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ABSTRACT 
 
 

The Greenhouse gases, Regulated Emissions and Energy use in Transportation 
(GREET) model has been expanded to include four new cathode materials that 
can be used in the analysis of battery-powered vehicles: lithium nickel cobalt 
manganese oxide (LiNi0.4Co0.2Mn0.4O2 [NMC]), lithium iron phosphate (LiFePO4 
[LFP]), lithium cobalt oxide (LiCoO2 [LCO]), and an advanced lithium cathode 
(0.5Li2MnO3∙0.5LiNi0.44Co0.25Mn0.31O2 [LMR-NMC]). In GREET, these cathode 
materials are incorporated into batteries with graphite anodes. In the case of the 
LMR-NMC cathode, the anode is either graphite or a graphite-silicon blend. This 
report documents the material and energy flows of producing each of these 
cathode and anode materials from raw material extraction through the preparation 
stage. For some cathode materials, we considered solid state and hydrothermal 
preparation methods. Further, we used Argonne National Laboratory’s Battery 
Performance and Cost (BatPaC) model to determine battery composition 
(e.g., masses of cathode, anode, electrolyte, housing materials) when different 
cathode materials were used in the battery. Our analysis concluded that cobalt- 
and nickel-containing compounds are the most energy intensive to produce. 
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1 INTRODUCTION 
 
 

Lithium-ion batteries can incorporate several different types of cathode materials. 
Lithium cobalt oxide (LiCoO2, or LCO), a layered transition metal oxide, is the most common 
cathode material, particularly for use in consumer electronic applications. Alternatives to this 
cathode material are sought to either eliminate or reduce cobalt in cathode materials because of 
its high cost and limited availability. In addition, LCO has limited stability compared to other 
cathode materials and can exhibit a decline in performance during recharging (Fergus 2010). 
Adding nickel, which costs less and has a higher capacity than cobalt, to the layered cathode 
material can increase stability during delithiation, which occurs during charging, and improve 
cycling performance. Lithium manganese oxide (LiMn2O4, or LMO) is also considered a 
promising cathode material and is a primary constituent in the cathodes of commercial hybrid 
electric vehicle (HEV), plug-in HEV (PHEV), and EV batteries. Unlike layered metal oxide 
cathode materials that have a planar structure, LMO has a spinel structure, which creates three-
dimensional routes for lithiation and delithiation. LMO is significantly less expensive than 
cobalt-containing cathode materials because of the high manganese content.  An important 
disadvantage of LMO is its lower capacity compared to layered transition metal oxide cathode 
materials with cobalt and/or nickel. LMO also suffers from accelerated full cell decay when 
exposed to the elevated temperatures that commonly occur during operation. Lithium iron 
phosphate (LiFePO4, or LFP), with an olivine structure, has become another popular material 
owing to its great thermal stability. LFP, however, has low conductivity that is generally 
improved with a carbon coating. As with LMO, the energy density of LFP is lower than 
traditional layered metal oxide cathode materials; however, LFP and LMO are both less 
expensive on a mass basis than the layered materials. 
 

Figure 1 outlines the processes involved in battery production and assembly, or the 
cradle-to-gate portion of a battery’s life cycle. The choice of materials used in the battery, 
including the choice of cathode material, affects the energy consumed and air pollutants, 
including greenhouse gases (GHGs), emitted from cradle-to-gate. In earlier research, we 
developed detailed material and energy flow data for the production of LMO (Dunn et al. 2014). 
These data were incorporated into the vehicle cycle module of Argonne National Laboratory’s 
(Argonne’s) Greenhouse gases, Regulated Emissions and Energy use in Transportation 
(GREET2) model and analyzed to identify the key contributors to LMO battery production and 
assembly (Dunn et al. 2012b). One other environmental analysis of lithium-ion batteries 
considered LMO as the cathode (Notter et al. 2010). Another examined nickel metal hydride, 
NMC, and LFP (Majeau-Bettez et al. 2011) as the cathode materials. Other recent reports 
focused on NMC cathode materials (Ellingsen et al. 2014) and silicon nanowires as the anode 
with NMC as the cathode (Li et al. 2014). Prior to the present analysis, only LMO was included 
as a cathode material in GREET. 
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• Recovery: metals and ore mining, crude 
oil recovery

• Processing: metals beneficiation, 
production of structural materials 
including steel, plastics, aluminum

• Electrode materials preparation
• Electrode coating
• Calendaring
• Electrode slitting
• Electrolyte filling and cell closing
• Formation cycling
• Module assembly
• Battery assembly

• Transportation of raw materials to 
point of processing

• Transportation of battery assembly 
inputs to plant

 
Figure 1 Battery Cradle-to-Gate Diagram with Examples of Processes in Each Phase 
 
 

This report (Section 2) develops material and energy flows for the following cathode 
materials: LCO, LFP, lithium nickel cobalt manganese oxide (LiNi0.4Co0.2Mn0.4O2, or NMC), 
and the lithium and manganese-rich metal oxide 0.5Li2MnO3∙0.5LiNi0.44Co0.25Mn0.31O2 
(LMR-NMC). The latter cathode material is under development at Argonne National Laboratory. 
LMR-NMC was included in this study because it is a promising material with high energy 
density and low cost. The main drawback to this material, however, is that it degrades quickly. 
NMC, LFP, and LCO were all chosen because they are commonly used and are reasonably 
successful (Fergus 2010). Table 1 outlines the capacity, advantages, and drawbacks of the 
different cathodes for which material and energy flows are developed in this report, as well as for 
lithium manganese oxide (LMO). The anode materials included in GREET are graphite and 
silicon. In GREET, silicon is only used in combination with graphite for batteries with an 
LMR-NMC cathode material. 
 

It is important to emphasize that the material and energy flows developed in this report 
are subject to large uncertainties. First, the preparation techniques for some of these cathode 
materials (e.g., LMR-NMC) are either under development or are not at commercial scale. Second, 
even for cathode materials produced at commercial scale (i.e., LCO), publicly available data on 
the energy and materials consumed in their preparation are scarce. In our analysis, we rely on 
public information in patents and journal articles to develop material and energy flows. Results 
should therefore be interpreted as an estimate of the energy and environmental intensity of 
preparing these cathodes. Because they were developed with a consistent methodology, the 
estimates can be cross-compared to assess which cathode materials are likely to be more energy- 
and emissions-intensive to produce. In addition, the analysis can be used to identify the most 
intensive steps in the production of any one cathode material and subsequently help guide 
research and development decisions to minimize energy consumption and environmental impacts. 
Moreover, cathode developers can populate GREET with cathode-specific data to assess the 
supply chain of the cathodes they are examining. 
 

The amounts of cathode material, anode material, electrolyte, and structural materials 
used in batteries for hybrid electric vehicles (HEVs), plug-in HEVs (PHEV), and battery electric 
vehicles (BEVs) are determined by modeling the batteries with Argonne National Laboratory’s 
Battery Performance and Cost (BatPaC) model (Nelson et al. 2011). We describe this modeling 
in Section 3 of this report. Appendix A contains BatPaC results for different vehicle types (HEVs, 
PHEVs, BEVs) with different cathode materials. 
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After the battery use phase, which can be modeled with the fuel cycle model of GREET 
(GREET 1), the battery could be disposed or recycled. An additional option for end-of-life is 
battery repurposing as an energy storage device (Neubauer and Pesaran 2010). In our previous 
work (Dunn et al. 2014), we developed material and energy flow data for three battery recycling 
technologies, a pyrometallurgical process that recovers LCO, an intermediate process that 
recovers cobalt and Li2CO3 separately, and a direct process that recovers LCO and requires some 
relithiation of the cathode material. GREET as released in July 2012 contained data for recycling 
of LCO cathode batteries with the pyrometallurgical process. Now it has been expanded to 
consider intermediate and direct recycling for NMC, LMR-NMC, LCO, and LFP. As noted in 
earlier publications, the material and energy flow data we developed for battery recycling 
technologies is subject to significant uncertainty because these technologies are still emerging, 
and public information concerning their energy and material intensity is limited. 
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Table 1 Cathode Material Properties (BatPaC) 

Chemical Formula Abbreviation 

Specific Energy 
(Wh/kg vs. 
Li-metal) 

Capacity 
(mA/g) Advantage(s) Drawback(s) 

LiMn2O4 LMO 405 100  Low cost 
 High power density 

 Lower energy density 
 Accelerated capacity fade 

LiCoO2 LCO 610 150  High energy density  High cost 
 Moderate stability 

LiFePO4 LFP 515 150  High power density 
 Very stable 

 Lower energy density 

LiNi0.4Co0.2Mn0.4O2 NMC 675 150  Performs well for all metrics  Moderate cost 
 Moderate stability 

0.5Li2MnO3 

0.5LiNi0.44Co0.25Mn0.31O2 
LMR-NMC 940 250  High energy density 

 Low cost 
 Not commercial 
 Degrades quickly 

 
 
 

 



 

2 ENERGY INTENSITY OF ELECTRODE MATERIAL  
AND PRECURSOR PRODUCTION 

 
 

In this section, we describe in detail the production of four cathode materials: NMC (2.1), 
LFP (2.2), LCO (2.3), and LMR-NMC (2.4). In addition, we document data sources used in the 
development of the silicon data in GREET (2.5). Each subsection contains a diagram of the 
production of each cathode material. The final step in this supply chain is the preparation of the 
cathode material. For LCO and LFP, we considered two types of preparation, hydrothermal (HT) 
and solid state (SS). When necessary, we develop material and energy flow data for compounds 
that were not included in GREET as released in July 2012. We note that the energy values in this 
report are purchased energy, or the energy consumed at the facility that is producing each 
compound in the supply chain, and are reported as lower heating values (LHVs). When these 
purchased energy data are incorporated in GREET, the full fuel cycle energy is calculated based 
on GREET parameters for the energy consumed in the provision of energy to the point of use. 
For example, GREET calculates that approximately 1.1 million Btu (mmBtu) are consumed to 
provide 1 mmBtu of natural gas. The analysis of cathode materials uses some pre-existing 
GREET data for the following cathode material precursors: lithium hydroxide (Dunn et al. 2014), 
sodium hydroxide (Dunn et al. 2012a), nickel oxide (Burnham et al. 2006), cobalt oxide 
(Burnham et al. 2006), manganese carbonate ore (Burnham et al. 2006), ammonia (Johnson et al. 
2013), phosphoric acid (H3PO4) (Johnson et al. 2013), lithium carbonate (Li2CO3) (Dunn et al. 
2014), diammonium phosphate (Johnson et al. 2013), hydrochloric acid (Dunn et al. 2014), and 
graphite (Dunn et al. 2014). It is important to note that the energy and material flow data we 
generate in the following subsections simplify the processes to produce cathodes and their 
precursors and therefore should be regarded as estimates based on engineering calculations. We 
exclude steps that would occur in actual facilities such as transport of materials around facilities 
and waste and air emissions treatment and treat heat integration simply. Should data become 
available to improve these estimates, the estimates in GREET will be revised along with this 
technical report. 
 
 
2.1 Material and Energy Flows in the Preparation of NMC 
 

Figure 2 depicts the production of NMC from the production of metal sulfates to the final 
preparation of the cathode material by a solid state synthesis method. The following subsections 
provide data underpinning GREET parameters for each of these steps. 
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Figure 2 Production of NMC (Note that co-products such as 
Cl2 production from sodium brine electrolysis are not shown. 
Co-product allocation is handled within GREET as described 
in this report or earlier reports as cited herein.) 

 
 
2.1.1 Production of Metal Sulfates 
 

Three metal sulfates are used in the preparation of NMC: nickel sulfate, manganese 
sulfate, and cobalt sulfate. Production of each of the sulfates begins with mining of the metal. 
 

Two types of nickel ore are mined and generally purified for example by electrolytic 
refining (Tundermann et al. 2013).  One type is sulfide ore, which historically has been the 
dominant nickel source.  The second ore type is called laterite and production from this ore is 
increasing (Mudd 2009). In the case of sulfide ore, nickel is in a physical mixture with iron and 
copper. These distinct metals can be concentrated by mechanical techniques like flotation 
(Tundermann et al. 2013). After these physical techniques, sulfide ores undergo 
pyrometallurgical processes such as smelting and roasting. After these steps and additional, high-
temperature purification steps, the resulting nickel sulfide is either cast into anodes to facilitate 
electrolysis in the production of high-purity nickel or roasted to produce a nickel oxide sinter. 
 

Preparation Step 
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Separation of nickel from laterite ores, on the other hand, requires chemical techniques to 
extract nickel. One option involves pyrometallurgical processes that produce a nickel matte. The 
oxide can be produced from roasting the nickel matte. Hydrometallurgical processes leach the 
ore with ammonia or sulfuric acid. In the latter case, nickel enters solution, which is then purified 
and produces nickel sulfides, which can be converted to a sulfate solution. 
 

Several techniques are possible to produce nickel sulfate solutions including the above. 
Because the data for nickel currently in GREET is for nickel oxide, we adopted a pathway to 
nickel sulfate in which nickel oxide is mixed and reacts with sulfuric acid (dilute aqueous 
solution, assumed to be 9.82 wt%) at 49°C (Antonsen and Meshri 2005). We assume that the 
heat of mixing and reaction are negligible. The energy consumed in producing NiSO4 is then the 
energy associated with heating the reactants, which are the H2SO4 solution and the NiO. We 
adopt a heat capacity (CP) of 3.84 J

g °C
 for the 9.92 wt% solution of H2SO4 (Perry and Green 

1997). The CP of the NiO is the average of its value at 25°C and 49°C as calculated with 
Equation 1 (Perry and Green 1997). 
 
 𝐶𝐶𝑃𝑃,𝑁𝑁𝑁𝑁𝑁𝑁 = 11.3 + 0.00215𝑇𝑇 [1] 
 

where T is the temperature (K) at which the Cp is being calculated. 
 

In future research, we will consider differences in the production of nickel (and 
associated cobalt) from different types of ores and purification processes. 
 

We used Equation 2 to calculate the energy consumed in heating both the H2SO4 solution 
and the NiO without considering any mixing effects. We assumed that a natural gas boiler 
provides the requisite energy for NiSO4 production with an efficiency rate of 80%. As a result, 
the input value for energy consumption of NiSO4 production in GREET is 0.66 mmBtu/ton 
NiSO4. The amount of H2SO4 and NiO consumed in the reaction is based on stoichiometry. 
 
 qs = Cp∙ΔT [2] 
 

Cobalt can be recovered in oxide, pure metal, or, in some cases, sulfate form, although 
the process to produce the sulfate suffers from inefficiencies and severe operating conditions 
(Hodge et al. 2010). Without specific information on the production of battery-grade CoSO4, we 
model its production from the reaction of the metal oxide (CoO) and H2SO4 (Richardson 2003). 
Similarly, MnSO4 is assumed to be produced from the combination of a mining product (MnO) 
and H2SO4 in a simple mixing step (Pisarczyk 2005) that does not require heat input. For the 
preparation of Co and Mn sulfates, we again assumed that the heat of reaction is negligible. As a 
result, the energy and environmental burdens associated with the two sulfates are those from the 
production of the raw materials, which we assumed are consumed in stoichiometric amounts. 
Existing GREET data for CoO, MnO, and H2SO4 (Burnham et al. 2006) were used. It is 
important to note that the metal sulfates here may require additional processing, such as 
electrolytic processes, which we did not consider, to achieve a battery-grade metal purity. 
Further investigation of the supply chain of cathode metals Co and Ni will be a topic of future 
research. 
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2.1.2 Preparation of Ni0.4Co0.2Mn0.4(OH)2 Precursor 
 

The calculations for Ni0.4Co0.2Mn0.4(OH)2 were based on a procedure to produce 
Ni1/3Co1/3Mn1/3(OH)2 in a continuously stirred tank reactor (CSTR) at 60°C as proposed by 
Lee et al. (2004). The metal sulfate solutions are added at a concentration of 2/3 mol/L. NaOH is 
added to the solution in a stoichiometric amount. We adopted the mid-range value of NH4OH 
consumed—0.24 mol/L—as reported in Lee et al. (2004). 
 

We adopted the methodology of Majeau-Bettez et al. (2011) to calculate the total 
purchased energy (qt) for the preparation of this precursor as the sum of the heat used in the 
reactor (qCSTR), the energy required for stirring the CSTR (qstir), and the energy required to heat 
the solution (qsolvent) as outlined in Equations 3–5. We also included the energy required to dry 
the product. The sum of the energy required to heat the solvent and dry the product is halved 
because we assume that half of this heat can be recovered and re-used in the process through heat 
integration. 
 

 𝑞𝑞𝑡𝑡,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑞𝑞𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝑞𝑞𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑞𝑞𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
2

+ 𝑞𝑞𝑑𝑑𝑑𝑑𝑑𝑑  [3] 
 

where: 
 
qt,NMCOH is the total purchased energy consumed in the preparation of 

Ni0.4Co0.2Mn0.4(OH)2; 
qCSTR is the energy consumed in heating the reactor; 
qstir is the energy consumed in stirring the reactor; and 
qdry is the energy consumed in drying the product. 

 
 𝒒𝒒𝑪𝑪𝑪𝑪𝑪𝑪𝑪𝑪 = λA(Tr-T0)tr 

x
 [4] 

 
where: 

 
λ is the thermal conductivity of the insulation (0.04 𝑾𝑾

𝒎𝒎∙𝑲𝑲
); 

x is the thickness of the insulation (0.1 m); 
A is the surface area of the reactor (25 m2); 
T0 is the reactor wall temperature (25°C); 
Tr is the temperature of the reactor (60°C); and 
tr is the reaction time (12 hours). 

 
 The solvent must be heated from 25°C to 60°C. The purchased energy consumed in this 
step is calculated with Equation 5, in which we make the simplifying assumption that the 
solution is mostly water. Heating the solvent consumes natural gas combusted in an 80% 
efficient boiler. 
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 qs = ΣCp ΔT + ΔHvap [5] 
where: 

 
Cp is the average heat capacity of water between 25°C and 60°C; 
∆T is the change in temperature for the drying step; and 
ΔHvap is the heat of vaporization of water (3.05 MJ/kg H2O), added only if water is heated 

above its boiling point. 
 
 The energy consumed in that step to heat the water is also calculated with Equation 5. We 
again assume that half of the heat used in the drying step can be recovered. The total process 
energy is calculated with Equation 3. 
 

The energy (electricity) consumed in stirring (20.92 MJ/hr) is based on a CSTR in a 
process design report (Humbird et al. 2011). 
 

When all contributors to purchased energy consumption in the preparation of this 
precursor are combined, the result is 8.8 mmBtu/ton Ni0.4Co0.2Mn0.4(OH)2 produced. A total of 
99% of the consumed energy is in the form of natural gas; the balance is electricity. 
 
 
2.1.3 Solid-State Preparation of NMC 
 
 Calculation of the energy consumed in the solid state preparation of NMC is based upon 
the work of Majeau-Bettez et al. (2011) (Figure 2). In this process, solid lithium hydroxide 
(LiOH) is mixed with Ni0.4Co0.2Mn0.4(OH)2. The mixture is ground and pelletized, precalcinated, 
reground, repelletized, and then heated to form LiNi0.4Co0.2Mn0.4O2, which is one of the cathode 
materials. 
 

The energy consumed in the process includes the energy expended to heat both the 
reactor and the reactants as in Equation 6. In the absence of sufficient physical property data to 
calculate the heat of the reaction, we neglect it. 
 
 𝑞𝑞𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡,𝑁𝑁𝑁𝑁𝑁𝑁 = 𝑞𝑞𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 + 𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 [6] 
 

where: 
 

qtotal,NMC = the total purchased energy consumed in the preparation of NMC; 
qoven = purchased energy consumed in heating the oven; and 
qreactants = purchased energy consumed in heating the reactants. 

 
qreactants for each step was calculated with Equation 7. The mixture was heated from room 

temperature to 450°C and then from room temperature to 800°C. 
 
 𝑞𝑞𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐶𝐶𝑃𝑃∆𝑇𝑇 [7] 
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where: 
 

Cp is the heat capacity of the solid reactants [1.05 J/g°C] (Perry and Green 1997); and 
∆T is the change in temperature. 

 
The energy required to heat the oven, qoven, was calculated with Equation 8, assuming 

that 0.55 kg of LiNi0.4Co0.2Mn0.4O2 was produced per liter of input (Majeau-Bettez et al. 2011). 
Key assumptions in its calculation, based on Majeau-Bettez et al. (2011), were that the chamber 
furnace has a volume of 8,300 L and is 33% efficient. Furthermore, the precalcination step was 
assumed to be at 450°C, requiring 12.5 kW for 12 hours, whereas the heating step was assumed 
to be at 800°C, requiring 100 kW for 8 hours. 
 
 𝑞𝑞𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 = 𝑃𝑃1𝑡𝑡1 + 𝑃𝑃2𝑡𝑡2 [8] 
 

where: 
 

qoven is the energy required to heat the oven; 
P1 is the electricity consumed during precalcination [12 kW]; 
t1 is the duration of the precalcination step [12 hours]; 
P2 is the electricity consumed during the heating step [100 kW]; and 
t2 is the duration of the heating step [8 hours]. 

 
Note that it is unlikely that power would need to be supplied at the same levels over the 

entire 8-hour reaction once the reactor was at temperature. This estimate therefore serves as an 
upper bound for energy consumption. Material consumption for this reaction is based on 
stoichiometry. 
 
 
2.1.4 Oxygen and Lithium Hydroxide 
 

Electricity consumption in the separation of air to produce oxygen was determined from 
the National Energy Technology Laboratory (NETL) (2007) to be 1.1 mmBtu/ton O2. This value 
is very close to that reported by Franklin Associates (2011), 1.3 mmBtu/ton O2. 
 

In a previous report (Dunn et al. 2014), we describe the co-production of lithium 
carbonate (Li2CO3) and lithium hydroxide (LiOH) at a facility in Nevada. Table 2 and Table 3 
detail the energy consumption and emissions generated in this process, which are allocated 
between the co-products on a mass basis. 
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Table 2 Purchased Energy Consumption during LiOH and Li2CO3 
Production in Nevadaa 

Equipment 

Energy 
Consumption 

(mmBtu/ton LiOH) Fuel 
   
Two boilers 32 Residual oil 
Dryer 1.9 Propane 
Pumps 2.0 Off-road diesel 
Mobile equipment 3.3 Off-road diesel 
Total 39  
a Sources: Garrett (2004); NCNR (2010). 

 
 

Table 3 Emissions from LiOH and Li2CO3 Production in Nevada 
Pollutant Emissions (g/ton LiOH) 

Material Handling: PM10
a 844 

Combustion: b PM10
c
 126 

 SO2 0.76 
 NOx 115 
 CO 19 
 VOC 2.4 
a Emissions from material handling operations including pond 

liming, soda ash conveying, lithium carbonate lime system, transfer 
conveyer, warehouse bin, milled Li2CO3 air classifier system, 
Li2CO3 handling, lime handling, and LiOH packaging. 

b Combustion in the propane-fired rotary dryer. Other fossil fuel 
combustion emissions are calculated in GREET from the fuel 
throughput. 

c PM = particulate matter; SO2 = sulfur dioxide; NOx = nitrogen 
oxide; CO = carbon monoxide; and VOC = volatile organic 
compound. 

 
 
2.2 Preparation of LiFePO4 and Production of Its Precursors 
 
 For the production of LFP, we compared two alternative preparation techniques: 
hydrothermal and solid state. Although the solid-state technique occurs at a higher temperature, 
the hydrothermal technique requires the heating of water in addition to the reactants. The 
following sections describe these two pathways, as well as material and energy flows for 
LFP precursors. 
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2.2.1 Hydrothermal Synthesis of LiFePO4 
 

Figure 3 depicts the full pathway for the hydrothermal preparation of LFP. Material and 
energy flows for LiOH (Section 2.1.4) and phosphoric acid (Johnson et al. 2013) are provided 
elsewhere. The steel industry produces iron sulfate (FeSO4) as a waste product 
(Stolzenberg 2004). We therefore did not assign energy or environmental burdens to its 
production. 
 

The following subsections provide material and energy flows for each of these steps. 
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Figure 3 Cradle-to-Gate Preparation of LFP with a Hydrothermal 
Preparation Step 

 
 

We again based our calculation of energy consumed in the preparation step itself on the 
approach of Majeau-Bettez et al. (2011) following Equations 3–5. To calculate qCSTR, we used 
the parameters in Table 4. Majeau-Bettez et al. (2011) used data from Chen and Whittingham 
(2006) to develop the parameters in their analysis. These researchers used an autoclave reactor 
that was not stirred. Therefore, we do not include qstir in our estimation of the energy consumed 
during hydrothermal preparation of LFP. 
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Table 4 Parameters for Equations 3–5 for 
the Hydrothermal Preparation of LFP 
(Source: Majeau-Bettez et al. 2011) 

Parameter Value 
x 0.1 m 
A 25 m2 

λ 0.04 W/(m K) 
T0 50°C 
Tr 200°C 
t 5 hours 

 
 

Equation 5 was used to calculate the energy required to heat the reactants from 25°C to 
200°C. We assumed that the reactant mixture is mostly water and used the average heat capacity 
of water at the temperature endpoints. As with the hydrothermal preparation of NMC, we 
estimated that half of the energy used to heat the solution was recovered. The total required 
energy per ton of LiFePO4 was calculated by assuming an initial concentration of FeSO4 of 
22 g/L, that 1 mole of FeSO4 was required to produce 1 mole of LiFePO4, and that the reaction 
proceeds to completion (Majeau-Bettez et al. 2011; Chen and Whittingham 2006). A co-product 
forms in this reaction (see Equation 9). For every mole of LFP formed, 1 mole of Li2SO4 forms. 
Raw material and energy consumption were allocated between these two products on a mass 
basis. The resulting energy consumption for the preparation step is 31 mmBtu/ton LFP. 
 
 3𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿(𝑎𝑎𝑎𝑎) + 𝐻𝐻3𝑃𝑃𝑃𝑃4 (𝑎𝑎𝑎𝑎) + 𝐹𝐹𝐹𝐹𝑆𝑆𝑆𝑆4 (𝑎𝑎𝑎𝑎) → 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑂𝑂4 (𝑆𝑆) + 𝐿𝐿𝐿𝐿2𝑆𝑆𝑂𝑂4 (𝑎𝑎𝑎𝑎) + 3𝐻𝐻2𝑂𝑂 [9] 
 
 
2.2.2 Solid-State Synthesis of LiFePO4 
 

Alternatively, LFP can be produced by a solid-state reaction (Equation 10). The cradle-
to-gate pathway for this approach is shown in Figure 4. We selected a solid-state preparation 
method patented by Dai et al. (2012). Their method combines a lithium compound, an iron 
compound, and a phosphorous compound. We selected Li2CO3 as the lithium compound. 
Material and energy flow for this compound are in Dunn et al. (2014). We chose diammonium 
phosphate (DAP) as the phosphorous compound; GREET data for this compound are 
documented in Johnson et al. (2013). 
 
 3𝐿𝐿𝐿𝐿2𝐶𝐶𝑂𝑂3 + 2𝐹𝐹𝐹𝐹3𝑂𝑂4 + 6(𝑁𝑁𝐻𝐻4)2𝐻𝐻𝐻𝐻𝑂𝑂4 → 6𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝑂𝑂4 [10] 
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Figure 4 Cradle-to-Gate Preparation of LFP with a Solid-State 
Preparation Step 

 
 

The iron compound we selected, Fe3O4, or magnetite, is mined. Luossavaara-
Kiirunavaara Aktiebolag (LKAB) in Sweden is one company that mines this compound. In 2011, 
LKAB produced approximately 25 million tons of magnetite pellets (LKAB 2011). Table 5 
contains the energy consumed during these operations. The resulting total energy consumed 
(0.69 mmBtu/ton) is lower than the 2.0 mmBtu/ton processed and pelletized iron ore reported in 
Keoleian et al. (2012) but higher than the 0.054 mmBtu/ton taconite mined reported in 
Burnham et al. (2006). Given regional variations including ore grade and changes in technology 
with time, however, these values are in reasonable agreement. 
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Table 5 Energy Consumed in the Mining of Magnetite Pellets 
(Source: LKAB 2011) 

Energy Type 
Amount Consumed  

(mmBtu/ton) 
Diesel 0.11 
Residual oil 0.16 
Electricity 0.41 
Total 0.68 

 
 

The solid state LFP synthesis process itself comprises three steps. First, the mixture is 
heated to between 500°C and 700°C. Then, it is cooled to room temperature. Finally, it is 
reheated to between 700°C and 900°C to produce the final product. We approached energy 
consumption calculations for this process as we did those for the solid-state preparation of NMC 
and used Equations 6–8. We assumed that the first and second heating stages occur at 600°C and 
800°C, respectively. We used a heat capacity for the solid mixture of 1.05 J

g ∙ °C
 for each phase of 

heating for Equation 7. To calculate qoven, we used the parameters in Table 6 in Equation 8. 
 
 

Table 6 Parameters for Equation 8 for the 
Solid-State Preparation of LFP 
(Source: Dai et al. 2012) 

Parameter Value 
P1 50 kW 
t1 13 
P2 100 kW 
t2 13 

 
 

As with the solid-state preparation of NMC, we assumed that an 8,300-L chamber 
furnace with 33% efficiency was used. To calculate the amount of energy required per kg of 
LiFePO4 produced, we next assumed that the volume of the mixture did not change and that the 
reaction proceeded to completion. The density of LiFePO4 was assumed to be 3.6 g/mL 
(Wilcox et al. 2007). This reaction was assumed to proceed to completion, and the consumption 
of the reactants was assumed to be stoichiometric. In total, the purchased energy, all electricity, 
consumed in the preparation step was 2.53 mmBtu/ton. 
 
 
2.3 Preparation of LiCoO2 and Production of Its Precursors 
 

As with our examination of LFP, we considered both hydrothermal and solid state 
preparation techniques for the production of LCO. We describe each of these routes in the 
following subsections. 
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2.3.1 Solid State Production of LiCoO2 
 

Figure 5 diagrams the solid-state technique modeled for producing LCO, which entails 
calcining a compressed mixture of Co3O4, a lithium compound (Li2CO3), and water 
(Nakamura et al. 2000) at 725°C. Li2CO3 material and energy flow data are detailed in Dunn et al. 
(2014). 
 

Cobalt oxide (Co3O4) was assumed to be produced from heating a stoichiometric amount 
of CoO from room temperature (25°C) to 900°C (Richardson 2003). GREET already contains 
energy consumption and emissions associated with CoO mining. The heat capacity of CoO was 
necessary to use Equation 7 and calculate the heat consumed in producing Co3O4. The average 
heat capacity at the final and initial temperatures in the CoO heating process was used (NIST ). 
We assumed that the heating energy would be provided by a natural gas-fired, 80% efficient 
furnace. The resulting energy consumed to produce Co3O4 is 0.67 mmBtu/ton. 
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Figure 5 Cradle-to-Gate Preparation of 
LCO with a Solid-State Synthesis Step 
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For the preparation step itself, we followed the same approach as we have used for the 
solid state preparation of NMC and LFP (see Equations 6–8). The furnace volume was set at 
8,300 L, its efficiency at 33%. The calcining step was assumed to take place at 725°C for 6 hours, 
drawing 81 kW. It was necessary to determine the amount of product mass generated within the 
8,300-L reactor. In this calculation, we assumed that 1% of the total mass of the input to the 
calciner was water and that the density of the molded mixture was 1.5 g/mL (Nakamura et al. 
2000). (These assumptions, based on the patent, allowed for calculation of the reactants and 
therefore the products.) We also assumed that the Co3O4 and Li2CO3 were reacted at molar ratio 
and the reaction proceeded to completion. 
 

The calcination step for energy consumption was calculated with Equation 7 using a Cp 
of 1.05 J

g ∙ °C
 and a change in temperature of 700°C. In summary, the total amount of purchased 

energy (electricity) consumed in the production of LiCoO2 in the solid-state synthesis step is 
1.20 mmBtu/ton. During the calcination step, 204,145 g CO2/ton are emitted from burning off of 
the carbonate group in Li2CO3. 
 
 
2.3.2 Hydrothermal Synthesis of LCO 
 

The hydrothermal route to LCO has several precursors that have been discussed in this 
document or other cited references (e.g., HCl, LiOH, NaOH) and several unique precursors for 
which we develop material and energy flow data in the following subsections. Figure 6 sketches 
out the cradle-to-gate pathway for this cathode material prepared hydrothermally (Ado et al. 
2002). 
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Figure 6 Cradle-to-Gate Preparation of LCO with a Hydrothermal 
Synthesis Step 

 
 

2.3.2.1 Production of CoCl2 
 

Richardson (2003) describes a process, outlined in Figure 7, which produces CoCl2 from 
a reaction between HCl and CoO. A drying step is needed to remove the co-produced water. To 
calculate the energy consumed in this process, we calculated the energy demand for each of the 
three heating steps with Equation 7. Although heat capacity data for aqueous solutions of CoCl2 
exist, these data are for significantly more dilute solutions (Spitzer et al. 1978). We therefore 
used a weighted average heat capacity for CoCl2 and H2O for each step. The process has a low 
energy intensity of 0.4 mmBtu/ton CoCl2. 
 
 

React CoO
HCl Dry at 50°C Dry at 90°C Dry at 140°CCoCl2·6H2O CoCl2·2H2O CoCl2·H2O CoCl2

 
Figure 7 Cradle-to-Gate Production of CoCl2 
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2.3.2.2 Production of Sodium Chlorate 
 

Sodium chlorate (NaClO3) is produced from sodium hydroxide (Schlag 2012). Hydrogen 
is a co-product. The total energy consumed in the process was allocated between hydrogen and 
sodium chlorate on an economic basis as shown in Equation 10. 
 
 𝐸𝐸𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3 = 𝐸𝐸𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇

𝑀𝑀𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇
×

𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3𝑚𝑚𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3
𝑐𝑐𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3𝑚𝑚𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁3+𝑐𝑐𝐻𝐻2𝑚𝑚𝐻𝐻2

 [10] 

 
where: 

 
ENaClO3 is the energy intensity of sodium chlorate production; 
ETotal is the total process energy consumed (17 mmBtu/ton product); 
MTotal is the total mass of products (H2 and NaClO3) (1.1 ton); 
cNaClO3 = the cost per ton of NaClO3 ($645/ton); 
mNaClO3 is the mass of NaClO3 produced (1 ton); 
cH2 is the cost of H2 ($1,580/ton) (DOE 2012); and 
mH2 is the mass of H2 produced (0.06 ton). 

 
Economic allocation provided more reasonable results than the displacement co-product 

handling technique in which the sodium chlorate receives credit for displacing hydrogen 
production from natural gas. This latter technique produced distorted results given that hydrogen 
production is energy intensive. Mass allocation was similarly unsuitable because of the low mass 
of hydrogen, which belies its economic importance. Energy allocation was not possible because 
sodium chlorate is not an energy product. With economic allocation of burdens among 
co-products, we calculated that production of one ton of NaClO3 consumes 14 mmBtu/ton. 
 

Consumption of the raw material, NaCl (Schlag et al. 2008), was also allocated between 
NaClO3 and the hydrogen by-product by economic allocation. The resulting value is 0.49 ton 
NaCl/ton NaClO3. GREET values for NaCl production derive from Franklin Associates (2011). 
 
 

2.3.2.3 Hydrothermal LCO Preparation 
 

The calculations to estimate the energy intensity of hydrothermal LCO preparation follow 
those of the hydrothermal preparation of LFP and NMC. Table 7 lists the parameters used in 
Equations 3–5 in the case of LCO. To calculate the energy consumed in heating the water for the 
reaction, we used the reactor loading rates of water and CoCl2·6H2O provided in Ado et al. (2002) 
and assumed the ratio of CoCl2:LiCoO2 would be 1:1. Material demand for LiOH was also based 
on stoichiometry. Amounts of NaClO3 (the oxidizing agent) and NaOH (which helps the 
oxidizing agent dissolve) were based on Ado et al. (2002). We assumed that in a full-scale 
process, the reaction medium would be recycled after precipitation of LCO such that 90% of 
NaOH would be recycled. The corresponding energy intensity of hydrothermal preparation of 
LCO was 29 mmBtu/ton. In addition, 99.7% of the purchased energy is natural gas. 
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Table 7 Parameters for Equations 3–5 for the 
Hydrothermal Preparation of LCO in a 10,000-L 
Reactor 

Parameter Value 
X 0.1 m 
λ 0.04 W/(m K) 
T0 50°C 
Tr 225°C 
T 2 hours 

 
 
2.4 Preparation of LMR-NMC and Production of Its Precursors 
 

This cathode material is relatively new and is not in high-volume production 
(Thackery et al. 2007). Many different preparation methods are reported in the literature 
(e.g., Wang et al. 2009, Kang et al. 2006). Figure 8 shows the pathway from raw material to final 
product for LMR-NMC that has been adopted in this analysis. Variations of this process include 
production by co-precipitation (Gallagher et al. 2011) using different metal oxide precursors 
(Kang et al. 2006) and pelletizing intermediates, among others. To reiterate, the energy 
consumption estimates developed in this report are to serve as first estimates of the impacts of 
producing these cathode materials for batteries and are subject to considerable uncertainty. 
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We estimated that the preparation of the metal hydroxide precursor to LMR-NMC has the 
same energy intensity as that of preparing Ni0.4Co0.2Mn0.4(OH)2 (Section 2.1.2). The resulting 
energy consumption (1.4 mmBtu/ton, 90% natural gas) was slightly different than that reported 
in Section 2.1.2 because of the slightly different amounts of metals between the two compounds. 
 

The preparation of the cathode material was assumed to occur through firing at 900°C of 
the metal hydroxide precursor and lithium carbonate in an oxygen-rich environment (Wang et al. 
2009). On the basis of an estimate of the energy intensity of calcining (Dunn et al. 2014), we 
estimate the energy intensity of this process to be 3.0 mmBtu/ton LMR-NMC. 
 
 
2.5 Preparation of Technical-Grade Silicon 
 

The first step in silicon production is the recovery of sand, which is then processed to a 
metallurgical-grade silicon, and then a high-purity grade silicon, which we assume is akin to 
battery-grade silicon. In GREET, energy consumption during the acquisition of sand and its 
processing to metallurgical grade silicon was adapted from Boustead and Hancock (1979). 
Although the data source is not very recent, if this process (sand to metallurgical-grade silicon) 

Preparation Step 

22 



 

has become more energy efficient over time, the energy consumption values used in GREET 
serve as an upper bound. 
 

de Wild-Scholten and Alsema (2005) reported energy consumption in the conversion of 
metallurgical-grade silicon to high-purity silicon through the modified Siemens deposition 
process. The starting material for this process is SiHCl3 or SiH4. These authors collected data 
from the literature and from industry in their investigation of the life-cycle energy and 
environmental impacts of producing solar-grade silicon. We assume that the energy consumption 
values they report are representative of the process used to make battery-grade silicon. Table 8 
contains the energy consumption for the steps to convert sand to high-purity silicon. The second 
step is quite energy intensive; one silicon producer notes ongoing research to optimize the 
process and increase its energy efficiency (Silicon Products 2014). 
 
 

Table 8 Energy Consumed in Sand Recovery and Processing to Metallurgical-Grade Silicon 

Process 
Coal 

(mmBtu/ton) 
Natural Gas 
(mmBtu/ton) 

Electricity 
(mmBtu/ton) 

Sand to metallurgical-
grade silicona 16  48 

Metallurgical-grade to 
high-purity siliconb  160 340 

Total 16 160 388c 

a Boustead et al. (1979). 
b de Wild-Scholten and Alsema (2005). 
c About 52% of this electricity consumption is provided by hydroelectric power. 
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3 BATPAC MODELING OF BATTERIES WITH DIFFERENT CATHODE MATERIALS 
 
 

The amount of cathode material needed in a battery is dependent upon the properties of 
the cathode material. The BatPaC model takes these properties into account and designs a battery 
for either an HEV, PHEV, or BEV based on a user-specified cathode material and battery 
performance parameters that depend on the type of battery being designed (e.g., power or 
energy). One key purpose of BatPaC is to allow users to change battery chemistries and design 
requirements to estimate the manufacturing cost of a battery pack in 2020 for either an HEV, 
PHEV, or BEV. The model represents present-day technology and manufacturing practices, and 
further assumes it will still be in use in 2020, while it also allows for some efficiency 
improvements to yield a more energy-dense battery. 
 

BatPaC adopts a prismatic pouch cell structure, as shown in Figure 9. The pouch is made 
of a trilayer polymer/aluminum material. Aluminum and copper foils serve as the current 
collectors at the cathode and anode, respectively. The anode is coated on both sides with graphite. 
The cathode material can be one of five chemistries, as described below. A polymeric binder 
material holds the active material particles together, and a porous membrane separates the two 
electrodes. The pores of both this separator and the active materials are filled with an electrolyte, 
modeled in BatPaC as LiPF6 (lithium hexafluorophosphate) in an organic solvent containing 
linear and cyclic carbonates. During discharge, the lithium ions move from the anode to the 
cathode while the electrons travel through the current collectors and the external circuit to 
perform external work. BatPaC models these cells as being enclosed in a module (Figure 10); 
there are six modules per battery. 
 
 

 
Figure 9 Cell Chemistry in a Lithium-Ion Battery 
(Source: Nelson et al. 2011) 
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Figure 10 Module Structure (Source: Nelson et al. 2011) 

 
 
 BatPaC users can select from among the following five battery chemistries: 

1. Lithium nickel cobalt aluminum oxide with a graphite electrode (NCA-G) 
2. Lithium nickel manganese cobalt oxide with a graphite electrode (NMC-G) 
3. Lithium iron phosphate with a graphite electrode (LFP-G) 
4. Lithium manganese spinel with a titanium dioxide electrode (LMO-LTO) 
5. Lithium manganese oxide spinel with a graphite electrode (LMO-G) 

 
For this report, we used BatPaC to calculate the compositions for NMC-G, LFP-G, and 

LMO-G. In addition, lithium cobalt oxide with a graphite anode and LMR-NMC with a 
graphite/silicon anode were added to BatPaC and examined. The batteries were model with the 
parameters summarized in Tables 9–11, developed on the basis of data from Argonne’s 
Autonomie model (Argonne 2011) for mid-sized vehicles in 2015. For PHEV batteries, we ran 
BatPaC using two different power requirements, 60 kW and 149 kW, in order to model both split 
and series PHEV batteries. In addition, the numbers of cells in each battery were varied in order 
to achieve a reasonable voltage based on vehicle type. For HEV batteries, we aimed for the 
voltage to be around 260 V, whereas for PHEV and EV batteries we aimed for a voltage of about 
360 V. The resulting compositions from these models can be found in Appendix A. 
 
 

Table 9 HEV Parameters from BatPaC 
 LMO NMC LFP 

Power (kW) 30 30 30 
Energy (kWh) 2 2 2 
Energy Requirement (Wh/mile) 220 220 220 
Cells in Battery 72 72 76 

 
 

25 



 

Table 10 EV Battery Parameters from BatPaC 
 LMO LCO NMC LFP LMR-NMC 

Power (kW) 80, 115, 149 80, 115, 149 80, 115, 149 80, 115, 149 80, 115, 149 
Energy (kWh) 28 28 28 28 28 
Energy 
Requirement 
(Wh/mile) 

220 220 220 220 220 

Cells in 
Battery 

96 96 96 100 100 

 
 
Table 11 PHEV Battery Parameters from BatPaC 

 
Series PHEV Split PHEV 

LMO NMC LFP LMO NMC LFP 
Power (kW) 149 149 149 60 60 60 
Energy (kWh) 9 9 9 9 9 9 
Energy Requirement 
(Wh/mile) 

220 220 220 220 220 220 

Cells in Battery 96 96 100 96 96 100 
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4 CONCLUSIONS AND FUTURE WORK 
 
 

With the material and energy flow data entered into GREET, we calculated total (full fuel 
cycle) energy consumption associated with the production of each of the cathode materials. 
 

Table 12 contains these values and documents the major contributor to total energy 
consumption, as well as the contribution from the preparation step (the step from which the 
cathode material is prepared from its immediate precursors), either SS or HT. Production of 
cobalt-containing cathode materials is the most energy intensive. In cathode materials that 
contain cobalt or nickel, these compounds contribute the most to the total energy consumed in 
producing that cathode. For cobalt-containing cathodes, the preparation step contributed less than 
15% to the total energy consumption. For cathode materials with a lower overall energy intensity, 
the preparation method could contribute more than half of the total energy consumption. 
Hydrothermal preparation techniques were estimated to be more energy intensive than solid state 
techniques because of the energy consumed in heating the solvent. With the preparation step 
being a relatively minor contributor to the total energy consumed in cathode production, battery 
recycling could prove a valuable technique to recover constituent cathode material, such as 
cobalt, at a lower energy intensity than recovering and processing virgin cobalt. 
 
 
Table 12 Total Energy Consumed in Preparing Cathode Materials 

Cathode 

Energy 
Consumption 
(mmBtu/ton) 

Preparation Step Major 
Contributor 

to Energy 
Consumption 

Contribution 
(%) 

Energy 
Consumedb 

(mmBtu/ton) 
Contribution 
to Total (%) 

NMC 135 4.5 3 NiO 40 
LMR-NMC 100 3.0 3 CoO 30 
LCO (SS) 150 2.6 2 CoO 88 
LCO (HT) 251 32 13 CoO 53 
LFP (HT) 48 35 71 LFP 

preparation 
71 

LFP (SS) 39 6 16 Fe3O4 40 
LMOa 26 15 56 LMO 

preparation 
56 

a Some minor revisions have been made to GREET data for this pathway. Please see Dunn et al. (2014). 
b Full fuel cycle energy calculated in GREET from purchased energy values reported herein. 
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Battery composition varies slightly with cathode type because less of the cathode material is 
needed in batteries with higher-capacity cathode materials. Figure 11 shows that a BEV battery 
with LMR-NMC has significantly less cathode material than a battery with LMO because the 
capacity of LMR-NMC is more than double that of LMO. Comparing 149-kW EV batteries as 
specified in Table 10 with different cathode materials, the battery with the highest-capacity 
cathode material, LMR-NMC, has the lowest total mass (Figure 12). 
 
 

 
Figure 11 Variation in BEV Battery (149 kW) Composition with Cathode Type  
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Figure 12 Variation in BEV Battery Mass with Cathode Type 

 
 

Going forward with this analysis, we will publish a paper with a full analysis of the 
production of cathodes for lithium-ion batteries and the influence of cathode identity on electric 
vehicles’ life cycle energy consumption and emissions. The paper will also consider the potential 
of battery recycling to reduce the energy and environmental impacts of cathode and battery 
production. We will develop more detailed analysis of the production of nickel and cobalt from 
different types of ores (e.g., sulfide, laterite) by different purification techniques. Further 
development of lithium ion battery in GREET will focus on other battery components, such as 
the anode and electrolyte. 
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APPENDIX A MASS INVENTORY SUMMARY 
 
 
Tables A-1 through A-4 in this appendix summarize BatPaC results for the compositions of 
hybrid electric vehicle (HEV), plug-in HEV (PHEV), and battery EV (BEV) batteries with 
different cathode materials. The lithium and manganese-rich metal oxide 
0.5Li2MnO3∙0.5LiNi0.44Co0.25Mn0.31O2 (LMR-NMC) and lithium cobalt oxide (LiCoO2, or LCO) 
are provided as cathode options only for BEV batteries because they are used primarily in high-
energy applications. The sums of reported weight percentages may not total to 100% because of 
rounding. 
 
 

Table A-1 Mass Inventory for Varying Cathode Materials for the HEV 
Material (wt%) LFPa NMC LMOb 

Active Material 17 16 25 
Wrought Aluminum 22 23 20 
Copper 15 19 12 
Graphite/Carbon 11 10 11 
Electrolyte: Ethylene Carbonate 5.7 4.0 4.1 
Electrolyte: Dimethyl Carbonate 5.7 4.0 4.1 
Electrolyte: LiPF6 2.0 1.4 1.4 
Electronic Parts 10 10 11 
Steel 3.5 3.3 3.3 
Binder 1.4 1.4 1.9 
Polypropylene 2.3 2.8 1.8 
Polyethylene 0.35 0.48 0.23 
Polyethylene Terephthalate 2.2 2.0 2.0 
Glycol (coolant) 1.9 1.8 1.9 
Thermal Insulation 0.36 0.34 0.36 
Total Mass (kg) 24 23 21 
a LFP = lithium iron phosphate (LiFePO4). 
b LMO = lithium manganese oxide.  
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Table A-2 Mass Inventory for Varying Cathode Materials for PHEVs 
 Split PHEV Series PHEV 

Material (wt%) LFP NMC LMO LFP NMC LMO 
Active Material 22 24 30 17 15 27 
Wrought Aluminum 23 22 21 27 26 22 
Copper 12 13 11 19 25 15 
Graphite/Carbon 14 16 13 11 9.7 12 
Electrolyte: Ethylene 
Carbonate 

6.9 4.8 4.8 6.3 4.7 4.8 

Electrolyte: Dimethyl 
Carbonate 

6.9 4.8 4.8 6.3 4.7 4.8 

Electrolyte: LiPF6 2.4 1.7 1.7 2.2 1.6 1.7 
Electronic Parts 2.8 3.5 3.1 2.2 2.2 2.8 
Steel 2.2 2.0 2.0 2.1 2.0 2.0 
Binder 1.9 2.1 2.3 1.4 1.3 2.1 
Polypropylene  2.0 2.0 1.8 2.9 3.7 2.2 
Polyethylene  0.30 0.32 0.26 0.52 0.75 0.38 
Polyethylene Terephthalate 1.9 1.7 1.7 1.8 1.6 1.7 
Glycol (coolant) 2.0 2.3 1.7 1.2 1.1 1.3 
Thermal Insulation 0.36 0.37 0.35 0.42 0.30 0.34 
Total Mass (kg) 84 68 76 107 108 85 
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Table A-3 Mass Inventory for Varying Cathode Materials in EV Batteries 
 80 kW 115 kW 149 kW 

Material (wt%) LFP NMC LCO LMO LFP NMC LCO LMO LFP NMC LCO LMO 
Active Material 24 30. 29 34 24 30. 29 34 24 28 29 34 
Wrought Aluminum 20. 19 19 19 20. 19 19 19 20. 20. 20. 19 
Copper 13 10. 10. 11 12 9.7 9.8 11 12 11 11 11 
Graphite/Carbon 15 20. 19 15 15 19 19 15 15 18 18 15 
Electrolyte: Ethylene Carbonate 7.7 5.4 5.4 5.4 7.8 5.4 5.4 5.4 7.8 5.4 5.4 5.4 
Electrolyte: Dimethyl Carbonate 7.8 5.4 5.4 5.4 7.8 5.4 5.4 5.4 7.8 5.4 5.4 5.4 
Electrolyte: LiPF6 2.7 1.9 1.9 1.9 2.7 1.9 1.9 1.9 2.7 1.9 1.9 1.9 
Electronic Parts 1.0 1.4 1.4 1.1 1.0 1.4 1.4 0.33 1.0 1.3 1.4 1.1 
Steel 1.6 1.4 1.4 1.4 1.6 1.4 1.4 1.4 1.6 1.4 1.4 1.4 
Binder 2.1 2.6 2.6 2.5 2.1 2.6 2.6 2.6 2.1 2.5 2.5 2.5 
Polypropylene 1.9 1.5 1.5 1.7 1.9 1.5 1.5 1.7 1.9 1.7 1.6 1.7 
Polyethylene  0.33 0.24 0.24 0.29 0.33 0.24 0.24 0.29 0.33 0.30 0.28 0.29 
Polyethylene Terephthalate 1.4 1.2 1.2 1.2 1.4 1.2 1.2 1.2 1.4 1.2 1.2 1.2 
Glycol (coolant) 0.9 1.1 1.1 0.95 0.99 1.1 1.1 0.95 0.99 1.0 1.1 0.95 
Thermal Insulation 0.35 0.37 0.37 0.33 0.35 0.37 0.37 0.33 0.35 0.36 0.37 0.33 
Total Mass (kg) 230 170 160 210 230 170 160 210 230 180 170 210 
 
 

 



 
 
 
 
 
  

Table A-4 Mass Inventory for Varying Anode Materials (with LMR-NMC as the Cathode) for EVs 
 80 kW 115 kW 135+ kW 

Material (wt%) Ga Gr-Sib G Gr-Si G Gr-Si 
Active Material 21 29 21 26 20. 24 
Wrought Aluminum 21 23 22 24 22 25 
Copper 12 14 13 18 15 20. 
Graphite/Carbon 22 6.8 22 6.0 20. 5.6 
Electrolyte: Ethylene Carbonate 5.6 5.8 5.6 5.6 5.5 5.6 
Electrolyte: Dimethyl Carbonate 5.6 5.8 5.6 5.6 5.5 5.6 
Electrolyte: LiPF6 1.9 2.0 1.9 1.9 1.9 1.9 
Electronic Parts 1.6 2.0 1.6 1.8 1.5 1.7 
Steel 1.4 1.3 1.4 1.3 1.4 1.2 
Binder 2.3 2.5 2.2 2.2 2.1 2.1 
Polypropylene 1.7 2.0 1.8 2.5 2.1 2.8 
Polyethylene  0.29 0.37 0.33 0.50 0.40 0.56 
Polyethylene Terephthalate 1.2 1.2 1.2 1.2 1.2 1.2 
Glycol (coolant) 1.3 1.8 1.3 1.4 1.1 1.3 
Thermal Insulation 0.41 0.45 0.40 0.42 0.39 0.41 
Total Mass (kg) 150 120 150 130 160 140 

a G = graphite.  
b Gr-Si = graphite silicon.  
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