alkaline battery wastes
by development of recycling and waste reduction can have pos-
itive economic consequences. In the current situation,
although the costs of the alkaline battery wastes management
included a very low ratio of the total solid waste management
costs, but the lack of zinc recovery from this type of waste had
a lost equivalent to 198,832 USD per year. This loss was calcu-
lated based on the net income of zinc recovery by 73.1 USD
per kilogram. Changing the management of other components
of municipal waste has had a similar effect on cost-benefit. For
example, Torkashvand et al. 2021, by evaluating the cost ben-
efit of different plastic waste management scenarios in Iran,
showed that in the best scenario, the financial balance of plas-
tic waste management increased by 89% (Torkashvand et al.
2021a). Also, reducing pollutant emissions through increasing
zinc recovery and reducing landfilling of the alkaline battery
wastes is effective in reducing environmental costs. In a study

scenarios Landfilled battery waste (tons) Reduced battery waste (tons) Recycled battery waste (tons) Recovered zinc (tons)
Sa 24 0 0 0

Sb 16.8 7.2 0 0

Sc 4.8 7.2 12 1.36

Sd 12 0 12 1.36

Se 0 0 24 2.72
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Fig. 4  Cost-benefit status of different scenarios (USD).

in Sri Lanka, the costs of the emission of gas pollutants in the
waste management program were calculated, which showed
that 55% of the life cycle cost of municipal waste management
in this country is related to environmental costs, and the share
of capital and operating costs were 3% and 41% respectively
(Menikpura et al. 2012). Therefore, in addition to the lost
income in Sa, which includes the current method of alkaline
battery waste management, the subsequent environmental
costs, which include the control of metal in water and soil
sources, as well as the control of diseases related to pollutant
leakage from alkaline battery waste must be considered. this
results are shows importance of replacing the current situation
with one of the second to fifth scenarios.

The strengths and limitations in this study can be consider
in future similar research. Investigating the direct costs of bat-
tery waste management and the financial potential of recover-
ing heavy metals from it was one of the strengths of this study.
Also, defining different scenarios based on local conditions to
improve the current status in the short term and achieve sus-
tainable management of these hazardous wastes in the long
term and comparing their subsequent financial results can be
considered another strength of this study. However, an impor-
tant limitation of this study was the lack of investigation of
indirect environmental consequences caused by the leakage
of heavy metals from landfilled batteries into water sources.
Also, the indirect economic consequences of the current status
of battery waste management in developing countries, such as
the treatment costs of polluted water, can be considered in
future studies. Identifying the increase in the concentration
of heavy metals in the leachate affected by the presence of bat-
teries in the landfilled wastes and the potential increase in pol-
lution in the affected water in accordance with water standards
for different uses can be considered in future studies.

4. Conclusion

Waste management of alkaline batteries in Iran was studied. The
results showed that in the current situation, two million batteries are
sold per year in Iran, which are landfilled after consumption in a short
cycle. 24 tons of battery waste were landfilled annually in Iran due to
the lack of source separation, the lack of battery recycling units, and

the neglect of proper management of these wastes due to their insignif-
icant ratio in the municipal solid waste. These conditions have led to
the potential threat of annual leakage of 4.5 tons of zinc from land-
filled alkaline battery waste into the environment. Comparison of
assumed scenarios to replace the current situation with methods based
on alkaline battery waste reduction and zinc recovery program showed
that all assumed scenarios had a better financial balance than the cur-
rent situation. Se was the best scenario that has the highest income,
while after that Sc had a better situation than other scenarios, but in
terms of secondary cost savings, Sc was the best scenario. Improving
management of alkaline battery wastes is possible by changing the con-
sumption pattern and replacing alkaline batteries with rechargeable
types or developing waste recycling units for alkaline batteries or a
combination of two methods. Changing the management method of
alkaline battery wastes in the best scenario will lead to an annual
income equivalent to 198,832 USD.
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