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Abstract: The increasing demand for electricity and the electrification of various sectors require more
efficient and sustainable energy storage solutions. This paper focuses on the novel rechargeable nickel–
zinc battery (RNZB) technology, which has the potential to replace the conventional nickel–cadmium
battery (NiCd), in terms of safety, performance, environmental impact, and cost. The paper aims to
provide a comprehensive and systematic analysis of RNZBs by modeling their lifecycle cost (LCC)
from cradle to grave. This paper also applies this LCC model to estimate costs along the RNZB’s
lifecycle in both cases: per kilogram of battery mass and per kilowatt hour of energy released. This
model is shown to be reliable by comparing its results with costs provided by recognized software
used for LCC analysis. A comparison of LCCs for three widely used battery technologies: lead–acid,
Li-ion LFP, and NMC batteries, which can be market competitors of NiZn, is also provided. The
study concludes that the NiZn battery was found to be the cheapest throughout its entire lifecycle,
with NiZn Formulation 1 being the cheapest option. The cost per unit of energy released was also
found to be the lowest for NiZn batteries. The current research pain points are the availability of data
for nickel–zinc batteries, which are in the research and development phase, while other battery types
are already widely used in energy storage. This paper recommends taking into account the location
factor of infrastructures, cost of machinery, storage, number of suppliers of raw materials, amount
of materials transported in each shipment, and the value of materials recovered after the battery
recycling process to further reduce costs throughout the battery’s lifecycle. This LCC model can be
also used for other energy storage technologies and serve as objective functions for optimization in
further developments.

Keywords: sustainable energy; nickel–zinc battery; nickel–cadmium battery; lifecycle cost modeling;
battery technologies

1. Introduction

Throughout history, electricity has transformed from a luxury to a daily need, and
it is now crucial for ensuring the standard of living for billions of people worldwide. To
balance the demand for electricity from various energy sources, an increase in electricity
output is thus required. The high-level deployment of energy storage, including the
storage of electrical energy and hydrogen, is required owing to the rising electrification of
end-user sectors and businesses [1]. The electrification of transportation has also grown
significantly during the last ten years, and this trend is anticipated to remain for the
foreseeable future [2]. Battery technologies offer the potential to assist the power quality
and security in energy networks with a significant proportion of intermittent renewable
power sources [3]. Electrochemical battery technologies may serve both power and energy
applications because of their quick reaction times and scalability, which cover a variety
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of storage solutions in the electrical system. As the amount of variable renewables rises,
energy storage based on fast-advancing batteries and other technologies will provide more
systemic flexibility [4]. However, there are several technical and scientific obstacles to
large-scale energy storage applications, including those related to safety, dependability,
cost, and industrial acceptance [5–8]. Therefore, it is crucial to do research and development
in the years leading up to 2030 to guarantee that future solutions are developed, tested, and
prepared for scalability when required.

Zinc anodes have recently been utilized in rechargeable battery systems owing to a resur-
gence in interest in zinc batteries, with three primary systems at the frontlines: zinc–air (Zn–air),
zinc manganese dioxide (ZnMnO2), and nickel–zinc (NiZn) [9]. The safety and inherent features
of the NiZn electrochemical system have long been acknowledged, yet the system’s limited
cycling life has hampered its significant advancement and commercialization. After 20 years of
research and development in cell component formulations, compositions, and designs, recent
technological developments have succeeded in overcoming this obstacle (European patent of
Sunergy: EP 3 780 244 B1, https://data.epo.org/publication-server/document?iDocId=6950
339&iFormat=0 (accessed on 30 January 2024)) [4]. Rechargeable nickel–zinc battery (RNZB)
technology can be seen as a substitute for the well-known and proven nickel–cadmium (NiCd)
battery, with additional benefits including the absence of harmful materials, increased perfor-
mance, improved environmental sustainability, and lower cost.

In this paper, we have established mathematical models through an extensive literature
review for the estimation of the lifecycle cost and novel NiZn battery from the cradle-to-
grave approach. This study can also be applied to estimate the cradle-to-grave LCCA for
any new energy storage technology. The models established in this paper will serve as
objective functions for the heuristic optimization of the cost and environmental impact of
NiZn batteries.

This study compares the cost of NiZn batteries with those of four mature battery
technologies for stationary applications, which can be a competitor to fulfill the huge
demand for batteries in the near future. The charging stations of EVs (electric vehicles)
and the storage of renewable energy to supply power to residential buildings could be
examples of these demands.

2. Methodology: Cost Function

This study’s methodology has been developed following the guidelines of the ISO
standards for life cycle costing. IEC 60300-3-3:2017, an international standard, sets out the
criteria for life-cycle-costing assessment in the standard’s documents [10].

The complete lifecycle of NiZn batteries has been split into six steps to obtain a clear
understanding of the material (M) and energy (E) inputs and waste (W) generated to
conceptualize the cost and environmental impact (Figure 1).

The life-cycle-costing method enables us to assess a product’s cost across its entire
lifecycle. The LCCA has been used for technoeconomic sustainability analyses in the
construction industry since its inception [11]. The cost function has been modeled following
the IEC 60300-3-3:2017 guideline [12], breaking down the cost structure for each stage of
the lifecycle of the product while defining the cost elements for which data can be collected.
During the process of data collection, it has been realized that the cost data of each raw
material can be obtained from different suppliers and locations. Therefore, the costs of step
1 (raw material acquisition) and step 2 (material processing) (Equations (3)–(8)) have been
combined as the cost of raw materials because the acquired materials can directly be used
in the battery manufacturing process. The cost in step 3 (manufacturing and assembly) has
been modeled in Equations (9)–(12).

When the state of health (SoH) of the battery decreases to 70%, it is considered that the
battery has ended its life [13], but the battery can still be used for another case, depending
on the requirements of the use case, which is known as the reuse of batteries. The cost in
step 4 (use and service) has been modeled in Equations (14)–(17). The process for restoring
a product to its original specifications using a combination of new, repaired, and used
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parts is called remanufacturing [14]. Some independent companies remanufacture batteries
based on nickel metallic cells without welded cell battery packs [15]. A simulation model by
Mathew et al., 2017 [16], shows that only a few cells are degraded when the battery reaches
its end of life; a cell-shorting method can be used to identify them [15]. The replacement
of just 5–30% of cells in the battery pack can restore the state of health of the battery to
more than 95% [16]. Therefore, after decommissioning the battery from service, it can be
reused, recycled, dismantled, and recovered from secondary-use raw materials as well as
disposed to a landfill. The cost incurred during these processes is called the end-of-life cost.
In our model, we have also combined the costs of step 5 (retirement and recovery) and step
6 (disposal treatment), modeled in Equations (18)–(27), as end-of-life costs.
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Figure 1. Lifecycle steps of NiZn battery from cradle-to-grave approach for lifecycle cost and
environmental impact.

3. Lifecycle Cost Modeling

The lifecycle cost of the energy storage system is calculated in terms of the levelized
cost of energy (LCOE) [3,17,18], which is the ratio of the total cost of the energy storage
system to the amount of stored energy. Taking the consideration of customer’s perspective,
five stages of the product’s life have been included in the model, making it a cradle-to-grave
study, and given by Equation (1) [19].

The methodological flowchart depicted in Figure 1 and the associated life-cycle-cost
modeling detailed in this section are independent of technological advancements in the
field of batteries and NiZn batteries. To correctly measure the lifecycle cost of the system by
considering the future developments and inflation that occur during the life of the product,
the concept of the net present value (NPV) [19–21] must be introduced in Equation (1) [19].
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With the implementation of the NPV in the equation of the LCC, it will translate to
Equation (1). The investment cost (CI) and the end-of-life cost (CEoL) are one-time costs;
hence, they will be constant at any given time.

LCOE =

∑L
t=0

[
CI

(
1 − SG

100

)
∗ 1000 + CO&M

(1+ r
100 )

t +
CEoL

(1+ r
100 )

t

]
∑L

t=0
E

(1+ r
100 )

t

(1)

CI = acquisition or capitol or investment cost (€/kWh);
SG = subsidy by the government (%);
CO&M = operation and maintenance costs (€/kWh);
CEoL = cost at the end of life (€/kWh);
E = energy stored in or discharged from the battery (kWh);
Wp = wattage peak;
L = duration of the lifetime of the battery in years;
r = discount rate (%);
t = time in years.

The LCOE quantifies the lifecycle cost of the energy generation technology more
accurately [22]. The estimation of the lifecycle cost of electricity storage systems, including
battery storage systems, is best represented by the levelized-cost-of-storage (LCOS) term.
This method is based on the LCOE method but with minor adjustments that distinguish
between electricity generation systems and electricity storage systems.

3.1. Capital Cost (CI)

The total capital cost of an energy storage system consisting of batteries should be
estimated by combining three cost components, i.e., the cost of power electronics, cost of
batteries, and cost of the balance of power [23]. Kendall et al., 2020 [24], suggest estimating
the capital cost of the electrochemical energy system in €/kWh, and for batteries, the
capital cost is applicable to the procurement of direct-current (DC) energy storage units
and does not include power conversion units and balance-of-power costs. We modelled
the estimation of the capital cost for NiZn batteries by considering the cost of raw materials
and the cost for manufacturing the battery (see Equation (2)).

Capitol Cost (CI) = Cost o f raw materials (C1) + Cost f or manu f aturing (Cm). (2)

3.1.1. Cost of Raw-Material Acquisition (C1)

Figure 2 shows the flow of the material needed for the NiZn battery. Herein, it shows
that material i can be supplied by j suppliers at different locations.

The definitions of the variables used in the modeling of the cost function are shown
below [25]:

1 . . . . . . i . . . . . . I = number of materials coming in;
1 . . . . . . j . . . . . . J = number of suppliers at different locations;
Cv,i,j = cost of virgin material i (€ per ton) from supplier j;
Cr,i,j = cost of recovered material i (€ per ton) from location j;
Ct,i,j = cost of transportation of material i (€ per ton per km) from supplier j;
mi,j = amount (mass) of material i supplied from supplier j (tons);
di,j = transportation distance of material i supplied from supplier j by all modes of
transportation (km);
mi,s = amount (mass) of material i allocated to storage site s (tons);
Di,j = maximum demand of material i from supplier j (tons);
Mi = total supply of material i (tons);
Ri = amount (mass) of material i recovered from recycling (tons);
CI,i = inventory capacity of material i (tons).



Sustainability 2024, 16, 1965 5 of 22
Sustainability 2024, 16, x FOR PEER REVIEW 5 of 22 
 

 

 
Figure 2. Material flow diagram to acquire raw materials for NiZn batteries (source: author’s elab-
oration). 

The definitions of the variables used in the modeling of the cost function are shown 
below [25]: 1 … . . 𝑖 … . . 𝐼 =  number of materials coming in; 1 … . . 𝑗 … . . 𝐽 =  number of suppliers at different locations; 𝐶 , , = cost of virgin material 𝑖 (€ per ton) from supplier 𝑗; 𝐶 , , = cost of recovered material 𝑖 (€ per ton) from location 𝑗; 𝐶 , , = cost of transportation of material 𝑖 (€ per ton per km) from supplier 𝑗; 𝑚 , = amount (mass) of material 𝑖 supplied from supplier 𝑗 (tons); 𝑑 , = transportation distance of material 𝑖 supplied from supplier 𝑗 by all modes of  transportation (km); 𝑚 , = amount (mass) of material 𝑖 allocated to storage site 𝑠 (tons); 𝐷 , = maximum demand of material 𝑖 from supplier 𝑗 (tons); 𝑀 = total supply of material 𝑖 (tons); 𝑅 = amount (mass) of material 𝑖 recovered from recycling (tons); 𝐶 , = inventory capacity of material 𝑖 (tons). 

The total cost of the material to be acquired (€) = the cost of the virgin material + the 
cost of the recovered material. 

Hence, 

The total cost of all the virgin materials acquired =  𝑚 × 𝐶 ,  (3) 

Therefore, the cost to purchase all the materials acquired at the first place (€), in-
cluding the cost of recovered materials acquired from the spent batteries, is as follows: 

𝐶 =  𝑚 × 𝐶 , + 𝑅 × 𝐶 ,  (4) 

The amount of the supply of material i (tons) = the amount of virgin material i sup-
plied from all the suppliers (j) + the amount of recovered material i that was acquired. 

Therefore, the net amount of the material acquired, M =  ∑ M . 
Replacing the expressions for 𝑀  gives 

𝑀 =  𝑚 ,  + 𝑅  (5) 
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The total cost of the material to be acquired (€) = the cost of the virgin material + the
cost of the recovered material.

Hence,

The total cost of all the virgin materials acquired =
I

∑
i=1

(
J

∑
j=1

mij × Cv,i

)
(3)

Therefore, the cost to purchase all the materials acquired at the first place (€), including
the cost of recovered materials acquired from the spent batteries, is as follows:

CTm =
I

∑
i=1

(
J

∑
j=1

mij × Cv,i + Ri × Cr,i

)
(4)

The amount of the supply of material i (tons) = the amount of virgin material i supplied
from all the suppliers (j) + the amount of recovered material i that was acquired.

Therefore, the net amount of the material acquired, M = ∑I
i=1 Mi.

Replacing the expressions for Mi gives

M =
I

∑
i=1

(
J

∑
j=1

(
mi,j + Ri

))
(5)

Let us define some more variables related to the storage of the materials as follows:

Cs,i = storage cost of material i at storage facility s (€ per ton);
ms,i = amount of material i allocated to storage facility s (tons),

where s = 1, 2, . . . . . . S.
The storage cost of material i at storage facility s = ms,i × Cs,i.

The cost of the storage of material i at all the storage facilities =
S
∑

s=1
ms,i × Cs,i.

Therefore, the cost of the inventory storage is

CTs =
I

∑
i=1

(
S

∑
s=1

ms,i × Cs,i

)
(6)

where [25] ms,i ≤ 0.05 × ∑J
j=1 mi,j.

The modeling of the transportation cost has been conducted by taking into considera-
tion the cost (in €) of all the modes of transportation from the origin to the destination.

The transportation cost of material i from supplier j = mi,j × di,j × Ct.
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Therefore, the total cost of the transportation for the acquisition of material i from
supplier j is

CTt =
I

∑
i=1

J

∑
j=1

mi,j × di,j × Ct (7)

The net cost of the acquisition of all the materials can be estimated by adding all the
components, i.e.,

C(1) = total cost o f materials purchased (CTm)+
total cost o f transportation o f purchased materials (CTs)+

total cost o f storage o f inventory(CTt) :

C(1) =
I

∑
i=1

[(
J

∑
j=1

mi,j ∗ Cv,i + Ri ∗ Cr,i

)
+

(
J

∑
j=1

mi,j ∗ di,j ∗ Ct,i,j

)
+

(
S

∑
s=1

ms,i ∗ Cs,i

)]
(8)

3.1.2. Cost of Manufacturing (Cm )

Ahmed et al., 2019 [26], suggested that battery manufacturing costs can be modeled
by considering the cost of cell manufacturing. The manufacturing cost’s modeling is
based on plant design and economics for chemical engineers developed by Prof. James J.
Carberry et al. in 1991 [27] (Table 1).

Table 1. Proportionate costs of battery production at manufacturing plant [25].

Cost Criteria Assumptions of the Equations

A. Total Cost of Variable A.1 + A.2 +A.3

1. Cost of Materials The sum of the cost of the materials

2. Cost of Direct Labor Total direct labor-hour requirement * hourly labor rate

3. Variable Overhead 40% of A.2 + 20% of C.1

B. Total Investment B.1 + B.2 + B.3 + B.4

1. Cost of Launch 5% of A.1 + 10% of A.2 + 10% of A.3

2. Working Capital 15% of A.2 + 15% of A.3

3. Capital Equipment The sum of the costs of the capital equipment

4. Cost of Building Total building area * per-square-meter building cost

C. Fixed Expenses C.1 + C.2 + C.3

1. Depreciation 16.7% of B.3 + 5% of B.4

2. GSA Cost 25% of A.2 + 25% of A.3 + 25% of C.l

3. R&D Cost 40% of C.1

D. Profit 5% of B

E. Warranty 5.6% of A + 5.6% of C + 5.6% of D

F. Total Cost A + C + D + E
Manufacturing cost (Cm ) = total variable cost (Cvc) + fixed expenses (CFE) + profit (Pf ) + warranty (Cwar).

As per Table 1, the first component of the manufacturing cost, i.e., the total variable
cost, can be developed as follows:

Cvc = material cost (C1) + direct labor cost (CDL) + variable overhead cost (Cvo) +
utility cost (Cutm).

The utility cost should also be a part of the variable cost and always falls in the range
of 10–20% of the total production cost [28]. This cost of utilities is the sum of the electricity
(€/kWh), gas (€/1000 m3or L), and water (€/L) costs. It should be modeled separately
with the information of the machinery and energy requirements in each process as well as
energy mixes in different countries. The variable overhead cost is the sum of 40% of the
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direct labor cost and 20% of the depreciation (CDep) (Table 1); the total variable cost can be
modeled as in Equation (9).

Cvc = C1 + 1.4 ∗ CDL + 0.2 ∗ CDep + Cutm (9)

The fixed expenses in the manufacturing of batteries will be modeled based on infor-
mation collected in Table 1

FE = depreciation (CDep) + general service and administration costs (CGSA) + R&D
cost (CR&D)

Ahmed et al., 2019 [26], suggested that general service and administration costs for
a battery-manufacturing plant are 25% of the total sum of the direct labor cost, variable
overhead, and depreciation and that the cost of research and development is 40% of the
depreciation. Hence, the fixed expenses can be written as follows:

FE = 1.7 ∗ CDep + 0.35 ∗ CDL (10)

In economics, the warranty cost of a product is defined as the ratio of the net sold
quantity to the net rejected quantity of the product at a given time and multiplying this
ratio by the unit cost of the product, assuming a maximum of 5% of the product in the
market may be rejected. Ahmad et al., 2019 [26], summarized the warranty cost of their
EverBatt as 5% of the sum of the total variable costs, fixed expenses, and profit values.

Hence, the main variable inputs in the model for the manufacturing costs of a battery
production plant with an annual capacity to produce N cells are the cost of raw materials,
cost of utilities, the direct labor cost, and depreciation costs that have been modeled as in
Equation (11).

Manufacturing cost (Cm) = 1.05 (C1 + Cutm + 1.75 ∗ CDL + 1.9 ∗ CDep + Profit) (11)

Hence, the cost (in €) for manufacturing per cell is

C3 =
Cm

N
(12)

The total labor cost is a variable that depends on the location and capacity of the
plant and is the multiplication of the average labor rate in the country by the total labor
hours required to run a plant producing N cells per year. According to Ahmed et al.,
2019 [26], the cost of depreciation can be considered as the sum of around 17% of the costs
of all the equipment and 5% of the cost of the building. The costs of the equipment and
building may vary based on the location of the plant, which makes the depreciation cost a
location-dependent variable in our model.

3.2. Cost of Use and Service (CO&M)

A good number of studies have been conducted about the estimation of energy storage
costs and sustainable infrastracture design [29]. Rahman et al., 2021 [30], developed a
technoeconomic model for electrochemical energy storage. The use and service cost of
energy storage systems has always been referred to as the operation and maintenance
cost in terms of the levelized cost [3,19,31], which is the cost that the operator or owner is
willing to pay per year for the service of the energy storage system, in €/KW year, or it can
be converted to euros per kilowatt hour using the number of hours operated per day [31].
As mentioned in the previous section, the levelized annual costs (LACs) include the total
cost of the energy storage system, but in this section, our interest is only the operation
and maintenance part, which is the energy cost of the storage. Poonpun et al., 2008 [23],
presented a technique to estimate the energy cost of the storage, which refers to each unit of
energy (KWh) that is stored and later released to the grid. The operation and maintenance
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cost can be written as the sum of the operation cost (COP) and the fixed (CM f ) and variable
(CMv ) components of the maintenance cost (Equation (13)) [32].

Co&M = COP + CM f + CMv (13)

The novel NiZn battery under development has been planned for stationary applica-
tions in which the operation cost that the owner will be willing to pay is the cost of the
electricity withdrawn from the grid to charge the battery. This cost can also be referred to
as the charging cost of the battery [33]. The amount of energy withdrawn from the grid to
charge the battery per cycle will be the ratio of the energy released by the battery during
discharging at the operational DoD and the roundtrip efficiency.

Energy withdrawn f rom grid f or per cycle charging
(

Echarging

)
= rated power capacity o f battery (P)∗DoD∗Ho

ηroundtrip

(14)

where Ho is the number of hours it takes to charge the battery to the 100% state of charge
(SoC). If Ce is the cost per unit of energy, the cost for charging the battery, or the operation
cost, in €/cycle, is as follows:

COP =
P ∗ DoD ∗ Ho

ηround trip
∗ Ce (15)

The fixed component of the maintenance cost (CM f ) includes periodic maintenance
and yearly refurbishment costs, whereas the variable component of the maintenance cost
(CMv ) includes the unscheduled maintenance, repair, and replacement of failed battery
cells [32]. If CMcell is the variable maintenance cost per cell of the battery pack and p f ail is
the probability of the failure of a cell in the battery pack, the maintenance cost per kilowatt
hour per cycle is as follows:

CM f + CMv = CM f + p f ail ∗ n ∗ CMcell (16)

Hence, the final model for the operation and maintenance cost, in €/cycle, is as follows:

Co&M =
P ∗ DoD ∗ Ho

ηroundtrip
∗ Ce +

(
CM f + p f ail ∗ n ∗ CMcell

)
∗ P (17)

3.3. End-of-Life Cost (CEoL)

After serving for L years, the decommissioned battery pack should be removed from
the system. At the end of the life of the battery, the active materials can be recycled,
recovered, and fed for reuse as secondary raw materials in step 1. Some parts of the battery
that are not suitable for recycling or reuse must be disposed of in a landfill. The end-of-life
(EoL) cost of batteries consists of four components: the cost of the transportation of the
spent battery packs that were collected, the dismantling cost of the battery packs at the
recycling facility, the cost for recycling, and the cost of the disposal of the remains [34].
Depending on the recycling process and the materials used for the pack, the materials
recovered from the cells are sold again. Therefore, in addition to expenses, revenues must
also be taken into account when calculating the cost for recycling batteries [26,34,35].

CEoL = transportation cost
(
CTR

)
+ dismantling Cost

(
CDisR

)
+recycling cost (CRec) + disposal cost (CDis)− revenue

(18)

EverBatt [26] has proposed the transportation cost model as follows:

transportation cost = ∑
m

∑
l

distancem,l × unit costl (19)
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In this equation (Equation (19)), distancem,l indicates the distance transported by mode
m for segment l (in km), and unit costl is the unit cost of the transportation by mode m (in
€/kg/km). If Equation (11) is divided by the energy density of the battery (Ebatt), which
is the ratio of the rated capacity of the battery to the mass of the battery package, we can
obtain the consistent unit of the transportation cost (in €/kWh) (Equation (20)) as follows:

CTR =
∑m ∑l distancem,l × unit costl

Ebatt
(20)

Before any of its components can be reused, remanufactured, or recycled, a product
must be disassembled partially or in its entirety. In the process for recovering a product,
dismantling is an inevitable step that cannot be bypassed [36]. The dismantling cost
(CDisR ) depends on the labor cost at the disassembly plant’s location, disassembly time,
and instruction time per step in the dismantling process [36,37]. If we assume that the
disassembly process will be performed at location J and that S steps will be involved, the
dismantling cost (in €/pack) is as follows:

CDisR,J = Clabor, J ∗
S

∑
n=1

(td,n + ti,n) (21)

where Clabor, J is the hourly labor cost at location J, td,n is the disassembly time, and ti,n
is the instruction time for the nth step in the process. We can divide Equation (21) by the
rated power capacity of the battery, P, and the model in Equation (22) will represent the
dismantling cost of the battery in €/kWh.

CDisR,J =
Clabor, J ∗ ∑S

n=1(td,n + ti,n)

P
(22)

The EverBatt model [26] for battery recycling suggests that the cost for battery recycling
can be modeled in a similar way to the manufacturing cost model based on Table 1. The
recycling cost can also vary based on the location of the recycling plant because the cost of
raw materials used in the recycling process; cost of utilities (water, electricity, gas, etc.); and
direct labor costs are not consistent with the location [37]. The recycling-cost model can be
derived from Table 1 for a recycling plant at location J as in Equation (23).

CRec,J =
1.05

[
CRM,J + CR,utm,J + 1.75 ∗ CDL,J + 1.9 ∗ CDep

]
N ∗ Ebatt

(23)

where CRM,J is the cost of materials used in the recycling process, CR,utm,J is the utility cost
at recycling plant location J, CDL,J is the direct labor cost, CDep is the depreciation cost, and
N is the annual recycling capacity of the plant.

There is the possibility that after dismantling and recycling the battery, some parts
or materials are not fit for reuse and, hence, go to disposal in a landfill. The cost of the
disposal of a battery depends on the size of the battery and the disposal fee in the area of the
disposal site. The disposal treatment fee is also different for hazardous and non-hazardous
materials [32]. If we say that mdi

is the mass of battery material i (in kg) extracted from a
battery pack that needs to be disposed of and Cdi,j

is the disposal fee (in €/kg) of material i
in area j, the disposal cost (in €/kWh) is as follows:

CDis =
∑j ∑i mdi

∗ Cdi,j

P
(24)

The last component of the EoL cost model is the revenue generated through the
reselling of recovered materials from the recycling of the battery, which can be modeled as
in Equation (25) as follows:

revenue = ∑
i

Ri × Cr,i,j (25)
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where Ri can be defined as the amount (in tons) of material i that is recovered from spent
batteries, and Cr,i,j is the price (in €/ton) of material i that is recovered from the recycling
facility and equipment at location j [22]. The EoL cost can be calculated (in €/kWh) for
the battery, but the unit of the revenue in Equation (25) is euros (€). If we consider the fact
that mi,batt is the mass of material i recovered from a battery pack, the revenue per kilowatt
hour from reselling recycled materials of the battery pack is as follows:

revenuekWh =
∑i mi,batt × Cr,i,j

Ebatt
(26)

Finally, we can assemble Equations (22)–(26) into Equation (27) to obtain the end-of-life
cost of the NiZn battery (Equation (27)).

CEoL = ∑m ∑l Distancem,l ×unit costl
Ebatt

+
Clabor, J ∗ ∑S

n=1(td,n + ti,n)
P

+
1.05 [CRM,J + CR,utm,J + 1.75 ∗ CDL,J + 1.9 ∗ CDep]

N ∗ Ebatt
+

∑j ∑i mdi
∗ Cdi,j

P

−∑i mi,batt × Cr,i,j
Ebatt

(27)

4. Results and Discussion

This life-cycle-cost model has been applied to three types of batteries with the basic
structures and materials presented in the next paragraphs:

Nickel–zinc battery: Composed of a zinc anode containing a zinc paste made from
metallic zinc, zinc oxide, additives, and adhesives and a current collector made of copper foam
or an expanded material, the NiZn battery uses an aqueous electrolyte, thanks to which it has
none of the safety issues associated with Li-ion batteries, which use an organic electrolyte and
are subject to fires and explosions. This emerging technology has been shown (Squiller and
Brody, 2011) to have significant advantages over other battery chemistries regarding energy
and power densities, cost, safety, toxicity, and recyclability [38].

Lead–acid batteries: Lead–acid batteries are composed of lead alloys in combination
with other additives, such as antimony, calcium, tin, and selenium. The cathode is made
of lead peroxide on a lead lattice, and the anode is made of a lead sponge on a lead
lattice, while the electrolyte is a solution of sulfuric acid (H2O + H2SO4). The schematic
representation of a lead–acid battery can be seen in Figure 3. In the charged state, the
positive active material is porous PbO2, while the negative active material is highly porous
Pb. In the discharged state, both electrodes are made of PbSO4 [39]. The electrolyte in these
types of batteries is an aqueous H2SO4 solution [40].

Lithium-ion batteries: Li-ion batteries are composed of three main components: the
negative electrode (anode), a non-aqueous liquid electrolyte, and the positive electrode
(cathode). The negative electrode is based on carbon and can be made of graphite or hard
carbon, while the positive electrode contains lithium and a host material. Common positive
electrode materials are lithium-containing transition-metal oxides, where the metal is Co,
Ni, Fe, or Mn. The electrolyte in lithium-ion batteries is a lithium salt dissolved in an organic
solvent (see Figure 4). There are many different types of lithium-ion batteries [41]. However,
for this study, two types of lithium-ion batteries, “NMC” (using nickel–manganese–cobalt
as the cathode material) and “LFP” (using lithium iron phosphate as the cathode material),
have been used [40].
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The results regarding the total cost calculations for the different types of batteries in
this study can be classified into three sections as follows:

4.1. Costs Based on Formula Calculations

The results of the costs of the six batteries in this study are shown in Table 2. These
final total costs are divided into the values of the different phases of the life of the devices.
These first calculations shown are based on the operations carried out according to the
modeled Formulas (8), (11), (17) and (27).

Table 2 details the final battery cost calculations for various battery formulations. The
costs include production, use scenario (generic use), and end-of-life (EoL) costs and are
measured in euros per kilogram (€/kg) of battery mass. These cost factors are essential
for assessing battery technologies’ economic feasibility and sustainability. Let us examine
each row in Table 2 to understand the costs. NiZn Formulation 1: The per-kilogram cost of
this battery formulation is €5.61. The production cost, which includes the cost of the raw
materials and manufacturing processes, amounts to €4.63. The generic use cost is €0.1 for
operational expenses during the battery’s lifecycle. The battery’s recycling or disposal EoL
cost is €0.88.
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Table 2. Final battery cost calculations based on model formulas.

Final Battery Cost Calculations from Formulas

Number Type of Battery
Production

(Includes Cost of
Raw Materials)

Use Scenario:
Generic Use EoL (End-of-Life) Total (€/kg of

Battery Mass)

1 NiZn Formulation 1 4.63 0.1 0.88 5.61

2 NiZn Formulation 2 5.41 0.1 0.91 6.42

3 Lead–Acid Battery 2.37 0.1 4.26 6.73

4 Lithium-Ion Battery LFP 19.25 0.01 11.64 30.9

5 Lithium-Ion Battery
NMC 532 74 1.16 11.64 86.8

6 Lithium-Ion Battery
NMC 622 108.81 0.1 11.6 120.55

NiZn Formulation 2: This battery formulation costs €6.42 per kilogram, which is €5.41
more than Formulation 1. The use scenario cost stays at €0.1, while the EoL cost rises to €0.91.

Lead–acid battery: The total cost for this battery type is €6.73 per kilogram. It has a
lower production cost of €2.37 compared with those of the NiZn formulations. However, the
EoL cost is significantly higher at €4.26, reflecting the challenges and expenses associated
with the proper disposal or recycling of lead–acid batteries. The use scenario cost remains
the same at €0.1.

Lithium-ion battery LFP: This battery formulation has a higher total cost of €30.9 per
kilogram, mainly owing to its higher production cost of €19.25. The use scenario cost is
relatively lower at €0.01, indicating potential operational efficiencies. The EoL cost is €11.64,
reflecting the considerations for recycling or managing the end-of-life of lithium-ion batteries.

Lithium-ion battery NMC 532: With a total cost of €86.8 per kilogram, this battery
formulation stands out as one of the most expensive options in the table (Table 2). It has a
significantly higher production cost of €74, suggesting the complexity and costliness of the
materials and manufacturing processes involved. The use scenario cost is relatively higher
at €1.16, possibly reflecting specific requirements or operational considerations. The EoL
cost remains significant at €11.64.

Lithium-ion battery NMC 622: Topping the table (Table 2) in terms of the total cost,
this battery formulation amounts to €120.55 per kilogram. It exhibits the highest production
cost of €108.81, emphasizing the intricate and costly nature of the materials and production
techniques used. The use scenario cost remains at €0.1, while the EoL cost is €11.64, which
is consistent with those of other lithium-ion battery formulations. It is important to note
that these costs reflect the specific context and assumptions of the analysis, including raw-
material prices, production technologies, and recycling methods. Additionally, variations
in the battery size, energy density, and other performance factors can influence the overall
economics of each battery technology. The detailed cost breakdown presented in the table
(Table 2) allows for a comprehensive comparison of different battery formulations in terms
of their production, use, and end-of-life costs. Evaluating these costs provides insights into
the economic feasibility, environmental impact, and potential areas for improvement in the
lifecycle management of various battery technologies.

Lead–acid batteries cost €6.73 per kilogram. Their production cost is €2.37 less than
those of the NiZn formulations. However, the EoL cost is €4.26, reflecting the difficulties
and costs of lead–acid battery disposal and recycling. The €0.1 use scenario cost remains.

Lithium-ion battery LFP: Owing to its €19.25 production cost, this battery formulation
costs €30.9 per kilogram. The use scenario cost is €0.01, suggesting operational efficiency.
Recycling or managing this lithium-ion battery’s end-of-life costs €11.64. At €86.8 per
kilogram, the lithium-ion battery NMC 532 is one of the most expensive options in the
table (Table 2). Its €74 production cost indicates the complexity and cost of the materials



Sustainability 2024, 16, 1965 13 of 22

and manufacturing processes. The use scenario cost is €1.16, which may reflect operational
requirements. The €11.64 EoL cost remains high.

Lithium-ion battery NMC 622: At €120.55 per kilogram, this battery formulation tops
Table 2. It has the highest production cost of €108.81, highlighting the complexity and cost
of the materials and methods. The use scenario cost is €0.1, and the EoL cost is €11.64, like
those of other lithium-ion batteries. These costs depend on analysis assumptions, such
as raw-material prices, production technologies, and recycling methods. The battery size,
energy density, and other performance factors can also affect battery technology economics.
The table (Table 2) compares the production, use, and end-of-life costs of different battery
formulations. These costs reveal the economic feasibility, environmental impact, and
lifecycle management improvements of different battery technologies.

The above battery-cost calculation table shows several key insights into and differences
between battery formulations. Production costs vary greatly among battery formulations:
NiZn Formulation 1 has the lowest production cost at €4.63/kg, followed by Formulation
2 at €5.41/kg. The lithium-ion battery formulations (LFP, NMC 532, and NMC 622) have
higher production costs, with NMC 622 costing €108.81/kg.

Use scenario costs: From €0.01/kg for LFP to €1.16/kg for NMC 532, use scenario costs
represent operational expenses during the battery’s lifecycle. The NiZn formulations have
the lowest use scenario costs, indicating their potential efficiency and cost effectiveness.
EoL costs include recycling or disposing of batteries after their useful life. Li-ion batteries
have the highest EoL cost at €11.64/kg, making EoL management difficult and expensive.
Others, like NiZn and lead–acid batteries, have lower EoL costs, from €0.88/kg to €4.26/kg.
The rankings change when the total costs (production cost + use scenario cost + EoL cost)
are considered. The lowest total cost is €5.61/kg for NiZn Formulation 1, followed by
Formulation 2 at €6.42/kg and the lead–acid battery at €6.73/kg. Compared with lithium-
ion batteries, NMC 532, LFP, and NMC 622 cost €86.8, €30.9, and €120.55/kg, respectively.
Lithium-ion batteries cost more owing to their more complicated production and EoL
management. Overall, the comparison shows battery formulation tradeoffs: NiZn batteries
have lower production and total costs, making them cost effective. Lower production costs
but higher EoL costs characterize lead–acid batteries. Lithium-ion batteries have higher
production and total costs but may offer higher energy densities and performance with
careful EoL management. These cost comparisons are based on specific cost calculations
and may vary depending on raw-material prices, energy density requirements, and recy-
cling technologies. The battery lifespan, safety, and environmental factors should also be
considered when assessing battery technologies for specific applications.

4.2. Costs Based on Energy Units Released

The final results for these calculations along with the full lifecycle costs for each battery
are shown in the following table (Table 3):

Table 3 compares the costs for releasing 1 kWh of energy for different battery for-
mulations. Table 3 shows the following information: Formulation 1 and Formulation
2: These batteries have the lowest costs per energy unit released at €0.0376/kWh and
€0.0430/kWh, respectively. Although their battery cost per kilogram is higher, their lower
mass requirements to release 1 kWh of energy make them cheaper.

Lead–acid battery: The lead–acid battery has a low cost per kilogram, but its mass
requirement of 0.0948 kg/kWh makes it cost €0.6380/kWh per energy unit released. Lead–
acid batteries are heavier than other formulations’ batteries, which explains this.

Lithium-ion battery LFP: €0.15852/kWh for LFP batteries. Despite its higher cost
per kilogram of battery compared with those of the NiZn formulations, its lower mass
requirement of 0.00513 kg/kWh lowers its cost per energy unit released. The highest
costs per energy unit released are €0.44528/kWh for lithium-ion battery NMC 532 and
€0.61842/kWh for NMC 622. Their higher costs are due to the higher battery cost per
kilogram and the low mass needed to release 1 kWh of energy. Owing to their low mass
requirements, the NiZn formulations are the most cost effective per energy unit released.
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Owing to their weight, lead–acid batteries cost more per energy unit released. Lithium-ion
batteries have higher energy densities but higher costs per energy unit owing to their higher
cost per kilogram. The cost should be considered when choosing a battery technology for
specific applications, along with the performance and economic feasibility.

Table 3. Cost per energy unit released.

Cost for Releasing 1 kWh of Energy

Number Battery Name Mass to Release 1 kWh
of Energy (kg/kWh)

Final Battery Cost (€/kg
Battery)

Cost per Energy Unit
Released (€/kWh)

1 NiZn Formulation 1 0.0067 5.61 0.0376

2 NiZn Formulation 2 0.0067 6.42 0.0430

3 Lead–Acid Battery 0.0948 6.73 0.6380

4 Lithium-Ion Battery LFP 0.00513 30.0 0.15852

5 Lithium-Ion Battery
NMC 532 0.00513 86.8 0.44528

6 Lithium-Ion Battery
NMC 622 0.00513 120.55 0.61842

4.3. Costs Based on openLCA Calculations

The results of the final calculations are shown in Table 4, which includes the openLCA
calculation values and the values of the machinery, employee salaries, and others, for the
six batteries in this study.

Table 4. OpenLCA and external data cost calculations for all the types of batteries.

Cost Elements Cost Breakdown by Life Stage

Cost of the
Raw-Material
Acquisition

Cost in the
Manufacturing

Stage

Cost in the
Installation

Phase

Cost in the
Installation,

Operation, and
Maintenance

Phases

Cost in the
Disposal/

Recycling Stage

NiZn Formulation 1

Cost for purchasing raw materials or
subproducts (€/kg) 4.62 4.62

Energy cost (kWh/kg) 0.01 0.01 0.01 0.01

Labor cost (€/month * person) 2500 2500 2500 2500

Machinery cost 0 49,300.4

Safety/quality tests

Packaging

Transportation cost (€/kg * km) 0.00003

Storage cost (€/kg)
(https://www.osti.gov/servlets/purl/
7300200 (accessed on 30 January 2024))

4.62

Software/hardware development

Income from recycling (sale of
recycled parts)

https://www.osti.gov/servlets/purl/7300200
https://www.osti.gov/servlets/purl/7300200
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Table 4. Cont.

Cost Elements Cost Breakdown by Life Stage

Cost of the
Raw-Material
Acquisition

Cost in the
Manufacturing

Stage

Cost in the
Installation

Phase

Cost in the
Installation,

Operation, and
Maintenance

Phases

Cost in the
Disposal/

Recycling Stage

NiZn Formulation 2

Cost for purchasing raw materials or
subproducts (€/kg) 5.41 5.41

Energy cost (kWh/kg) 0.01 0.01 0.01 0.01

Labor cost (€/month * person) 2500 2500 2500 2500

Machinery cost 0 49,300.4

Safety/quality tests

Packaging

Transportation cost (€/kg * km) 0.00003

Storage cost (€/kg)
(https://www.osti.gov/servlets/purl/
7300200 (accessed on 30 January 2024))

5.41

Software/hardware development

Income from recycling (sale of
recycled parts)

Lead–Acid Battery

Cost for purchasing raw materials or
subproducts (€/kg) 2.36 2.36

Energy cost (kWh/kg) 0.01 0.01 0.01 0.01

Labor cost (€/month * person) 2500 2500 2500 2500

Machinery cost 0 89,500

Safety/quality tests

Packaging

Transportation cost (€/kg * km) 0.00003

Storage cost (€/kg)
(https://www.osti.gov/servlets/purl/
7300200 (accessed on 30 January 2024))

2.36

Software/hardware development

Income from recycling (sale of
recycled parts)

Lithium-Ion Battery LFP

Cost for purchasing raw materials or
subproducts (€/kg) 32.54 19.25

Energy cost (kWh/kg) 0 1.17 0.01 0.01

Labor cost (€/month * person) 2500 2500 2500 2500

Machinery cost 0 108,954

Safety/quality tests

Packaging 4.75

Transportation cost (€/kg * km) 0.00001

Storage cost (€/kg)
(https://www.osti.gov/servlets/purl/
7300200 (accessed on 30 January 2024))

32.54

Software/hardware development

Income from recycling (sale of
recycled parts)

https://www.osti.gov/servlets/purl/7300200
https://www.osti.gov/servlets/purl/7300200
https://www.osti.gov/servlets/purl/7300200
https://www.osti.gov/servlets/purl/7300200
https://www.osti.gov/servlets/purl/7300200
https://www.osti.gov/servlets/purl/7300200
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Table 4. Cont.

Cost Elements Cost Breakdown by Life Stage

Cost of the
Raw-Material
Acquisition

Cost in the
Manufacturing

Stage

Cost in the
Installation

Phase

Cost in the
Installation,

Operation, and
Maintenance

Phases

Cost in the
Disposal/

Recycling Stage

Lithium-Ion Battery NMC 532

Cost for purchasing raw materials or
subproducts (€/kg) 24.27 74

Energy cost (kWh/kg) 0 1.86 0.01 0.01

Labor cost (€/month * person) 2500 2500 2500 2500

Machinery cost 0 108,954

Safety/quality tests

Packaging 5.55

Transportation cost (€/kg * km) 0.00001

Storage cost (€/kg)
(https://www.osti.gov/servlets/purl/
7300200 (accessed on 30 January 2024))

24.27

Software/hardware development

Income from recycling (sale of
recycled parts)

Lithium-Ion Battery NMC 622

Cost for purchasing raw materials or
subproducts (€/kg) 25.57 108.4

Energy cost (kWh/kg) 0 1.86 0.01 0.01

Labor cost (€/month * person) 2500 2500 2500 2500

Machinery cost 0 108,954

Safety/quality tests

Packaging 5.02

Transportation cost (€/kg * km) 0.00001

Storage cost (€/kg)
(https://www.osti.gov/servlets/purl/
7300200 (accessed on 30 January 2024))

25.57

Software/hardware development

Income from recycling (sale of
recycled parts)

Table 4 shows the cost breakdown for all the batteries included in this study across
the life stages of the raw-material acquisition, manufacturing, installation, operation and
maintenance, and disposal/recycling, which determine the costs.

For NiZn Formulation 1, the cost of raw materials or subproducts is €4.62 per kilogram.
This cost is constant throughout its life.

The manufacturing stage costs 0.01 kWh per kilogram for energy. This stage also
involves machinery costs, which are not specified.

Installation labor costs €2500 per month per person. The cost of the machinery is
not specified.

Energy costs 0.01 kWh per kilogram, labor costs €2500 per month per person, and
safety/quality tests are incurred during installation, operation, and maintenance. The
machinery, packaging, and transportation costs are unknown.

Finally, disposal/recycling costs €4.62 per kilogram for energy, labor, and storage. The
machinery, packaging, and transportation costs in this phase are not given. In the next step,
the cost breakdown for NiZn Formulation 2 at various life stages is presented, including

https://www.osti.gov/servlets/purl/7300200
https://www.osti.gov/servlets/purl/7300200
https://www.osti.gov/servlets/purl/7300200
https://www.osti.gov/servlets/purl/7300200
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the costs for production, installation, operation, maintenance, and disposal or recycling.
Throughout the procedure, the cost per kilogram of raw materials is fixed at €5.41. The
manufacturing energy costs 0.01 kWh per kilogram, and the equipment costs €49,300.

Although the facility maintenance is mentioned in the installation phase, no specific
cost information is given. The installation, operation, and maintenance phases also include
labor costs (€2500 per person per month), safety and quality inspections, and energy costs.

Labor, energy, and storage costs associated with disposal/recycling result in costs
of $5.41 per kilogram, but there is no information on the equipment, packaging, and
transportation costs or income from recycling. Following, the cost breakdown of a lead–
acid battery at various points in its lifecycle is shown in Table 4.

Throughout the entirety of the battery’s life, the price for acquiring raw materials or
subproducts is €2.36 per kilogram.

The cost of production includes labor costs of €2500 per month per person and energy
costs of €0.01 per kilowatt hour per kilogram. Additionally, the cost of the machinery
is €89500.

The letter “x” designates that no specific costs are mentioned during the installation phase.
The energy costs remain constant in the installation, operation, and maintenance

phases at €0.01 per kilowatt hour per kilogram. Additionally, labor costs stay the same at
€2500 per person per month.

The table does not include any cost information for the disposal or recycling stage,
and it is also unclear how much money will be made from recycling through the sale of
recycled components.

During the manufacturing stage, safety and quality tests as well as packaging costs
are other cost factors that have been mentioned. Storage costs come to €2.36 per kilogram,
while transportation costs are listed as €0.00003 per kilogram per kilometer.

The costs for developing software and hardware are also mentioned, but no specifics
are given.

The cost of the components for a lead–acid battery is summarized in this table (Table 4),
with a focus on the costs for raw materials, energy, labor, machinery, storage, transportation,
safety/quality tests, packaging, and potential software/hardware development. In addi-
tion, the cost breakdown of lithium-ion batteries (LFP) for each stage of their life is shown
in the table above (Table 4). The costs for manufacturing and acquiring raw materials are
€19.25/kg and €32.54/kg, respectively. The installation and disposal costs are unknown.
Energy costs are €1.17/kWh/kg for production and €0.01/kWh/kg for operation. The
monthly labor costs per person are €2500. The manufacturing equipment costs €108,954.
There was no information mentioned about the facility’s maintenance. Manufacturing
includes tests for safety and quality. The cost of the packaging is €4.75. The cost of the trans-
portation is €0.00001/kg * km. The cost of the storage is €32.54/kg. The development of the
software and hardware was mentioned but not in detail. There are no data on the recycling
revenue. LFP batteries require significant investments in machinery, labor, raw-material
costs, energy costs for production and operation, packaging, and storage. Furthermore, the
breakdown of the costs for a lithium-ion battery with NMC 532 chemistry over the course
of its life is shown in the table above (Table 4). Although the production costs are €74/kg,
the cost for purchasing raw materials is €24.27/kg. There are no cost details provided
for the installation phase. Energy costs in the installation, operation, and maintenance
phases are €0.01/kWh/kg compared to labor costs of €2500/month/person. The recycling
revenue is also kept a secret, as are the disposal and recycling costs. Aside from the above
costs, there are also €108,954 for machinery, €5.55 for packaging, €0.00001/kg * km for
transportation, €24.27/kg for storage, and an unspecified amount for software/hardware
development. Additionally, facility maintenance is mentioned, but no information is given.
The cost factors for a lithium-ion battery using NMC are highlighted in this table as a
result (Table 4).

Also, the cost breakdown of a lithium-ion battery using NMC 622 chemistry in its
various life stages is shown in the table above (Table 4). The price for purchasing raw
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materials or subproducts during the raw-material acquisition phase is €25.57 per kilogram.
During the manufacturing process, this price significantly rises and eventually reaches
€108.4 per kilogram. The table does not include any specific cost information for the
installation phase. The battery, however, incurs energy costs of €0.01 per kilowatt hour per
kilogram in the subsequent installation, operation, and maintenance phases, with labor
costs remaining constant at €2500 per person per month.

The cost breakdown for the disposal/recycling stage is not shown in the table. Addi-
tionally, there are no data on the revenue derived from recycling activities. Additional cost
elements outlined include machinery costs amounting to €108,954, the mention of the nec-
essary facility maintenance, safety/quality tests conducted during both the raw-material
acquisition and manufacturing stages, packaging costs totaling €5.02, transportation costs
of €0.00001 per kilogram per kilometer, and storage costs of €25.57 per kilogram (source:
https://www.osti.gov/servlets/purl/7300200 (accessed on 30 January 2024)). However,
no details are provided regarding software/hardware development costs.

In summary, the table (Table 4) highlights the cost components associated with a
lithium-ion battery using NMC 622 chemistry, encompassing raw-material acquisition,
manufacturing, energy, labor, machinery, facility maintenance, safety/quality tests, packag-
ing, transportation, and storage cost results, which are presented in Section 4.3, detailing
costs from the model and openLCA and external sources. Table 5 compares both results for
NiZn Formulation 2 and a lead–acid battery for the validation of the model and analyzes
the percentage deviation between them. In the case of both batteries, the deviation in the
results is less than 2%, which shows a very good level of accuracy for the model developed
in this study.

Table 5. Comparison of LCC results obtained from the model and openLCA to validate the model.

Type of Battery
Battery Pack Production Cost

Calculated by the Model
(€/kg of Battery Mass)

Battery Pack Production Cost
Calculated by the Software

openLCA v. 1.11 (€/kg of
Battery Mass)

Percentage Deviation

Ni Zn Formulation 2 6.42 6.30 1.90

Lead–Acid Battery 6.73 6.62 1.66

5. Limitations and Assumptions

We cannot ignore the fact that certain limitations and assumptions have been made in
this LCCA modeling and analysis to simplify the modeling process. These limitations are
due to the fact that the NiZn battery is still in the research and development phase, and its
comparison is limited to the laboratory scale, while the other two battery types (lithium-ion
batteries and lead–acid batteries) are already widely used in energy storage. Because the
relevant demonstration case, “Smart Distribution Grid Management”, had not yet begun
at the time of the analysis, the scenarios established for the usage scenarios received less
support from test data, and the majority of the modeling of the battery use phase was
based on assumptions. Also, a closed-loop recycling process is not feasible; the EoL phase
of the NiZn battery modeling could not depend on the results of a completed recycling
process test. Instead, only preliminary modeling was used, which can be improved in
future sustainability studies. Depending on the use, the cooling system in energy storage
systems can change. The cooling system may be small or absent in smaller systems, such as
home storage [42]. As a result, the cooling system has not been modeled for the lifecycle
cost analysis (LCCA). This decision is taken to streamline the analysis and concentrate on
the energy storage system’s core components.

For the LOLABAT Project, China produces the NiZn dry battery cells, which are then
shipped to Europe to be integrated into battery packs. After that, these battery packs are
shipped to different demonstration case locations. Therefore, three categories of transporta-
tion within Europe are covered in the modeling process for the production of battery packs.

https://www.osti.gov/servlets/purl/7300200
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Information and data from the local producer were used for the transportation of the NiZn
cell production. To guarantee a fair comparison, the storage application system characteris-
tics in the usage phase modeling are the same for all the battery types. When it came to
data sources, the primary data for the NiZn batteries were used whenever possible, while
secondary data from the literature—ideally acquired in Europe—were used to construct
the other two battery types. Using the most up-to-date and relevant data possible for each
type of battery in the study is ensured by this method. The other assumptions related to the
data used for the analysis are that the value of the water is assumed to be €0, and the value
of the machinery and equipment is kept apart from the primary costs for manufacturing.

Any costs of activities required for building and maintaining the infrastructure, such
as the production and servicing of the assembly machines that permit the reference flow,
the equipment and accessories required, such as converters and cables for the installation
of battery packs at end-users’ locations, the manufacture, shipping, and disposal of the
materials and packaging used in the battery transportation, as well as the disposal of spent
batteries, are not included in the analysis.

6. Conclusions

The purpose of this study was to assess the economic feasibility of the NiZn battery
using two proposed formulas and compare the NiZn battery to four other popular battery
choices. This was accomplished with close respect to the LOLABAT Project’s technical
criteria. The overall cost was computed by including the battery replacement, charging, and
disposal costs. Then, a large-scale operation for data collecting, methodology development,
and LCC-based computation was carried out. When all the aspects are considered, the
calculations indicate that NiZn is the most cost-effective battery. A lifecycle cost anal-
ysis found that the Formulation 1 battery was the most cost effective, followed by the
Formulation 2 battery. The Formulation 1 battery had the lowest total lifecycle costs, at
€5.61/kg. After Li-ion batteries, it was the second most efficient battery in terms of the
final battery mass ratio per unit of energy released. The final price per kilowatt hour of the
energy produced was €0.0376. When the modeled formulas were applied to a calculation
in openLCA, the predicted results emerged. The NiZn battery ended up being the cheapest.
Of the two procedures, the first produced better results, with a battery output value of
€5.61 per kilogram of mass. The acquisition of raw materials and production accounted
for 82.53 percent, the use scenario for 1.78 percent, and the end of life for 15.69 percent of
the total cost (without taking into account the costs of the machinery and infrastructure in
each of them). Notably, the lead–acid battery has the lowest production and raw-material
acquisition prices, with a cost of €2.37 per kilogram of battery. However, the €4.26/kg of
battery cost incurred during the EoL process offsets this benefit. Lithium-ion NMC 622 bat-
teries are the most expensive because they have the highest production cost at €108.81/kg
and a total lifecycle cost of €120.55/kg. Both sets of models produced similar results when
applied to software-based cost operations. NiZn batteries remained the most cost effective
throughout their service life. NiZn Formulation 1 is the least expensive option according
to the program. The lithium-ion NMC622 battery was once again the most expensive,
costing €49.31 per kilogram. This strengthens the case that there are economic benefits for
creating NiZn batteries. Finally, in terms of expenses per unit of energy released, the two
scenarios do not differ significantly. NiZn batteries once again outperform other batteries
in terms of the cost per kilowatt hour. The NiZn Formulation 1 and 2 batteries have a
rating of 0.0067 kg/kWh. This is the lowest ratio, with emission costs of €0.0376/kWh for
Formulation 1 and €0.0430/kWh for Formulation 2. When compared with other battery
types, lead–acid batteries have the highest cost per unit of energy released. The cost per
kilowatt hour of electricity released is €0.6380. This discovery is intriguing because it
proves the usefulness and low cost of NiZn batteries. This is because according to earlier
methods and software-based estimations, lithium-ion batteries are the most expensive in
total. Lead–acid batteries, on the other hand, have the highest cost per energy unit released.
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The following are the key advantages of NiZn Formulation 1 and NiZn Formulation 2
batteries over their competitors, as well as a list of factors to consider to further lower costs
during their lifecycle:

• Formula modeling and openLCA v. 1.11 software operations have the lowest costs
and the lowest cost per unit of emitted energy. As previously stated, this is based on
comparisons between lead–acid and lithium-ion NMC and LFP batteries;

• The location is critical for infrastructure (material extraction area, manufacturing plant,
usage area, recycling plant, etc.). This can have a substantial long-term impact on
battery costs;

• Other aspects to consider include machinery prices, storage, raw-material providers,
and shipment numbers. The value of battery-recycling materials is very significant.
These aspects have a substantial impact on the battery’s lifetime cost.

Further developments should extend this formulation model for computational pur-
poses to the lifecycle environmental impacts of NiZn batteries, too, and apply AI methods
for optimizing both costs and environmental impacts in a multiobjective approach. A sen-
sitivity analysis carried out on this computational optimization model will figure out the
robustness of the cost model presented in this paper under varying economic conditions.

The mathematical model and formulas that are introduced in this study can be used to
calculate the lifecycle cost of other batteries in further developments. For this case, a minor
adjustment is required based on the use cases. As a result, the model has the capability to
be extrapolated to other battery types.
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